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Introduction
Georgine Yorgey, Washington State University

Chad Kruger, Washington State University

The Pacific Northwest is an important wheat production region. In 2015, the 
National Agricultural Statistics Service indicated that Washington, Idaho, 
and Oregon harvested more than 240 million bushels of wheat, worth an 
estimated $1.3 billion. The major areas of production in the inland Pacific 
Northwest are shown below, and incorporate both irrigated and dryland 
acreage. 

The Columbia Plateau ecoregion, commonly referred to by growers as the inland Pacific Northwest.
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The area includes three major land resource areas with distinctive geologic 
features and soils as defined by the US Department of Agriculture: the 
Columbia Basin, the Columbia Plateau, and the Palouse and Nez Perce 
Prairies, all of which are within the Northwestern Wheat and Range Region. 
It also includes a small portion of dryland cropping in the North Rocky 
Mountains major land resource area, adjacent to the eastern edge of the 
Palouse and Nez Perce Prairies. In the dryland areas, which are the focus 
of this book, wheat is grown in rotation with crop fallow and much smaller 
acreages of other small grains, legumes, and alternative crops. 

This area, identified from here forward by the more familiar term “inland 
Pacific Northwest,” encompasses great diversity, characterized by some 
common overarching patterns of climate, geography, and agriculture. The 
inland Pacific Northwest extends eastward from the Cascade Mountain 
Range in Washington and Oregon into parts of northern Idaho. The 
landscape includes glacial deposits, coulees, channeled scablands, and 
rolling terrain with deep, fertile soil. The climate is semi-arid, with cool, 
wet winters and hot, dry summers. 

Across the dryland wheat production areas, there are three major 
agroecological classes (AECs), with different patterns of cropping:

• Grain-Fallow AEC (defined as areas with greater than 40% fallow)
• Annual Crop-Fallow Transition AEC (with 10–40% fallow)
• Annual Crop AEC (with less than 10% fallow)

There is a considerable precipitation gradient across the region, with drier 
conditions in the rain shadow immediately east of the Cascades and wetter 
conditions further inland. The Grain-Fallow AEC is associated with lower 
precipitation areas, while the Annual Crop AEC is generally, but not always, 
associated with areas that receive higher levels of precipitation. These AECs, 
further described in Chapter 1, are dynamic and change as land use and 
land cover shift over time—with the potential to be influenced by climate, 
soils, terrain, land and commodity prices, and other factors. Because many 
recommendations in this book are specific to a farm’s AEC characteristics, 
research results have been coded accordingly: Grain-Fallow ¢; Annual 
Crop-Fallow Transition p; and Annual Crop �. On the first page of each 
chapter, we have included a legend to help readers easily identify these 
symbols and the information most pertinent to their AEC.
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Climate has always had a dominant influence on dryland production in 
this region, shaping crop choices, agronomic management systems, and 
conservation efforts. Though farmers are already highly skilled managers 
in the context of variable temperature and precipitation patterns, climate 
change is expected to add uncertainty, stretching the limits of existing 
management systems. Projected climate change also brings new urgency 
to questions of sustainability, as changing seasonal climate patterns may 
exacerbate conditions that have been historically linked to major soil 
erosion events in the region.

The inland Pacific Northwest has long faced challenges of soil erosion, 
soil organic matter depletion, and consequent soil fertility loss. One 
strategy for overcoming these challenges is managing for improved 
soil health through building and maintaining the continued capacity 
of soil to function as a vital living ecosystem that sustains plants and 
animals. Management of other biological, physical, economic, and policy 
components are also important for achieving a system that can sustain 
food and fuel production over the long term.  

In light of ongoing and new challenges being faced by farmers in the 
region—and recent significant investments in research to help address 
these challenges—it is an opportune time to synthesize research-based 
advances in knowledge to support farmer decision-making and improve 
the long-term productive capacity of farmland in the region. This book 
should be viewed as a resource that launches further inquiry rather than 
an end point. Accordingly, the book includes both citations and links that 
direct readers to additional resources for more in-depth information. 
Additional and updated research-based information can also be found 
through several channels, including:

• The Regional Approaches to Climate Change (REACCH) project 
website, which houses information resulting from this wide-
ranging research effort.  
www.reacchpna.org

• The Extension Libraries for University of Idaho, Washington 
State University, and Oregon State University.

• The WSU Wheat and Small Grains website.  
http://smallgrains.wsu.edu/
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• The WSU Oilseed Cropping Systems website.  
http://css.wsu.edu/biofuels/ 

• The University of Idaho AgBiz website, which houses Extension 
economics information. 
www.idahoagbiz.com 

• The Agriculture Climate Network, a site providing up-to-date 
information about research relevant to agriculture and climate 
change in the Pacific Northwest. 
https://www.agclimate.net/

• The NW Climate Hub, an effort by the USDA to deliver science-
based knowledge and practical information to farmers, ranchers, 
forest landowners, and Native American tribes that will help 
them adapt to climate change.  
https://www.climatehubs.oce.usda.gov/northwest

• The joint USDA-WSU Long-Term Agroecosystem Research 
(LTAR) site provides information relating to long-term dryland 
cropping systems in the region. 
http://ltar.wsu.edu/

This book represents a joint effort by a multi-disciplinary group of research 
and Extension scientists from across the region. The undertaking was 
made possible with the support of the USDA National Institute of Food 
and Agriculture through the REACCH project. This six-year project 
aimed to enhance the sustainability of Pacific Northwest cereal systems 
and contribute to climate change mitigation. The REACCH project, led by 
the University of Idaho, also convened scientists from Washington State 
University, Oregon State University, the USDA Agricultural Research 
Service, and Boise State University. In addition to supporting a number of 
ongoing research and Extension activities and experimental sites across 
the region, the project provided an opportunity for new projects and 
collaborations.

Advances in Dryland Farming in the Pacific Northwest is organized into 
topical chapters that cover major management challenges for dryland 
farming in the region. Topics are interrelated, and we attempt to make 
links between chapters clear to the reader throughout.
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Chapter 1, Climate Considerations, describes the temperature and 
precipitation patterns that have historically defined crops, yields, and 
cropping systems across the inland Pacific Northwest. Year-to-year 
variability in temperature and precipitation have also been an important 
feature. Human-caused climate change is forecasted to increase the 
frequency of temperature-induced drought conditions and late summer 
water deficits, with these changes likely to surpass historic year-to-year 
climate variability by mid-century. The frequency and severity of extreme 
weather events will also increase, and may increase production risk. 
Meanwhile, increased atmospheric carbon dioxide may benefit yields by 
increasing energy and water use efficiencies. The overall impact of these 
various factors is likely to vary across the region. 

Chapter 2 introduces the concept of Soil Health and describes its vital role 
in sustainable agricultural production. It describes how measurement 
of the soil’s physical, chemical, and biological indicators can be used 
to assess soil health, though the high degree of spatial variability in the 
region’s soils poses challenges for the selection of indicators sensitive to 
management in soil quality assessment programs. Nonetheless, adaptive 
management appropriate to a specific site can benefit soil health, using 
practices including reduced tillage, cropping intensification, crop 
diversification, crop residue retention, and application of organic 
amendments.

Conservation Tillage Systems, Chapter 3, describes the challenges that 
are presented by conventional tillage-based cropping systems, including 
soil erosion, soil organic matter depletion, and soil fertility loss.  It also 
describes how conservation tillage systems have been improved and 
increasingly adopted by growers in the inland Pacific Northwest to 
address these challenges. Appropriate conservation tillage systems vary 
across the inland Pacific Northwest, and successful implementation is 
influenced by crop rotations, equipment choices, residues, soil fertility, 
economics, and other factors.

The challenges of Crop Residue Management, covered in Chapter 4, vary 
across the region. Heavy residue produced in high-yielding areas can 
make planting difficult and contribute to unfavorable growing conditions 
in the early spring. In contrast, in areas with low or intermediate yields, 
additional residue is desired for enhancing soil and water conservation. 
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Strategic conservation of crop residue is important for preventing wind 
and water erosion, enhancing soil water recharge, maintaining soil 
health, and returning nutrients to the soil. Different residue management 
strategies, including conservation, harvest, and burning, involve tradeoffs 
between production, economics, environment, and soil and human 
health. Calculating immediate economic tradeoffs at the field scale and 
the within-field scale can support decisions about residue management 
practices.

Chapter 5 covers Rotational Diversification and Intensification. Diversity is 
low in the wheat-dominated cereal production systems of the inland PNW. 
Diversifying or intensifying cropping systems can help growers minimize 
lost production opportunities, improve farm productivity, increase grower 
income and flexibility, adapt to forecasted climate change, and achieve long-
term environmental benefits. These can benefit wheat yields elsewhere 
in the rotation, an economic benefit that should be accounted for when 
evaluating potential returns for alternate crop rotations. However, adopting 
alternative rotations comes with tradeoffs and can also increase risk. Success 
depends on geographic location, production potential, rotational fit, market 
opportunity, crop price, and production costs. Specific diversification 
strategies of interest include inclusion of legumes and oilseeds. Meanwhile 
practices such as undercutter tillage fallow, no-till fallow, or flex cropping 
can build soil resiliency and increase opportunities for diversification and 
intensification in tilled grain-fallow systems.

Chapter 6 discusses Soil Fertility Management, which varies depending on 
precipitation gradients and landscape position that together affect crop 
fertilizer accessibility, nutrient use efficiencies, and growth. Practices that 
maximize nitrogen use efficiency include fertilizer placement, source, 
timing, and rates that match the nitrogen needs of the crop species and 
variety being grown. Appropriate management strategies and regular soil 
testing, along with quality recordkeeping, can reduce nutrient loss. This, 
in turn, can improve farm profitability and reduce the harmful effects of 
nutrients on air, water, and soil quality. Decreasing soil pH, due mostly 
to application of nitrogen fertilizers, along with plant nutrient uptake and 
precipitation, is a growing concern in some areas of the inland Pacific 
Northwest. Acidification can make nutrients less available to plants and 
can have a variety of other negative impacts that can decrease yields if not 
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addressed. The chapter also discusses other nutrients such as sulfur and 
phosphorus that are necessary for wheat crops, but are less susceptible 
than nitrogen to being depleted annually. 

Soil Amendments, the topic of Chapter 7, have historically had limited use 
in dryland systems of the inland Pacific Northwest, but could improve 
soil health by benefitting soil carbon, nutrient availability, soil structure, 
water infiltration and retention, bulk density, and microbial activity. 
Biosolids can be used by conventional producers, but not certified 
organic producers, and may be available at relatively low cost, though 
supply is limited. Manures and composts can be an important resource 
for building or maintaining soil quality for producers in proximity to 
concentrations of livestock. Manures with higher nutrient concentrations 
may be an important nutrient source for some certified organic dryland 
producers, though cost can be an issue.

Chapter 8, Precision Agriculture, describes how technology can be used 
to manage within-field variability. In cases where variability in the major 
factors that affect crop yield and quality can be accurately measured at 
scales relevant to farm management, and when this information can be 
used to improve the efficiency of crop input use, precision agriculture 
has the potential to improve yields and crop quality, increase economic 
returns, and decrease environmental impacts from excessive input use. 
Precision agriculture technologies can also be used to monitor crop and 
field variability and help diagnose problems that occur across fields and 
years. 

Integrated Weed Management is discussed in Chapter 9. An integrated 
approach relies on knowledge and application of ecological principles, 
including an understanding of weed biology, plant interference, and weed-
crop competition. Successful long-term approaches emphasize growing 
healthy, competitive crops in an effective cropping sequence supported 
by appropriate use of a variety of preventative, cultural, mechanical, 
and chemical strategies. Judicious use of herbicides alongside other 
strategies can ensure that weed management is effective, economical, and 
prevents the development or spread of herbicide-resistant weed biotypes. 
Management of selected problematic weeds of inland Pacific Northwest 
grain production is discussed: downy brome, Russian thistle, jointed 
goatgrass, and Italian ryegrass. 
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Disease Management for Wheat and Barley is discussed in Chapter 10. 
Successful disease management relies on integrated strategies including 
prevention, avoidance, monitoring, and suppression. The specific 
implementation of these strategies varies by pathogen and cropping 
system. This chapter presents information on geographic distribution, 
disease cycle, diagnostic features, conditions that favor disease, and 
management practices for selected diseases that affect inland Pacific 
Northwest cereal production, including stripe rust and those caused 
by soilborne fungal pathogens and nematodes. For many soilborne 
pathogens, genetic resistance or chemical controls are not available, 
and growers rely on cultural practices to favor plant health. System-
wide monitoring of crop response is an important tool to determine if 
changes in cropping practices, or climate effects, reduce the effectiveness 
of current management strategies. 

Chapter 11 discusses Insect Management Strategies. Similar to weeds and 
diseases, effective management of insect pests relies on an integrated 
approach. That depends on an understanding of each species’ distribution, 
life cycle, crop damage caused, and potential control strategies. The 
chapter reviews the basic principles of integrated pest management and 
the implications of technology, a changing climate, and invasion by new 
pests. It offers summaries of the biology and management for 16 of the 
most important pests or pest complexes as well as what is known of their 
responses or potential responses to climate change. These responses are 
likely to occur through mechanisms including changes in the timing 
of pest activity, shifts in the geographical range of pests, reductions in 
the time needed for life cycle completion, and an increased number of 
generations per year. Finally, this information is placed within the context 
of the larger agroecosystem and production landscape. 

Farm Policies and the Role for Decision Support Tools is the topic of Chapter 
12. Policy influence occurs through avenues including the development of 
risk management options, management recommendations and incentives, 
and the adoption of agricultural technologies. These influences, in turn, 
affect management practices in inland Pacific Northwest grain production 
systems including use of conservation tillage, residue and soil water 
management, crop rotations, and pest management. The use of spatially 
explicit data and regional impact models will likely play a larger role in 
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the design and implementation of future farm policies. Decision support 
tools can also be used to examine the impacts of a targeted conservation 
policy.

Considering all of the challenges facing dryland agricultural systems in 
the inland Pacific Northwest, the future can seem more daunting than 
ever. Fortunately, there is also evidence of significant overlap in the 
practices that may benefit farmers’ bottom lines, enhance long-term 
productivity and resilience, and reduce dryland farming’s contribution 
to atmospheric greenhouse gases. For example, reducing periods of 
fallow can potentially increase farm productivity and income, while also 
increasing the amount of residues that are incorporated into the soil over 
time. This can enhance soil organic carbon levels, providing a range of 
benefits in terms of improved soil structure, reduced soil compaction, 
improved water infiltration, and improved water holding capacity. All of 
these enhance productivity and resilience over the long run. Meanwhile, 
increased soil organic carbon allows carbon dioxide to be stored in the 
soil, reducing atmospheric carbon levels. 

These and other practices may create win-win-win strategies: a win 
for producers by enhancing farm profitability, a win for sustainability 
and long-term productivity, and a win for climate. The table below 
summarizes some potential win-win-win strategies for the dryland 
agricultural systems of the inland Pacific Northwest. While promising, 
the win-win-win strategies identified here do not fully define a path 
toward a productive future in the context of a changing climate. There 
are still many gaps in our knowledge of dryland farming, key barriers 
that remain to be overcome before some promising strategies can be fully 
adopted, and uncertain futures in the region.

To be successful, growers need to be highly skilled in evaluating and 
applying knowledge and experience according to their site-specific 
context and needs. Research-based recommendations in the book may 
conflict with each other depending on the specific problem that is a 
priority for management. Growers will need to exercise caution in the 
application of information and recommendations contained in this 
volume based on an understanding of these tradeoffs. Utilizing farmer 
mentors, knowledgeable technical support providers, and University, 
USDA, and private-sector researchers will better enable growers to build 
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Win-win-win strategies can enhance farm profitability, climate, and long-term farm productivity.

Management 
Strategies

Short-Term Benefits 
(1-10 years)

Long-Term Benefits 
(40+ years)

Reduced Tillage/ 
Direct Seeding

• Decreased soil erosion 
and nutrient runoff

• Increased SOM and 
improved soil quality

• Increased nutrient 
cycling and storage

• Reduced GHG 
emissions by storing 
soil C

Crop 
Intensification- 
Reduce Fallow

• Increased food, fuel, 
and feed production

• Increased farm 
productivity and 
income

• Removes additional 
CO2 from atmosphere 
by increasing 
photosynthesis

• Increased straw 
biomass and soil C 
sequestration

Crop 
Diversification-
Legumes

• Improved control of 
pests and grass weeds 
using broadleaf crop in 
rotation

• Reduced N fertilizer 
costs using biological 
nitrogen fixation

• Reduced GHG 
emissions and natural 
gas use during N 
fertilizer production

• Reduced reactive soil 
N that leads to GHG 
emissions

Crop 
Diversification-
Oilseeds

• Improved control of 
pests and grass weeds 
using broadleaf crop in 
rotation

• Improved soil structure 
and water infiltration 
with canola’s strong 
taproot

• Glyphosate-resistant 
canola is the only 
Roundup-ready crop 
that can be grown in 
PNW rotations

• Increased net 
productivity, 
photosynthesis and C 
fixation

• Reduced atmospheric 
CO2 through increased 
soil C sequestration

• Reduced GHG 
emissions and 
improved N cycling

• Avoid summer heat and 
drought stress with a 
short season crop
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Management 
Strategies

Short-Term Benefits 
(1-10 years)

Long-Term Benefits 
(40+ years)

Customize 
Wheat Class and 
Variety to AEC

• Potential to improve 
protein premiums

• Improved overall 
regional wheat quality 
and market reputation

• Match heat and 
drought tolerance to 
AEC

• Potential to adapt to 
pest variability

• Improved resource 
efficiency and lower 
loss, as crops are better 
suited to environment

• Tolerant varieties are 
more adaptable to 
climate change and 
associated concerns

Precision N 
Management

• Reduced N fertilizer 
costs

• Reduced N over-
fertilization that can 
reduce yields

• Reduced N runoff and 
loss

• Reduced GHG 
emissions and natural 
gas use during N 
fertilizer production

• Reduced reactive soil 
N that leads to GHG 
emissions

Recycle Organic 
Byproducts 
as Soil 
Amendments

• Increased SOM and 
improved soil quality

• Reduced N fertilizer 
costs

• Recycled valuable 
nutrients

• Reduced landfilling of 
biological wastes

• Reduced GHG 
emissions and natural 
gas use during N 
fertilizer production 

• Tightened global 
nutrient cycle reduces 
GHG emissions

Table by Bill Pan and Kristy Borrelli.

Abbreviations: SOM = soil organic matter; C = carbon; CO2 = carbon dioxide; N = nitrogen; 
AEC = agroecological class; GHG = greenhouse gas; PNW = Pacific Northwest.

Win-win-win strategies can enhance farm profitability, climate, and long-term farm productivity.
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on the information contained in this volume. Ultimately, the best hedge 
against the impact of climate change is highly skilled and creative farmers 
utilizing the best available research and management information to 
make decisions in an uncertain context.
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Chapter 1

Climate Considerations
Chad Kruger, Washington State University

Elizabeth Allen, Washington State University
John Abatzoglou, University of Idaho

Kirti Rajagopalan, Washington State University
Elizabeth Kirby, Washington State University

Abstract

Agricultural systems in the inland Pacific Northwest (PNW) have 
evolved under a Mediterranean-type climate characterized by warm, 
dry summers and cool, wet winters. Precipitation is the primary limiting 
factor of production for most of the dryland wheat-growing region. The 
Cascade Mountain Range creates a rain shadow in its immediate lee that 
results in a considerable precipitation gradient: drier immediately east of 
the Cascades with wetter conditions further inland. While year-to-year 
variability in precipitation is considerable, the climate of the inland PNW 
has proven sufficiently stable to support dryland small grain production 
systems that rival the productivity of nearly every other rainfed cereal-
producing region of the world. Production practices that enhance the 
dependability and sustainability of dryland cropping systems in the 
inland PNW are vitally important in the context of global climate change. 
Managing under observed and projected climate change impacts will 
require producers to develop their understanding of changing production 
uncertainties and risks. This chapter discusses how climatic factors 
influence regional agricultural systems, considers projected impacts of 
climate change on inland PNW dryland small grain production, and 

Research results are coded by agroecological class, defined in the glossary, as follows:

� Annual Crop     p Annual Crop-Fallow Transition     ¢ Grain-Fallow
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explores how producers can learn from, and apply, information from 
models to a broad range of production management decisions.

Key Points
• Within the Pacific Northwest, local climate patterns and 

production practices are highly variable from one location to 
another. The region also has considerable inter-annual variability 
in precipitation and temperature.

• Regional models project that human-caused climate change will 
lead to an average annual temperature increase of 3–4°F by the 
2050s and 4–6.5°F by 2100, with increased warming during the 
summer season. Annual precipitation is projected to increase 
by about 5–15% by 2050. However, summer precipitation is 
projected to decrease, resulting in reduced soil moisture during 
the late summer months. These projected shifts in average 
regional temperature and precipitation surpass current year-to-
year climate variability. Climate change will also increase the 
frequency and severity of extreme weather events.

• Impacts of climate change on dryland wheat production may 
be variable throughout the region and variable at different time 
horizons. Increased atmospheric carbon dioxide may benefit 
yields by increasing energy and water use efficiencies. At the same 
time, changing temperature and precipitation regimes may also 
present new risks and challenges for producers.

• Opportunities exist for producers to alter practices to adapt to 
climate change impacts and reduce greenhouse gas emissions; 
these adaptation and mitigation strategies often have co-benefits 
for long-term sustainability.

• Climate models and decision support tools are rapidly evolving. 
New web-based resources are available to aid producers in obtaining 
climate information for specific agricultural management decisions.

Introduction

The PNW is characterized by a temperate, Mediterranean-type climate, 
typically with cool to cold, wet winters and warm to hot, dry summers. 
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The region’s climate is highly variable over the seasons. At the same time, 
temperature and precipitation patterns in the PNW are also highly variable 
over space; topography has a strong influence on local climates. Diverse 
ecosystems within the PNW include old growth evergreen forests, shrub 
steppe rangelands, and agricultural zones suitable for a diverse array of 
crops including rainfed (dryland) grain and forage, irrigated grain and 
forage, wine grapes, vegetables, oilseeds, and tree fruits. This chapter begins 
with a description the PNW’s historical climate, drivers of variability 
in temperature and precipitation and an overview of projected climate 
change impacts in the region. Next, climatic characteristics and diversity 
of the inland PNW’s dryland wheat production systems are discussed. We 
consider how these agricultural systems will be affected by climate change. 
Climate change impacts may require producers to consider adaptation 
measures in order to support the long-term sustainability of their 
operations, and there may be emerging incentives to invest in mitigation 
measures that enhance soil carbon storage and reduce greenhouse gas 
emissions associated with agricultural production. Finally, this chapter 
presents decision support tools that enable producers to learn about how 
climate change and variability may affect their operations. This growing 
array of informational resources for agricultural decision-makers can 
support identification of locally appropriate management strategies.

Overview of the Climate of the PNW

The Cascade Mountain Range divides the PNW into climatically distinct 
areas. The high elevation mountain range causes eastward-moving storms 
to lose their moisture as rain or snow when the storm systems move inland 
(cooler temperatures at high elevations mean that air is able to hold less 
moisture). There is a steep downward slope to low valleys east of the 
Cascades, and as air passes over the Cascades and warms as it descends, 
condensation and precipitation are even less likely. This process results in 
a “rain shadow” effect for much of the Columbia River Basin. Leeward of 
the Cascade Mountains, the maritime influence is limited and mean annual 
temperature is primarily influenced by elevation. The warmest locations 
are typically seen at lowest elevations of the Columbia River Basin. Average 
temperatures are cooler as the topography rises toward the Northern 
Rockies. Figure 1-1a shows historical (1981–2010) average annual 
maximum temperature across the PNW. Figure 1-1b shows historical 
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(1981–2010) average annual precipitation throughout the region.

Substantial year-to-year variability is evident in mean annual temperature 
(Figure 1-2a) and precipitation (Figure 1-2b) averaged across the PNW. 

Figure 1-1a. Distribution of annual mean (1981–2010) maximum temperature. (Copyright 2016, PRISM 
Climate Group, Oregon State University.)

Figure 1-1b. Distribution of annual mean (1981–2010) precipitation. (Copyright 2016, PRISM Climate 
Group, Oregon State University.)
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Figure 1-2a: Annual mean temperature anomaly for the National Centers for Environmental Information 
(NCEI) Northwest region (Washington, Oregon, and Idaho) dataset from 1900 to 2015. Anomalies are 
taken with respect to the 1900–2000 period. (Figure courtesy of John Abatzoglou.)

Figure 1-2b: Annual mean precipitation anomaly per water year for the National Centers for 
Environmental Information (NCEI) Northwest region (Washington, Oregon, and Idaho) dataset from 
1900 to 2015. Anomalies are taken with respect to the 1900–2000 period. (Figure courtesy of John 
Abatzoglou.)

The two primary drivers of natural climate variability in the region are the 
El Niño Southern Oscillation (ENSO) and the Pacific Decadal Oscillation 
(PDO). These two cyclical patterns affect the climate of the region on 
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annual to decadal timescales. In their warm phases (El Niño conditions for 
ENSO or positive phase PDO), the chance of a warmer than average PNW 
winter and spring increases. Cool phase conditions (La Niña conditions 
for ENSO and negative phase PDO) increase the odds that PNW winters 
will be cooler and wetter than an average year. For a detailed discussion 
of the link between ENSO and PDO cycles and regional temperature 
and precipitation variability, readers are encouraged to consult “Seasonal 
Climate Variability and Change in the Pacific Northwest of the United 
States” by Abatzoglou et al. 2014.

The warmest 10-year period since 1900 in the PNW occurred from 1998 to 
2007, and very few years since 1980 have had below average annual mean 
temperatures. No long-term trends in precipitation are evident across the 
PNW except for an increase in spring precipitation (Abatzoglou et al. 2014). 
However, multi-decadal variability in annual precipitation is evident with 
protracted deficits in precipitation apparent in the 1920s and 1930s and 
relatively wetter conditions in the 1970s through the mid 1980s.

Earth’s physical and biological systems are changing in many ways as a 
result of anthropogenic, or human-caused, greenhouse gas emissions. 
Observed and projected changes include rising sea levels, changes in 
ocean chemistry, warming oceans and air, and changing storm patterns. 
Consistent with a trend of global and national temperature increase 
throughout the 20th century, average annual temperatures in the PNW 
have increased (Abatzoglou et al. 2014). In general for the region, increasing 
temperatures are linked to longer frost-free seasons, decreased spring 
mountain snowpack, earlier peak stream flow, and decreased glacial area. 
Although mean annual temperature is the most frequently cited global 
indicator of climate change, seasonal temperature and precipitation at 
regional scales provide more salient links to climate impacts that may be 
otherwise masked in mean annual temperature (Abatzoglou et al. 2014). 
Current best estimates of global climate change impacts in the PNW 
indicate that annual average temperature increases of 3–4°F are expected 
by the 2050s, with annual average warming of 4–6.5°F projected by 2100 
(Abatzoglou et al. 2014). Warming trends are projected to be greatest 
during the summer months. Annual precipitation is projected to increase 
5–15% by the middle of the latter half of the 21st century (Vano et al. 
2010). While total annual precipitation is projected to increase, summer 
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season precipitation is expected to decrease and, combined with elevated 
summer temperatures, this could result in substantial reductions in late 
summer soil moisture (Vano et al. 2010).

Additional key impacts of forecasted climate change on agriculture in 
the inland PNW include increased frequency of temperature-induced 
drought conditions, greater temperature extremes (both minimum and 
maximum temperatures), and extreme precipitation events due to the 
fact that warmer air holds more moisture and is linked to more energetic 
storm events, which could lead to increased soil erosion and flooding 
(Binder et al. 2010). Warming leads to a longer available growing season, 
but can result in a shortened actual growth season for most crops due 
to accelerated growth. Later maturing crops may have reduced quality 
resulting from heat or inadequate moisture stressors during grain fill 
(Ortiz et al. 2008). Climate change may also affect the range and severity 
of agricultural pests, plant diseases, and invasive species. Anthropogenic 
greenhouse gas emissions also increase the concentration of carbon 
dioxide (CO2) in the atmosphere, which impacts plant growth and 
water usage (Stöckle et al. 2010). Over the near-term in the inland PNW, 
increasing atmospheric CO2 may offset the negative impacts of climate 
change on cereal production and may contribute to increased dryland 
yields because of increased water use efficiency in systems that are 
generally water-limited.

Diversity of Inland PNW Dryland Agricultural Systems

This section of Chapter 1 explores how variations in local climate and 
topography shape the characteristics of dryland agricultural systems in 
the inland PNW. The inland PNW’s wheat production area corresponds 
approximately with the Columbia Plateau Ecoregion defined by the US 
Environmental Protection Agency (2011). This geographic area also 
parallels the study area for the Regional Approaches to Climate Change 
(REACCH) research effort, which focuses on dryland farming of the 
inland PNW where the predominant crops are small grains (wheat/
barley), peas, and canola (Figure 1-3). 

Throughout the inland PNW, winter weather is cool to cold with December 
and January mean daily temperature averaging 30°F and occasionally 
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dropping to 14°F or lower (Schillinger et al. 2010). In the summer months, 
high pressure systems lead to warm and dry conditions with low relative 
humidity. Across the region, average afternoon temperatures in the 
summer range between 68 and 95°F (Schillinger et al. 2010). The highest 
annual mean temperatures occur in the southwest portion of the inland 
PNW, with cooler annual average temperatures moving to the northeast 
(Figure 1-1a).

An estimated 70% of the inland PNW’s precipitation occurs from October 
to March and 25% occurs during April to June. July through September 
are the driest months (Schillinger et al. 2010). As can be seen in Figure 
1-1b, there is substantial variation in mean annual precipitation across 
the inland PNW. A gradient exists from the low precipitation zone in the 
western portion of the dryland wheat production area (average annual 
precipitation of 6”) to the high precipitation zone in the eastern portion 
(average annual precipitation of 24”) (Schillinger et al. 2010). Often, 

Figure 1-3. Agroecological classes (AECs) of the inland PNW based on 2007–2014 National Agricultural 
Statistics Service (NASS) Cropland Data Layer data. Much of the heterogeneity in cropping systems 
reflects climatic constraints, primarily temperature and precipitation regimes, and availability of water 
for irrigation. Production systems are diverse within each AEC as well. (Huggins et al. in preparation.)
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Soil Orders of the Inland PNW

Alfisol. Leached basic or slightly acid soil with clay-rich subsurface 
layer. Alfisols have water available to vegetation for more than half 
the year or more than 3 consecutive months during a warm season. 
Alfisols are primarily formed under forest or mixed vegetative cover 
and are productive for most crops.

Andisol. Soil with high phosphorus retention, available water 
capacity, and cation exchange capacity. Andisols are most commonly 
formed from volcanic materials with high proportions of silica, 
aluminum, and iron-rich compounds. These soils are common in 
cool areas with moderate to high precipitation and are typically very 
productive.

Aridisol. Saline or alkaline soil with little organic matter. Aridisols 
have no available water during most of the time that the soils are 
warm enough for plant growth and occur in regions with less than 
9" precipitation per year. The vegetation in many areas consists of 
scattered ephemeral grasses and shrubs. Some Aridisols support 
limited grazing. If irrigated, many aridisols are suitable for crops.

Entisol. Mineral soil that is not differentiated into distinct soil 
horizons. The absence of distinct soil horizons may be the result 
of an inert parent material, insufficient time for horizons to form, 
occurrence on steep slopes where erosion occurs more rapidly than 
soil horizon formation, or recent mixing of horizons.

Inceptisol. Freely draining soil that does not have sharply defined soil 
layers. Inceptisols have water available to plants for more than half 
the year or more than 3 consecutive months during a warm season 
and one or more distinct soil horizons. Inceptisols have a wide range 
of characteristics.

Mollisol. Soil with a dark surface layer rich in organic matter and 
containing high concentrations of calcium and magnesium. Mollisols 
characteristically form under grasslands in climates that have a 
moderate to pronounced seasonal moisture deficit or under forest 
ecosystems. These soils are very productive for crops.
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studies of the region focus on mean annual precipitation as a distinguishing 
characteristic of different agricultural zones. Generalized precipitation 
classes for the dryland wheat production region are as follows: high (18”+); 
intermediate (12–18”); and low (less than 12”) mean annual precipitation 
(Schillinger and Papendick 2008). Roughly 50–60% of the inland PNW’s 
dryland crop production acres occur within the low precipitation zone 
(Schillinger et al. 2003; Schillinger and Papendick 2008).

Along with precipitation, topography and soil characteristics play a 
central role in shaping agricultural production. The inland PNW ranges 
from more gently rolling topography in the west to steep rolling hills 
in the east. The predominant agricultural soils of the dryland wheat-
producing region are silt loams, formed in windblown silt (loess) 
deposits of depths varying from 3–20 feet in the western portion of the 
inland PNW and up to 200 feet deep in the east (Douglas et al. 1992). 
These loess deposits occur over basalt bedrock or flood-deposited 
sediments (McClellan et al. 2012). Soils are dominated by Mollisol and 
Aridisol soil orders, but Entisols, Andisols, Alfisols, and Inceptisols 
are present in localized areas (USDA 1999). (See the Soil Orders of the 
Inland PNW sidebar for descriptions of these soil orders.) In the drier, 
warmer western region of the inland PNW, soils developed under steppe 
and shrub-steppe vegetation, dependent on precipitation (Schillinger 
et al. 2010). These dry zone soils are relatively low in organic matter, 
more sandy, and susceptible to wind erosion (Schillinger et al. 2010). 
Moving to the northeast, in the cooler, high precipitation zone of the 
inland PNW (including the Palouse Hills), the loess soils developed 
under native grasslands or forests (Schillinger et al. 2010). These soils 
are richer in organic matter and clay, and typically susceptible to water 
erosion when snowmelt or rain runs over recently thawed topsoil 
(Schillinger et al. 2010; McClellan et al. 2012). In the high precipitation 
zone, crops are often produced on slopes with an 8% to 30% grade, 
with some production on slopes as steep as 45% (Schillinger et al. 
2003). Across the inland PNW, soil organic matter (SOM) ranges from 
more than 3% in the high precipitation zone to less than 1% in the low 
precipitation zone (Schillinger et al. 2006). 

Numerous systems have been devised to subdivide the inland PNW into 
agricultural and ecological zones to communicate recommendations 
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for management, model economic trends, and to study crops, pests and 
disease vulnerabilities. The low, intermediate, and high precipitation zones 
defined by Schillinger and Papendick (2008) and discussed earlier in this 
section are an example of one such classification system that is useful for 
producers and land managers. Many growers are also familiar with the six 
agronomic zones defined by Douglas et al. (1992) in which the following 
criteria are used to differentiate zones: mean annual precipitation, soil 
depth, and growing degree days (Table 1-1). Ranges of average winter 
wheat yields, soil organic matter, and soil water holding capacity have 
been specified for each of the agronomic zones (Douglas et al. 1999). 
Agronomic zones 2 through 5 make up the inland PNW’s dryland wheat-
producing region (Douglas et al. 1992).

Recently, three agroecological classes (AECs) have been defined using 
National Agricultural Statistics Service (NASS) cropland use data to 
characterize the diversity of agricultural practices in the inland PNW’s 
dryland cereal production region (Kaur et al. 2015). These three classes 
are: (1) Annual Crop with less than 10% fallow, (2) Annual Crop-Fallow 
Transition with 10–40% fallow, and (3) Grain-Fallow with greater than 
40% fallow (Table 1-2). The AEC classification system differs from 
other classification systems that have been applied in the region because 

Table 1-2. Three agroecological classes (AECs) of the inland PNW.

Class Percent 
Fallow Common Grower Practices

Annual Crop ● <10% 
fallow

3- or 4-year crop sequence; e.g., winter 
wheat-spring wheat, or barley-spring 
broadleaf, or winter wheat-spring 
grain-winter wheat-spring broadleaf.

Annual Crop-Fallow 
Transition ▲

10–40% 
fallow

2- or 3-year crop sequence; e.g., winter 
wheat-fallow or winter wheat-spring 
wheat-fallow. Crop choice is more 
limited by available water.

Grain-Fallow ■ >40% 
fallow

Typical 2-year crop sequence is winter 
wheat-fallow. Growers rely on fallow 
practices to store and retain winter 
precipitation in the soil profile to 
establish winter wheat.
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distinctions among classes are based on actual land use rather than the 
biophysical characteristics that play a role in shaping those land-use 
practices.

The Annual Crop AEC is generally associated with high precipitation zones, 
while the Grain-Fallow AEC is associated with low precipitation zones. 
However, AECs are dynamic, changing as land use and land cover shift over 
time. Figure 1-3 displays the AECs in the inland PNW, including dynamic 
regions, which have recently transitioned from one use to another (Kaur et 
al. 2015). Focusing on distinctions among agricultural regions based upon 
actual land use allows researchers to analyze relationships among biophysical 
variables (e.g., climate, soils, terrain) and socioeconomic variables (e.g., 
land prices, commodities grown) (Huggins et al. in preparation). This 
framework for classification also enables researchers to predict changes 
in AECs linked to shifts in climate, markets, and management practices. 
Preliminary analyses of changing grower practices suggest that annual crop 
regions will decrease, being converted to annual crop-fallow transition 
systems—this would significantly reduce diversification and increase soil 
vulnerability to erosion due to increased fallowing (Kaur et al. 2015). 
Grain-fallow systems are less likely to be affected (Kaur et al. 2015). Figure 
1-3 shows the AECs of the inland PNW in 2015, pale colors indicate that a 
particular area changed from a different prior use to the current AEC over 
the period of data collection (2007–2014). 

Synthesis of Recent Research Developments

Modeling Climate Change

Global climate models (GCMs) simulate oceanic and atmospheric 
behavior at a coarse spatial resolution (grid cells of 4,000 square miles or 
more). There are many different GCMs, which differ in how they account 
for various climatic variables. While essential for understanding global 
patterns, GCMs have limited direct utility in regional studies because they 
do not include sufficient detail to capture local-scale spatial variability 
in climate. To address this limitation, projections of future climate are 
downscaled to a finer spatial scale. For example, adjustments are made to 
outputs from GCMs to better capture the rain shadow effect caused by the 
Cascade Mountains (Abatzoglou and Brown 2012; Mote and Salathe 2010). 
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It is important to run climate models based on a range of different storylines 
about future political, economic, technological, and social decisions, all 
of which affect greenhouse gas emissions. In order to make results from 
various GCM analyses comparable, the Intergovernmental Panel on 
Climate Change (IPCC) defined a standard set of possible greenhouse 
gas emissions pathways. The 5th IPCC Assessment Report compares four 
different Representative Concentration Pathways (RCPs), described in Table 
1-3 (IPCC 2014). The RCPs considered in the IPCC 5th Assessment Report 
are named according to projected radiative forcing (sunlight absorption) 
values in the year 2100 relative to pre-industrial values (+2.6, +4.5, +6.0, 
and +8.5 Watts per square meter). For reference, the additional radiative 
forcing in 2011 was estimated as +2.2 W/m2. This simplistic approach gives 
researchers the ability to place boundaries on the conditions for forecasting 
while accounting for a range of possible greenhouse gas emissions scenarios 
and global economic growth trajectories.

Future Climate Projections for the Inland PNW

Understanding the interactions of anthropogenic climate change 
and natural drivers of climate variability is a key area of research. As 
described in the introduction to this chapter, climate change is occurring 
against a background of ongoing year-to-year climate variability. We 
expect significant regional climate variability to continue in the future 
even under climate change, with the magnitude of the climate change 
signal equaling and surpassing the historical climate variability signal 
for mean annual temperature in the latter half of the 21st century 

Table 1-3. Representative concentration pathways used in IPCC Assessment Report 5.

IPCC Representative Concentration Pathways (RCPs)  
and generalized emissions scenarios

RCP 2.6 Global annual greenhouse gas emissions (measured 
in CO2 equivalents) peak between 2010–2020, with 
emissions declining substantially thereafter

RCP 4.5 Emissions peak around 2040, then decline
RCP 6 Emissions peak around 2080, then decline
RCP 8.5 Emissions continue to rise throughout the 21st 

century
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(Abatzoglou et al. 2014). The most apparent warming trend in the PNW 
is for the coldest night of the year, which has warmed significantly 
in recent decades (Abatzoglou et al. 2014). The only cooling trend 
observed in the region was for spring temperatures over the last three 
decades, and this trend is tied to climate variability (Abatzoglou et al. 
2014). Future climate projections consistently forecast that the annual 
maximum temperatures will increase. There will still be cool years, but 
the frequency at which they occur is expected to dwindle. Figure 1-4 
shows projections of future mean annual temperature and precipitation 
in southeast Washington for two different RCPs. Even under a scenario 
of moderate global greenhouse gas emissions that peak in 2040 and 
decline thereafter, substantial temperature and precipitation shifts are 
projected for the region by mid-century.

Growing degree days are a measure of heat accumulation used by crop 
models to project plant development rates and determine when crops will 
reach maturity. Under a scenario of greenhouse gas emissions continuing 
to increase throughout the 21st century, planting dates, crop maturity 
dates, feasibility of double cropping systems, and pest and disease 
pressures may be dramatically affected by warming (Figure 1-5).

Figure 1-4. Projected changes in mean annual temperature (left) and precipitation (right) for south-
eastern Washington (45.6-47.8N, 117-120.5W). Historical mean annual temperature and precipita-
tion (1971–2000) are compared with projected annual means for 2040–2060 under two different 
representative concentration pathways (RCPs). (RCP 4.5 indicates greenhouse gas emissions peaking in 
2040 then declining, RCP 8.5 indicates emissions continuing to rise in the 21st century. Figure courtesy 
of John Abatzoglou.)



30

Advances in Dryland Farming in the Inland Pacific Northwest

Impacts of Climate Change on Small Grains

Dryland small grain production regions are vulnerable to projected 
reductions in summer precipitation, decreases in summer soil moisture 
and extended warm weather episodes, which potentially reduce yields 
or exacerbate production challenges on marginal lands. Wheat and 
alternative crops are vulnerable to heat stress that can accelerate wheat 
senescence (the period between maturity and death of a plant) and reduce 
photosynthesis, which causes shriveling and negatively affects grain 
quality (Ferris et al. 1998; Ortiz et al. 2008). Warmer, drier conditions are 
also expected to exacerbate wind-caused soil erosion and reduce early 
stand establishment of winter wheat on summer fallow (Eigenbrode et 
al. 2013). Winter wheat could benefit from warmer winters, but may be 
challenged if drier summers impede late summer and fall planting of these 
crops, reducing germination and stand establishment. Pest and disease 
phenology shifts, or changes in the timing of emergence and species 
ranges, are also projected to impact inland PNW small grain production 
systems (Eigenbrode et al. 2013). (See Chapter 10: Disease Management 
for Wheat and Barley and Chapter 11: Insect Management Strategies.)

Figure 1-5. Cumulative growing degree days (base 32°F) 1971–2000 (left) and 2040–2069 represen-
tative concentration pathway (RCP) 8.5 (right), projections obtained from the AgClimate atlas. See the 
section about decision support tools at the end of this chapter for more information on how to access 
and interpret projections such as this. (Figure courtesy of John Abatzoglou.)
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Projected changes to precipitation patterns in the PNW under climate 
change are highly variable and more difficult to project than changes in 
temperature. Cool season (October-March) precipitation is generally 
projected to increase in the region (Vano et al. 2010). Depending on the 
timing of precipitation, planting of spring wheat could become more 
challenging, reducing yields or causing a shift toward more winter 
cropping (Stöckle et al. 2010). At the same time, increased soil moisture 
early in the growing season may mitigate the effects of projected 
reductions in summer precipitation (Stöckle et al. 2010). 

Based on crop models, potential yield losses from projected climate 
change impacts alone would be severe by the end of the 21st century 
(Stöckle et al. 2010). However, increased atmospheric CO2 that 
contributes to more rapid plant development and growth (called 
CO2 fertilization) and agronomic adaptation are expected to offset 
the negative effects of climate change on small grain crop yields in 
the inland PNW. Tubiello et al. (2002) projected US West Coast non-
irrigated winter wheat production to increase 10–30% by 2030, relative 
to baseline climate (1951–1994).

Using the crop model CropSyst, four GCMs, and assuming a scenario of 
rapid economic growth and technological development with a balanced 
reliance on fossil fuel-based and renewable energy sources, Stöckle et 
al. (2010) projected dryland winter wheat yield increases of 13–15% by 
the 2020s, 13–25% by the 2040s, and 23–35% by the 2080s for a range 
of locations across Washington state relative to baseline climate (1975–
2005) when warming and CO2 fertilization were included (Stöckle et 
al. 2010). Dryland spring wheat yields for a range of locations across 
Washington were projected to change by +7% to +8% by the 2020s, –7% 
to +2% by the 2040s, and –11% to +0% by the 2080s (Stöckle et al. 
2010). The range of values obtained depend upon the production zone 
and planting date, with lower increases or deficits in lower precipitation 
zones and better performance occurring if planting is adjusted earlier 
in the season, avoiding higher temperatures during vulnerable stages 
(Stöckle et al. 2010). These projections are based on changes in mean 
temperatures and do not consider the frequency of extreme heat events, 
which could negatively affect yields, but for which projections are less 
certain.
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Grower Considerations
Recent sociological research suggests that the general public of the inland 
PNW is increasingly concerned about climate change and that there may 
be growing public interest in regulation of agricultural practices to support 
climate change adaptation and mitigation (Wulfhorst et al. 2015). An 
increasing number of growers expect that future climate change will create 
conditions that necessitate modifying their agricultural management 
practices (Bernacchi et al. 2015). This section begins with a discussion 
of various approaches to climate forecasting at different temporal and 
spatial scales. Appropriate modeling tools with respect to specific kinds 
of decisions are described. Next, we outline emerging research about 
production practices to mitigate and adapt to climate change. Finally, we 
consider the potential for future economic and regulatory changes linked 
to climate change impacts.

Climate Forecasting

Producers are accustomed to looking at 7–10 day weather forecasts 
to make many decisions about planting, fertilizer application, and 
harvesting. While the limitations of such forecasts are well documented, 
their utility is indisputable. Making projections about the future climate, 
however, depends on a different set of modeling tools. Here we’ll explore 
the differences among weather forecasts, seasonal climate forecasting, 
and longer term climate projections. 

Numerical weather forecasts are designed to provide information on 
what the weather is likely to be like for a specific location and time. 
These forecasts rely on numerical weather models that are based on the 
laws of atmospheric physics and thermodynamics. Numerical weather 
models are initialized and run forward through time starting with initial 
conditions that are based on measured observations from weather 
balloons, satellites, and surface weather stations. The simplest forecast 
to make is for conditions 15-minutes from now, as current observations 
serve as a guide. Such numerical weather forecasts tend to degrade with 
time due to errors in initial observations and modeling inaccuracies and 
typically have limited utility beyond 10 days. Numerical weather models 
used by the National Weather Service have contributed to an estimated 
$31.5 billion dollar a year benefit to the US (Lazo et al. 2009).
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Seasonal climate forecasts are designed to provide information on climate 
variability over the next several months. Unlike weather forecasts, they 
are not intended to provide forecasts for specific dates, but estimates of 
temperature and precipitation anomalies for the upcoming month of 
December or December-February, for example. Seasonal climate forecasts 
take various approaches, but generally rely on linkages between boundary 
conditions such as ocean temperatures, soil moisture, ice coverage and 
climate, in addition to the initial conditions that numerical weather 
forecasts rely on. Seasonal climate forecasts have demonstrated utility for 
certain seasons and geographic areas; however, they have generally been 
underutilized in seasonal decision-making. At the same time, the misuse 
of seasonal forecasts can be detrimental and may limit users’ future 
trust and reliance on seasonal forecasts as guides for decision-making 
(Hartmann et al. 2002). For example, a water resource manager should 
not base their decision about how to manage a reservoir exclusively 
on a seasonal forecast, but information from a seasonal forecast could 
help them put strategies in place to prepare for a drier than average year 
(Hartmann et al. 2002).

Climate change projections are designed to provide information on 
climate statistics over multi-decadal time periods. Unlike weather and 
seasonal climate forecasts, climate change projections are not designed 
to yield skillful information about a specific day or month, but rather 
statistical generalizations about climate over longer term horizons. 
Climate change projections utilize the same numerical procedures used 
in numerical weather models and dynamic seasonal forecast models, but 
also include processes related to integrative aspects of the climate systems 
including the carbon cycle, vegetation dynamics, and sea-ice dynamics. 
Individual modeling centers across the world have developed GCMs to 
conduct such climate experiments. More than 40 models were used in the 
5th assessment report of the IPCC, with each modeling group running 
the same set of experiments with their model to produce a cohesive set 
of results for comparison. Each modeling group uses different model 
configurations, including different horizontal resolutions, processes, and 
feedbacks. The result is a diversity of models that simulate the climate 
system’s response to anthropogenic emissions in various slightly different 
manners. While this diversity of responses yields “uncertainty” in terms 
of regional changes in climate, it may be preferable to have a large set 
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of forecasts to draw upon rather than rely on a single or limited set of 
forecasts (Walker et al. 2003; Hawkins and Sutton 2011).

Selecting the Right Model for the Decision at Hand

Farmers constantly negotiate a wide variety of decisions related 
to planting and harvesting dates, fertilizer application, financing 
and insurance, crop varietals and rotations, machinery acquisition, 
implementing new technology, land use, and more. The range of 
decisions that dryland small grain producers make require consideration 
of a variety of different climate-forecasting models. Acquiring and 
using climate projections has been a challenge for many researchers, let 
alone agricultural decision-makers. Challenges associated with using 
outputs from climate model simulations arise for the following reasons: 
(1) model results are typically stored in formats that require familiarity 
with computer programming, (2) outputs may be formidably large to 
download and analyze without high-performance computing, and (3) 
outputs are often not refined to reflect conditions specific to a location 
of interest for individual users. These issues create a substantial barrier 
between data producers and consumers, inhibiting stakeholders’ 
ability to use model outputs to plan for, cope with, or try to optimize 
climate impacts that may arise in a changing climate (Allen et al. 2015). 
Fortunately, progress continues to be made in producing, synthesizing, 
and interpreting climate model projections in a manner that is relevant 
to agricultural decision-makers.

Researchers are expanding efforts to supply agricultural decision-
makers with appropriate tools for specific decisions. It is important to 
develop an understanding of how to select the right model forecasts 
for different kinds of decisions. For example, if you were choosing an 
optimal day for planting within a less-than-10-day range, you would 
rely on a weather forecast. If, however, you were deciding between 
planting winter wheat or spring wheat for the upcoming season, you 
would need a seasonal climate forecast. If you are considering a land 
acquisition, you would need to review longer term climate change 
projections to estimate return on investment. There are gaps in this 
suite of tools: limited information exists for 10–30 day bands and near-
term decadal forecasts (next 10–20 years), although these are areas 
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where climate science is rapidly advancing. Emerging research will also 
support growers in learning from other regions that serve as examples 
of the future climate of the inland PNW. Such climate analogues can be 
powerful tools for decision support.

Production Practices for Adaptation and Mitigation

Climate change may exacerbate existing challenges and create new 
management challenges for inland PNW growers. At the same time, 
there are likely opportunities associated with a changing climate as 
other regions increasingly rely on the inland PNW for small grain 
production, and warmer temperatures and CO2 fertilization may increase 
yields for some crops in some locations. Ensuring sustainable small 
grain production into the future will require growers, policymakers, 
agriculture industry professionals, and researchers to be familiar with 
emerging challenges and opportunities. Dryland farmers in the inland 
PNW have strategies available to them to adapt to changing conditions 
and, in some cases, work toward climate change mitigation.

Critically important strategies for adapting to increased extreme 
weather events include improving soil health (see Chapter 2: Soil 
Health), protecting soils from erosion (see Chapter 4: Crop Residue 
Management), diversifying annual cropping systems (see Chapter 
5: Rotational Diversification and Intensification), and monitoring 
and managing for changing weed, disease, and insect pest pressures 
(see Chapter 9: Integrated Weed Management, Chapter 10: Disease 
Management for Wheat and Barley, and Chapter 11: Insect Management 
Strategies). Ongoing research is investigating the potential benefits of 
shifting to earlier planting dates and adopting new varieties suited to 
changing precipitation and temperature regimes.

On-farm climate change mitigation strategies work to reduce greenhouse 
gas emissions from agriculture while often bringing co-benefits 
that support long-term sustainability and productivity of farmland. 
Strategies for mitigation which are applicable to dryland growers 
include: improving water use efficiency and nitrogen use efficiency, 
reduced tillage or “improved fallow” practices to increase net carbon 
sequestration (Chapter 3: Conservation Tillage Systems), utilizing 
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organic soil amendments (Chapter 7: Soil Amendments) and using site-
specific management to ensure precise application of inputs and reduce 
greenhouse gas emissions (Chapter 8: Precision Agriculture).

Economic Considerations

Agricultural decision-makers are accustomed to making decisions in the 
context of multiple uncertainties. Understanding vulnerabilities and risks 
under future climate conditions is key. For instance, if you are considering 
land acquisition with a 20–30 year amortization of costs, how should you 
value—or discount—expected earnings for that period given the range of 
possible climate futures? Land transactions may be an under-appreciated 
decision point for farm management because we should no longer assume 
static climatic conditions (e.g., yield projections or income generation 
potential) for any given piece of land. A person making a land acquisition 
decision needs to be able to hedge the investment decision in the context 
of their relative risk portfolio.

Climate change impacts are likely to change the regulatory context in 
which producers are operating. Envisioning the future of dryland small 
grain farming, it is plausible that federal, state, and county programs 
designed to support farmers and incentivize sustainable farming practices 
may require increased levels of climate change resilience planning. For 
more in-depth discussion of changing agricultural policies, see Chapter 
12: Farm Policies and the Role for Decision Support Tools. 

Previous widely used scenarios describing future social and economic 
conditions largely neglect to consider agricultural innovations specifically, 
causing them to be viewed as unrealistic and overly pessimistic by 
most agricultural analysts. In reality, farming practices are continually 
developing: practices to manage and monitor the application of fertilizers 
and pesticides continue to be developed and improved, more energy-
efficient machinery is being used on farms, and crops are being developed 
with new genetic characteristics. Scenarios that account for these various 
developments in technology, as well as in agricultural trade and policy, 
enable us to explore specific relationships between global food production 
and climate (Jones et al. 2016).
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Tools and Resources for Growers

The science of climate change impacts on small grain production 
systems in the inland PNW is rapidly evolving. The authors of this 
report encourage regional small grain producers to join the community 
of university-based researchers, Extension professionals, and growers 
at www.agclimate.net and stay informed about current research and 
opportunities for continuing education. The informational resources and 
links to tools listed in this section will be continually updated at on the 
AgClimate Network website. The following resources will assist growers 
in accessing: (1) educational material about climate modeling and climate 
change impacts on inland PNW agricultural systems, (2) locally specific 
weather and climate data, and (3) decision support tools for agricultural 
management.

Educational Resources about Climate Modeling and Climate 
Change Impacts

A Changing Climate for Agriculture: Tools for Kick-Starting 
Adaptation

https://www.youtube.com/watch?v=7Yc2yPri2hE

Watch this webinar for an up-to-date discussion of how current downscaled 
climate data can be used to support decision-making in agriculture. This 
Climate Learning Network webinar presentation by the University of 
Idaho’s John Abatzoglou introduces viewers to several of the climate data 
resources and decision support tools discussed in this chapter.

What Do We Currently Know about the Impacts of Climate Change 
on Pacific Northwest Cropland Agriculture?

https://www.surveymonkey.com/r/
XFPHB96?sm=RN4RdLEnTR08hZ8awmGxHQ%3d%3d

An accessible webinar presented by Chad Kruger, director of Washington 
State University’s Center for Sustaining Agriculture and Natural 
Resources. This is a helpful resource for producers looking to get up to 
speed on the basics of climate change impacts.



38

Advances in Dryland Farming in the Inland Pacific Northwest

Modeling Environmental Change: A Guide to Understanding 
Results from Models

http://cru.cahe.wsu.edu/CEPublications/FS159E/FS159E.pdf

Written to orient readers from diverse backgrounds to the basics of how 
environmental models are developed, this Extension publication covers 
the kinds of input data that go into climate change impact models and 
considers approaches to defining future scenarios, communicating model 
outputs, and representing uncertainty.

Assessment of Climate Change Impact on Eastern Washington 
Agriculture

http://link.springer.com/article/10.1007/s10584-010-9851-4

This is a peer-reviewed analysis of climate change impacts on multiple 
crops, including dryland wheat, potatoes, and apples in the PNW 
authored by crop and climate scientists. You can expect to see an updated 
version of this analysis based on the latest climate model projections in 
the near future.

Agriculture: Impacts, Adaptation, and Mitigation

http://cses.washington.edu/db/pdf/daltonetal678.pdf

A chapter in the 2013 publication Climate Change in the Northwest, this 
resource outlines the wide range of projected climate change effects on 
agriculture in the Northwest US. This is an accessible yet relatively in-
depth discussion of the state of current scientific knowledge.

Weather and Climate Data

Climate Engine

http://climateengine.org

A number of spatially and temporally complete historical and current 
near-surface climate and weather datasets now exist. These data are based 
on a vast network of place-based observations and overcome some flaws 
in earlier datasets linked to gaps in observations, sparseness of stations in 
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some regions, and inconsistent variables that were recorded. Abatzoglou 
(2013) developed a gridded surface meteorological dataset that includes 
temperature, humidity, winds, solar radiation, and precipitation (http://
metdata.northwestknowledge.net). To make these data more accessible, 
the University of Idaho and the Desert Research Institute developed 
Climate Engine, which lets users analyze maps, examine time series, and 
download digital data without needing to process the entire data archive.

Office of the Washington State Climatologist

http://www.climate.washington.edu

The Washington State Climatologist collects, shares, and interprets 
climate data from various sources. The website distributes peer-
reviewed climate and weather information for governmental and 
private decision-makers working on drought, flooding, climate change, 
and related issues.

National Oceanic and Atmospheric Administration Climate Data 
Online

https://www.ncdc.noaa.gov/cdo-web/

The Climate Data Online website provides access to the National Climate 
Data Center’s archive of global historical weather and climate data, as well 
as weather station history information. These data include daily, monthly, 
seasonal, and yearly measurements of temperature, precipitation, wind, 
and growing degree days as well as radar data and 30-year climate averages.

AgWeatherNet

http://weather.wsu.edu

Washington State University’s AgWeatherNet provides current and 
historical weather data from WSU’s network of 178 automated weather 
stations. The weather network is managed by the AgWeatherNet team, 
located at the WSU Irrigated Agriculture Research and Extension Center 
in Prosser, Washington. WSU’s automated weather stations are located 
primarily in the irrigated regions of eastern Washington. Variables 
tracked by AgWeatherNet include air temperature, relative humidity, 
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dew point temperature, soil temperature at 8 inches, precipitation, wind 
speed, wind direction, solar radiation, and leaf wetness. Some stations 
also measure atmospheric pressure. These variables are recorded every 5 
seconds and summarized every 15 minutes by a data logger. The website 
also connects users with models and decision aid tools.

REACCH Climate and Weather Tools

http://climate.nkn.uidaho.edu/REACCH/climateTools.php

Researchers involved with the Regional Approaches to Climate Change 
(REACCH) project developed a web tool for agricultural decision 
makers to get information about location-specific historical climate, 
current weather, seasonal forecasts and future projections. An example 
summary table of a number of climate metrics that could be important 
for agriculture is shown in Figure 1-6. The user can select a location 
and obtain a summary of contemporary climate normals and projected 
changes for different time periods.

Decision Support Tools for Agricultural Management

REACCH Decision Support Tools

http://climate.nkn.uidaho.edu/REACCH/decisionTools.php

Related to REACCH’s climate and weather tools discussed above, REACCH 
scientists developed a suite of web-based decision support tools. These 
tools focus on decision-making issues specific to the crops in the inland 
PNW. Both short-term decisions, such as scheduling fertilizer application 
and pest management practices, as well as long-term decisions, such as 
assessing specific locations for crop suitability, are supported.

AgClimate Atlas

http://climate.nkn.uidaho.edu/NWTOOLBOX/mapping.php

The AgClimate Atlas is a web-based application developed by University of 
Idaho researchers with support from the USDA NW Climate Hub. The atlas 
provides downscaled climate data and derived climate metrics including 
cold hardiness, growing degree days, and reference evapotranspiration that 
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may be useful for agricultural decision making. For example, certain wine 
grape varietals have growing degree day requirements (base 50°F) that are 
not currently met across much of the Northwest, providing one limitation 
on cultivation. However, by the mid-21st century, additional warming is 

Figure 1-6. Regional Approaches to Climate Change (REACCH) climate and weather tools sample 
summary table. 
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projected to result in a large increase in accumulated heat that may allow 
for those varietals to reach maturation in the region. Users can select from 
a variety of metrics, climate scenarios, models, and time horizons (for 
example, early, mid, or late 21st century). Users can also “mouse” over to 
extract information for a specific pixel, or download these maps in a format 
that can be used in ArcGIS or equivalent GIS software.

Integrated Scenario Tools

http://climate.nkn.uidaho.edu/IntegratedScenarios/index.php

The Northwest Climate Science Center funded a project to create a 
coordinated set of climate, hydrology, and vegetation scenarios called 
Integrated Scenarios of the Future Northwest Environment. Researchers 
at the University of Idaho developed tools to visualize data from that 
project. For example, for irrigated crops in the Northwest, the amount of 
water storage in the mountain snowpack and the timing of streamflows 
are key factors. Using the streamflow web tool (http://climate.nkn.
uidaho.edu/IntegratedScenarios/vis_streamflows.php) users can see 
graphs that project substantial drops in streamflow during June-August 
when irrigation demand peaks.

Conclusion

Consistent with global trends, the PNW is projected to experience 
substantial shifts from historical climate patterns in the coming century. 
The specific effects of climate change on dryland cropping systems in 
the inland PNW are expected to be variable over time and variable from 
one location to another. In the near term, longer growing seasons and 
increased CO2 fertilization may lead to increasing yields for dryland 
cereals in the region. However, later in the 21st century, projections 
suggest that heat and drought stress and changing pest and disease 
pressures along with increased incidences of extreme weather events 
will likely pose new challenges for inland PNW producers. It is hoped 
that this guide will be informative for regional growers operating under 
diverse local conditions and utilizing a range of production strategies. 
This guide, and the tools and resources discussed within, are intended 
to support producers in identifying appropriate management strategies 
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to ensure the long-term profitability and sustainability of dryland small 
grain production in the inland PNW.
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Abstract

Soil health refers to a balanced condition of soil physical, chemical, and 
biological processes conducive to high productivity and environmental 
quality. Soil health concepts are commonly used to evaluate changes, 
compare soils, or assess the effectiveness of land-use management. This 
chapter deals with soil health concepts, soil health indicators and their 
assessment, current understanding of management effects on soil health, 
and guidelines for improving soil health and sustainable crop production 
in the inland Pacific Northwest (PNW). Intensive agricultural systems 
within the inland PNW have depleted more than 50% of native soil organic 
matter (SOM), deteriorated soil microbial community, faunal diversity, 
and soil structure, and increased soil erosion. Crop residue incorporation 
into soil with intensive tillage, residue burning and removal, little biomass 
production and return from the dominant cereal-fallow cropping system, 
lack of crop diversity, farming on steep slopes, continuous application 
of ammonium-based nitrogen fertilizers, and limited and untimely 
precipitation are the major factors contributing to the deterioration of 
soil health and reduced agronomic productivity within the inland PNW. 
However, through sustained research and extension activities there is 
evidence that soil health can be improved by adopting practices such 

Research results are coded by agroecological class, defined in the glossary, as follows:

� Annual Crop     p Annual Crop-Fallow Transition     ¢ Grain-Fallow
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as conservation tillage systems, residue retention, no residue burning, 
cropping rotation and diversification, annual cropping, balanced and 
efficient nutrient management, organic soil amendments, reducing 
acidity, and integrated nutrient, pest, and weed management.

Key Points
•  Soil health is vital for sustainable agricultural production and 

environmental quality.
• Soil health is assessed by evaluating the soil’s ability to perform 

desired ecosystem functions and involves measuring soil physical, 
chemical, and biological indicators in response to changes in 
management.

• Soil’s high degree of spatial variability poses challenges for the 
selection of indicators sensitive to management in soil health 
assessment programs.

• Site-specific adaptive management decisions can lead to long-
term sustainability of soil health.

• Reduced tillage practices, cropping intensification and 
diversification, crop residue retention, and application of organic 
amendments can enhance soil health.

Soil Health: Concept and Background

Soil is a vital natural resource and its health is fundamental for 
sustainable agricultural production. Soil health, also referred to as soil 
quality, is defined as “the capacity of soil to function within ecosystem 
boundaries to sustain biological activity, maintain environmental quality, 
and promote plant and animal health” (Doran and Zeiss 2000). Soils 
function to provide ecosystem services that include increased soil water 
retention and availability, soil aggregation, nutrient cycling and storage, 
and microbial diversity and function.

Soil health assessment implies the evaluation of fitness of soil to perform 
desired functions and its capacity to resist and recover from degradation. 
Land managers, growers, and researchers assign a relative value to soil 
health using various qualitative and quantitative indicators. For instance, 
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soil compaction leads to loss of soil structure, limited water and air 
infiltration, and poor root development, rendering soil less productive 
than a non-compacted, well-structured soil. Here, the suitability of soil 
for proper root growth (soil function) can be judged by determining soil 
bulk density and penetration resistance (soil health indicators) using 
appropriate tools. Growing deep-rooted cover crops may help reverse soil 
compaction. A healthy soil should possess the following characteristics:

• High organic matter
• Good soil tilth and structure
• High water infiltration and retention
• Resistance to compaction
• High soil biological activity
• Plant nutrient recycling and availability
• Resistance to erosion
• Devoid of toxic chemicals
• Low in weed and disease pressures

Indicators of Soil Health

Soil health indicators generally describe specific soil properties. Soil 
properties can be generally categorized as stable or dynamic. Stable 
soil properties are influenced by soil-forming factors such as climate, 
organisms, parent material, and topography, which change little with 
management practices. Examples of stable properties include soil texture, 
soil type, and soil depth. Dynamic properties can change with land-use and 
management practices over the course of a short time, generally within a 
human lifespan, and include SOM, bulk density, and pH. Accordingly, soil 
health assessment programs that include measurement of various physical, 
chemical, and biological properties of soil that respond to management 
changes provide clues on soil processes. However, there is no consensus 
on soil health indicators that are applicable to every agroecosystem. Soil 
health indicators are site-specific and sometimes temporal in nature. For 
instance, increased soil water storage would be a desirable indicator in 
the Palouse region of the inland PNW where precipitation is limited, 
whereas excess water-causing anaerobic conditions are a bad indicator in 
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the west coast areas of the PNW with too much precipitation. Some of the 
commonly used soil properties to assess soil health are listed in Table 2-1.

Table 2-1. Potential physical, chemical, and biological properties used in soil health assessment.

Physical Chemical Biological
ü Soil color
ü Aggregate 

stability
ü Water infiltration
ü Bulk density
ü Penetration 

resistance
ü Water holding 

capacity
ü Runoff and 

erosion
ü Rooting depth

ü Organic C and N
ü Particulate 

organic matter
ü Active carbon
ü pH
ü Cation exchange 

capacity and 
base saturation

ü Electric 
conductivity

ü Heavy metals

ü Soil respiration
ü Potential 

mineralizable 
nitrogen

ü Microbial 
biomass

ü Soil enzymes
ü Earthworms
ü Crop condition, 

root growth
ü Weed and 

disease pressure

Visual Indicators

Farmers often describe soil health based on their perception of its look, 
feel, smell, and taste. Such visual and morphological observations of soil 
physical condition and plant growth can track status of soil health. Often, 
these observations guide subsequent soil health assessments. Changes 
in soil color, soil crust formation, ephemeral gullies, runoff, physical 
structure and aggregation, soil depth, root growth, crop emergence, and 
weed density are some potential visual indicators. For instance, SOM 
content usually decreases with depth, and is observed as dark-colored 
soil in top soil horizons that progressively lightens with depth (Figure 
2-1). Rills and gullies formed shortly after a rain indicate runoff and slow 
water infiltration into soil. Soil crusting, reduced aggregation, and surface 
sealing indicate surface compaction and loss of SOM. Uniform crop 
emergence and good growth indicate good soil health and management. 
Deep soils promote SOM, nutrients, water storage, and root growth.

Aggregate Stability

Soil aggregates or clods are groups of primary soil particles that are held 
together by organic (fungal hyphae, bacterial mucilage, root exudates, 
polysaccharides, lipids, etc.) and inorganic materials (clay, polyvalent 
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Figure 2-1. A darker color of the surface soil (left) indicates the presence of higher organic matter 
content compared to the subsoil (right). (Photo by Rakesh Awale.)

metal cations such as calcium and iron, oxides and hydroxides of iron 
and aluminum, calcium and magnesium carbonates, etc.). Aggregate 
stability refers to the capability of soil aggregates to resist disintegration 
when exposed to external destructive forces from tillage, water, wind, and 
freeze-thaw cycles. Soil aggregate stability can be determined by measuring 
the proportion of aggregates in different size classes, percentage of the 
stable aggregates (in a specified size class) upon wet or dry sieving, and 
distribution of stable aggregates into different size ranges.

Generally, high soil aggregate stability and greater amounts of stable 
aggregates are desirable for sustaining agricultural productivity and 
protecting environmental quality. Stable aggregates favor high water 
infiltration rates, provide adequate aeration, resist soil erosion by wind 
and water, and enhance root growth (Figure 2-2). Stable soil aggregates 
also provide physical protection of SOM from microbial decomposition, 
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particularly when the proportion of large (>0.25 mm diameter) 
aggregates increases. Conversely, disintegration of aggregates leads to 
the formation of surface crusts and result in more runoff, more erosion, 
and less available water (Figure 2-2). In the Grain-Fallow agroecological 
class (AEC), disking, rodweeding, and packing operations under disk 
tillage winter wheat-fallow (WW-F) systems reduced the proportion of 
non-erodible soil aggregates and mean aggregate diameter compared to 
low disturbance no-till spring wheat-chemical fallow (SW-ChF) system 
(Table 2-2) ¢. Consequently, soil water content and matric potential 
(a measure of soil water) were lower, and the susceptibility of soils to 
wind erosion was higher with disk tillage WW-F than no-till SW-ChF 
¢. Similarly, in the Annual Crop AEC, no-till increased the proportion 
of dry aggregates of size above 1 mm, whereas conventional tillage had 

Figure 2-2. Water flow patterns in well-aggregated and weakly aggregated soils. (Reprinted from 
Magdoff and Van Es 2009.)

Table 2-2. Soil aggregate parameters, water content and susceptibility to wind erosion under no-till 
spring wheat-chemical fallow (NT SW-ChF) and disk tillage winter wheat-fallow (DT WW-F) cropping 
systems in east-central Washington. ¢

Cropping 
system

Non- 
erodible 

aggregates 
(%)

Aggregate 
mean 

diameter 
(inch)

Water 
content 

(%)

Matric 
potential 

(Mpa)
SLR 

index
NT SW-ChF 50.0 0.09 1.7 –197.8 0.067
DT WW-F 38.8 0.01 1.4 –284.5 0.174

SLR: soil loss ratio, an indicator of wind erosion with 0 = no erosion and 1 = maximum erosion 
potential. 
Adapted from Feng et al. 2011a.
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greater proportion of soil aggregates of size below 0.25 mm (Kennedy 
and Schillinger 2006) �. See Chapter 1: Climate Considerations for more 
information on AECs.

The addition of organic materials and retention of crop residues 
promotes stable soil aggregation by enhancing soil biological activity 
and the production of various binding agents (such as fungal hyphae, 
polysaccharides, mucilage, and lipids) and by protecting the aggregates 
from direct physical impacts of raindrops and wind. A study in the Annual 
Crop-Fallow Transition AEC revealed that water stability of 1–2 mm soil 
aggregates as well as that for whole soil was higher with the application 
of organic manure and pea vines than when synthetic N fertilizers were 
applied (Table 2-3) p. Organic amendments increased the amounts of 
glomalin (fungal glycoprotein) that act as an insoluble glue to stabilize soil 

Table 2-3. Addition of organic materials enhances soil aggregate stability, water movement, and soil 
biological activity in a winter wheat-fallow (WW-F) rotation under conventional tillage near Pendleton, 
Oregon. p

Soil parameters
Organic amendments Synthetic  

N fertilizer
No  

fertilizerManure Pea vines
100 lb N/ac 30 lb N/ac 80 lb N/ac 0 lb N/ac

Total C (%) 1.590 1.260 1.170 1.090
Total N (%) 0.135 0.103 0.092 0.088
Water stability
 Whole soil 
(proportion) 0.48 0.41 0.35 0.30

 1–2 mm 
aggregates 
(proportion)

0.83 0.69 0.65 0.56

Percolation (cubic 
inch/hr) 1.06 0.95 0.84 0.73

Ponded infiltration 
(inch/hr) 5.53 4.09 1.49 1.46

Total glomalin (%) 0.259 0.235 0.214 0.213
Earthworm count 
(per square meter) 128 144 72 80

Adapted from Wuest et al. 2005.
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aggregates. Consequently, soil water infiltration rates were higher in soils 
treated with organic material compared to a synthetic fertilizer addition p.

Bulk Density and Compaction

Bulk density is the ratio of the mass of oven-dry soil to its bulk volume. 
It is a measure of soil compaction. Soil compaction occurs when soil 
particles are pressed together reducing porosity (pore space) between 
them. Soil compaction (high bulk density) restricts plant root growth 
by increasing resistance to root penetration (impedance) (Figure 2-3) 
resulting in reduced nutrient uptake, nutrient deficiencies, and crop yield. 
Compaction of soil also reduces air and water permeability resulting in 
reduced soil water infiltration and increased runoff and soil erosion.

Figure 2-3. Relationships of soil bulk density, impedance (compaction), and saturated hydraulic 
conductivity (Ksat) within the surface 2 feet of soil after a one-time, high-axle load traffic pass (<5, 10, 
and 20 ton loads) under winter wheat-spring barley-spring pea (WW-SB-SP) rotation near Moscow, 
Idaho. (Adapted from Hammel 1994.) �

The most yield-limiting soil compaction is caused by wheel traffic from 
heavy equipment. In the Annual AEC, soil compaction under a 20-tons-
per-axle load resulted in a 14% yield reduction in spring barley compared 
to the 5-tons-per-axle load due to water stress and restricted root growth 
(Figure 2-4) �. The potential for wheel traffic compaction increases on 
wet soils because soil water lubricates soil particles, making them easier 
to move against each other. Therefore, avoiding field operations on wet 
soils, limiting axle load, and decreasing traffic area can minimize wheel 
traffic soil compaction.



55

Chapter 2: Soil Health

Intensive tillage practices can also increase the susceptibility of a soil to 
compaction by reducing aggregate stability. For instance, in the Grain-
Fallow AEC, greater soil disturbance from disking and packing prior to 
seeding wheat in late summer increased bulk density under disk tillage 
WW-F compared to low disturbance systems such as no-till spring wheat-
spring barley (SW-SB) and no-till SW-ChF rotations (Table 2-4) ¢. Often, 
a compacted soil layer is formed below the tillage zone due to a continuous 
smearing action of the tillage implement. In the Grain-Fallow AEC, no soil 
compaction was seen under either chisel tillage or no-till systems in the top 
9 inches of soil, but the plots under chisel tillage were more compacted than 
no-till plots between 10- to 16-inch depths (Figure 2-5) ¢.

Soil bulk density decreases with an increase in SOM content (Figure 2-6) 
�. Therefore, management practices which add organic materials such 

Figure 2-4. Effect of soil compaction from three axle loads on yield of spring barley in a winter wheat-
spring barley-spring pea (WW-SB-SP) rotation near Moscow, Idaho. (Adapted from Hammel 1994.) �

Table 2-4. Bulk density of no-till spring barley-spring wheat (NT SB-SW), no-till spring wheat-chemical 
fallow (NT SW-ChF), and disk tillage winter wheat-fallow (DT WW-F) cropping systems in east-central 
Washington. ¢

Cropping system
Bulk density (g/cm3)

Spring Late summer
NT SB-SW 0.87 0.85
NT SW-ChF 1.03 0.95
DT WW-F 0.98 1.04

Adapted from Feng et al. 2011b.
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as manure, compost, and crop residues can reduce soil compaction. For 
instance, annual cropping of SB-SW reduced soil bulk density over grain-
fallow rotations (SW-ChF or WW-F) because annual cropping likely 
increased SOM content from greater crop residue input (Table 2-4) ¢. 
Including cover crops in cropping systems and rotation with deep-rooted 
crops favors soil aggregation and could offset compaction.

Figure 2-5. Subsoil compaction under chisel tillage in winter wheat-fallow (WW-F) near Wilbur,    
Washington. (Reprinted from Esser and Jones 2013.) ¢

Figure 2-6. Relationship of soil organic carbon (SOC) and bulk density within 0 to 8 inches of Palouse 
silt loam managed across native prairie, perennial vegetation, no-till, and conventional tillage systems 
in eastern Washington. (Adapted from Purakayastha et al. 2008.) �
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Soil Water Dynamics: Infiltration, Hydraulic Conductivity, and 
Water Content

Soil water is the most limiting factor in crop production in the inland 
PNW. Soil infiltration, hydraulic conductivity, water content, and water-
holding capacity provide information on soil water movement and plant 
available water. Soil infiltration is a measure of the rate of water entry 
into soil and hydraulic conductivity refers to the rate of water movement 
through soil. Soil hydraulic properties are directly related to soil aggregate 
stability, compaction, porosity, and pore continuity. Ultimately, these 
properties regulate soil water storage, nutrient transport, and soil erosion. 

Soil type and structure, tillage, SOM content, residue cover, and initial 
water content influence soil hydraulic properties. Table 2-5 shows that 
annual cropping increases both water infiltration and saturated hydraulic 
conductivity in soil compared to a grain-fallow rotation. This is attributed 
to increased SOM accumulation due to annual residue inputs, increased 
soil aggregation, and reduced bulk density ¢.

Soil disturbances with tillage may temporarily enhance soil water 
infiltration and conductivity by loosening soils and opening channels. 
However, tillage also degrades soil structure, breaks pore continuity, and 

Table 2-5. Cumulative infiltration and saturated hydraulic conductivity of soil measured under three 
cropping systems in east-central Washington. ¢

Season  
(time of 

measurement)
Cropping 
system†

Cumulative 
infiltration  

(in/hr)

Hydraulic 
conductivity  

(in/hr)

Spring (April)
NT SB-SW 2.6 21.8
NT SW-ChF 1.4 5.4
DT WW-F 2.3 26.6

Late Summer 
(September)

NT SB-SW 3.9 52.6
NT SW-ChF 2.4 23.0
DT WW-F 2.3 4.8

†Cropping systems are no-till spring barley-spring wheat (NT SB-SW), no-till spring 
wheat-chemical fallow (NT SW-ChF), and disk tillage winter wheat-fallow (DT WW-F). 
Adapted from Feng et al. 2011b.
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creates surface crusts by sealing pores, which eventually reduces hydraulic 
conductivity and water infiltration. For instance, disk tillage WW-F 
increased infiltration and conductivity compared to no-till WW-ChF in 
spring. However, the effect was short-lived and both water infiltration 
and hydraulic conductivity were higher under no-till than under disk 
tillage plots in late summer (Table 2-5) ¢.

Surface residues enhance soil aggregation, facilitate water infiltration, 
and prevent surface soil sealing caused by rain impact. No-till annual 
cropping systems result in increased ground cover that reduces surface 
runoff and soil erosion by providing greater time for water to infiltrate 
the soil (Table 2-6) p. Surface residues also reduce evaporative loss of 
soil water and increase plant available water by shielding soil from solar 
radiation and reducing air movement just above the soil surface (Donk 
and Klocke 2012). Therefore, evaporation rates are generally lower under 
residue-covered soil than under bare soil following a precipitation event.

Seasonal variations in soil hydraulic properties occur throughout the 
growing season in response to root development, earthworm activity, 
soil disturbances associated with tillage and seeding operations, and 
changes in precipitation and temperature. For instance, soil infiltration 
and saturated hydraulic conductivity both increased from spring to 
late summer, particularly under no-till systems, due to soil fracturing 
associated with seeding operations under no-till SW-ChF and wheat root 
growth under no-till SW-SB, as well as due to drier soil in late summer 
than in spring (Table 2-5) ¢. In the Annual AEC, over-winter soil water 
storage (September to April) and soil water infiltration (measured after 

Table 2-6. Mean annual ground cover, runoff, and soil erosion measured for two tillage systems near 
Pendleton, Oregon. p

Tillage Cropping  
systems†

Ground 
cover Runoff Soil  

erosion
% inches ton/ac

No-till WW-ChF-WW-CP/SP 73 1.46 0.10
Conventional WW-F 44 3.15 4.90

†Cropping systems are winter wheat (WW); chemical fallow (ChF); chickpea (CP); spring pea 
(SP); summer fallow (F). 
Adapted from Williams et al. 2014.
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crop harvest) remained similar between no-till and conventional tillage 
sites due to reestablishment of capillary pore continuity from the surface 
to below the tillage depth by vigorous and extensive growth of wheat 
roots during the crop-growing season (Kennedy and Schillinger 2006) �.

Soil pH

Soil pH is a measure of hydrogen ion (H+) activity in a soil solution and 
indicates acidity or alkalinity of the soil. The soil pH scale ranges from 
0 to 14, where a pH value of 7 is neutral, pH values above 7 are basic 
or alkaline, and pH values below 7 are acidic. Soil pH influences many 
physical, chemical, and biological processes in soil that control plant 
nutrient availability, cation exchange capacity (CEC), element toxicity, 
and agronomic yields.

Availability of most macronutrients (nitrogen, potassium, calcium, 
magnesium, and sulfur) is optimal within a pH range of 6 to 7 and 
decreases outside this range. Typically, low soil pH (acidity) can lead 
to significant yield reductions due to nutrient deficiencies in crops. 
Soil acidity, particularly at pH levels below 5.5, increases solubility of 
aluminum and manganese in soils (Figure 2-7), causing toxicity to roots 
and thereby interfering with root growth and plant development (Figure 
2-8). Cereal and grass crops are more tolerant to soil acidity compared 
to legume crops. However, significant yield reductions in wheat and 
barley occur at pH values below 5.2. For instance, a study in the Midwest 
showed that aluminum toxicity reduced wheat grain yield by 2.8% for 
every 1% increase in aluminum saturation (Schroder et al. 2011). Low 
soil pH also negatively impacts soil microbial communities (particularly 
bacteria), earthworm populations, rate of SOM decomposition, and 
efficacy of pesticides, but favors fungal pathogens and certain weed 
species. Bacterial (Pseudomonas fluorescens) inhibition of take-all disease 
(caused by the fungal pathogen Gaeumannomyces graminis var. tritici) in 
wheat reduced with increasing soil acidity due to diminished production 
of the antibiotic compound phenazine-1-carboxylate upon suppression 
of bacterial growth at low pH levels (Ownley et al. 2003).

In the inland PNW, continuous use of acid-forming N fertilizer has 
decreased soil pH. In particular, ammonium-based N fertilizers lower 
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Figure 2-7. Relationship of aluminum activity and soil pH. (Reprinted from Brown et al. 2008.) �

 Figure 2-8. Retarded wheat root 
growth (right) due to aluminum 
toxicity. (Photo credit: CIMMYT 2016.)
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soil pH because of the production of acidity (hydrogen ion) during the 
nitrification process [oxidation of ammonium-N (NH4-N) to nitrate-N 
(NO3-N)]. Most native prairie soils in the Annual AEC had neutral to 
near-neutral pH (6.5 to 7.2) before the onset of cultivation. Three to four 
decades of N fertilizer application decreased the pH in the surface foot of 
soil to less than 5.2 (Mahler 2002), which is at or below critical pH levels 
for optimum production of winter and spring cereals (pH 5.2 to 5.4), and 
grain legumes (pH 5.4 to 5.6) �. In the Transition AEC, long-term (47 
years) cultivation of winter wheat-spring pea (WW-SP) has considerably 
decreased the soil pH within the top 2 feet compared to undisturbed 
grassland pasture. The differences were much pronounced in the top 
8-inch soil depth profile (Figure 2-9) p. Repeated banding of N fertilizer 
and limited soil mixing under reduced tillage systems, such as disk tillage 
and no-till, can further enhance soil acidification, particularly near the 
soil surface (Figure 2-9) p.

Figure 2-9. Soil profile pH under undisturbed grass pasture and four tillage systems in a long-term 
winter wheat-spring pea (WW-SP) rotation experiment near Pendleton, Oregon. (Awale et al. 
unpublished data.) p
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Application of lime can ameliorate soil acidity (increase pH) and increase 
soil biological activities and crop yields. Generally, microbial activities 
tend to decrease with decreasing soil pH due to reduced bioavailability of 
organic substrates. Acidity suppresses soil enzyme activities by destroying 
ion and hydrogen bonds in active sites of enzymes and by altering the 
shape of enzymes. Increased pH caused by lime application enhances 
the deprotonation of organic substances and decreases bonding between 
organic compounds and soil particles making organic substances more 
accessible to microorganisms and soil enzymes. In the Annual AEC, lime 
application increased soil pH and maintained greater microbial biomass, 
soil respiration, and acid phosphatase activity; and as a result, improved 
wheat yield by 3 bushels per acre over non-limed plots (Table 2-7) �. 
Another study in the Annual AEC revealed that liming increased soil pH 
above 5.5, promoted nitrifier populations, and increased N availability in 
soils from enhanced SOM mineralization and nitrification (Fuentes et 
al. 2006) �. Mixing of a soil profile comprised of a petrocalcic (calcium 
carbonate) horizon under conventional tillage increased soil pH and, 
thereby, dehydrogenase enzyme activity over no-till in the Annual AEC 
due to the suppressive effects of low pH on bacterial growth (Kennedy 
and Schillinger 2006) �.

Other alternatives to increase or maintain soil pH include retention of crop 
residues and application of organic amendments such as manure, compost, 
and alkaline biochar. Harvesting crop residues removes basic cations 
(positively charged ions) such as calcium, magnesium, and potassium, 
which help neutralize soil acidity. Organic materials add negative charges 
in soils upon their decomposition, and these negative charges can buffer 
acidity (Brown et al. 2008) �. Figure 2-10 shows that application of alkaline 
biochar (pH 10) increased soil pH and wheat yield p.

Soil acidification may also be mitigated by using optimum crop N rates, 
nitrate-based N fertilizers, and including legume crops in cropping 
systems. Legumes have a natural ability to fix atmospheric N and make it 
available to plants, thereby reducing synthetic fertilizer N inputs. In the 
Transition AEC, WW-SP rotation increased soil pH compared to WW-F 
because of less synthetic N input requirements under a legume-based 
cropping system (Table 2-8) p.
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Table 2-7. Soil surface (0–12 inch) pH and microbial parameters between non-limed and lime-applied 
(1.2 ton/ac) plots measured after two years following lime application under spring barley-winter 
wheat-spring pea (SP-WW-SP) at two sites in the inland PNW. �

Soil parameters
Pullman, WA Genesee, ID

No lime Lime No lime Lime
pH 5.19 5.99 5.51 6.36
Microbial biomass 
carbon (ppm-C) 326 433 289 381

Respiration (ppm-C) 58 60 46.6 71.7
Dehydrogenase (ppm 
TPF/hr) 6.4 6.1 13.1 15.1

Acid phosphatase 
(ppm PNP/hr) 211 277 138 145

Adapted from Bezdicek et al. 2003.

Figure 2-10. Biochar effects on soil pH and winter wheat yield in Athena, Oregon. (Adapted from 
Machado et al. unpublished.) p
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Cation Exchange Capacity

In soils, negative charges develop in clay minerals (permanent charge) 
and organic matter (pH-dependent charge). The negatively charged 
soil particles attract and hold positively charged ions or cations such as 
calcium (Ca2+), magnesium (Mg2+), potassium (K+), aluminum (Al3+), 
hydrogen (H+), zinc (Zn2+), and other molecules much like the opposite 
poles of a magnet attract each other. The molecules can be nutrients, 
water, herbicides, and other soil amendments. The adsorbed cations on 
the clay and organic matter particles are exchangeable with other cations 
in the soil solution. The sum of exchangeable cations that a soil can hold 
at a specific pH (or its total negative charge) is the soil’s cation exchange 
capacity (CEC). Table 2-9 lists typical CEC values in some soil types 
found within the inland PNW.

The CEC of a soil affects soil fertility and plant growth. Calcium, 
magnesium, potassium, ammonium, and zinc are some important 
nutrient cations vital for plant growth. Soils with a higher CEC retain 
nutrient cations and maintain them in soil solution. Conversely, the 
nutrient cations are susceptible to leaching in soils with a low CEC, and 
as a result, plants are most likely to develop nutrient deficiencies in these 
soils. To this end, large quantities of fertilizers applied in a single fall 
application to sandy soils with a low CEC could result in loss of nutrients 
via leaching below the root zone. In low CEC soils, spring application of 
nutrient fertilizers during active plant growth stages and in split doses 
will improve production efficiencies. When applying nutrients to clay 
soils, it is best to incorporate them to prevent runoff losses.

The CEC can be occupied by either acidic (Al3+, H+) or basic (Ca2+, Mg2+, 
Na+, K+) cations. Base saturation is the percentage of the total CEC 

Table 2-8. Soil pH measured within a 0 to 8-inch soil profile winter wheat-fallow (WW-F) and winter 
wheat-spring pea (WW-SP) cropping systems under conventional tillage near Pendleton, Oregon. p

Crop rotation
Soil pH

0 to 4 inch 4 to 8 inch
WW-F 5.26 5.00
WW-SP 5.35 5.17

Adapted from Awale et al. and Ghimire et al. 2017.
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occupied by basic cations. The higher the base saturation, the higher 
the soil pH because the basic cations help neutralize acidity. Soil’s CEC 
influences soil’s buffering capacity (resistance to rapid pH change) and, 
therefore, liming requirements. For instance, the lower the CEC of a soil, 
the faster the soil pH will decrease with time and vice versa. Therefore, 
low CEC soils generally require frequent liming but at lower rates of 
application than high CEC soils. In high CEC soils, higher liming rates 
are needed to reach an optimum pH.

The amounts of a particular basic cation in the CEC is crucial for soil 
aggregation, water flow, and water holding capacity. Generally, high 
calcium and magnesium and low sodium contents are desirable because 
Ca2+ and Mg2+ ions promote soil flocculation whereas Na+ ions promote 
soil dispersion. Flocculation is important because water moves mainly 
through large pores between aggregates, and plant roots grow between 
aggregates (Figure 2-2). Soil dispersion leads to restricted water infiltration 
and movement through soil by plugging soil pores (Figure 2-2).

Often, soil’s CEC is used to determine weed and disease management 
in wheat production. For example, herbicide application rates may need 
to be adjusted with regard to soil’s CEC. Generally, higher CEC soils 
require higher rates than low CEC soils because of greater binding ability 
of soils to the products, rendering them ineffective. In the inland PNW, 
the biocontrol activity of Pseudomonas fluorescens on take-all disease in 
wheat declined with an increase in soil CEC because high CEC bound 
and inactivated the antibiotic compound phenazine-1-carboxylate 
produced by bacteria, or adsorbed nutrients needed by the bacteria to 
affect biocontrol (Ownley et al. 2003).

Soil CEC is primarily influenced by soil pH, clay type and content, and 
organic matter content. As pH increases, the number of negative charges 
in soil increases, thereby increasing CEC. Therefore, adding lime and 
raising the pH can improve the CEC of soil. Soil CEC increases with clay 
and organic matter content, and decreases with sand content. Therefore, 
sandy soils rely heavily on the CEC of organic matter for the retention of 
nutrients and water. The addition of organic matter will increase the CEC 
of a soil; however, it requires many years to take effect (Figure 2-11) p.
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Soil Electrical Conductivity

In soils, cations (Ca2+, Mg2+, NH4+, Na+, K+) and anions (Cl-, HCO3
-, 

SO42
-, NO3

-) from salts dissolved in soil water carry electrical charges and 
conduct electricity. Soil electrical conductivity (EC) is a measure of the 
ability of soil solution to conduct electric current. The EC increases with 
ion (salt) concentrations in soil. The higher the concentration of ions in 
soil, the greater the EC measures and vice versa.

Electrical conductivity has been used to indicate total salt level in soil 
(salinity), although it does not indicate which salts might be present. In 
general, most soils contain some levels of salt that are essential for soil 
structure and plant growth, but excess levels can reduce crop yields by 
affecting soil-water balance, soil aggregation, soil microorganisms, and 
by inducing nutrient toxicity. Excess salts increase osmotic potential in 
the root zone and reduce roots’ ability to extract soil water, leading to 
drought stress. 

In non-saline soils, soil EC levels can serve as an indirect indicator of 
other soil properties, such as soil water content, clay content, organic 
matter level, soil depth, CEC, and nutrient content (nitrate-N, potassium) 
(Table 2-9). The conduction of electricity in soils takes place through the 

Figure 2-11. Cation exchange capacity (CEC), organic matter, and pH (number within bar) of soils 
under winter wheat-fallow (WW-F) in long-term (~70 yr) crop residue management experiment and 
grass pasture near Pendleton, Oregon. Numbers ending in the treatments denote amount of N (lb/ac) 
applied through inorganic N fertilizer (N), pea vines (PV), beef manure (MAN), and grass pasture (GP). 
(Adapted from Bandick and Dick 1999.) p
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moisture-filled pores that occur between individual soil particles, and soil 
EC increases with the amount of moisture held by soil particles. To this 
end, EC correlates strongly with soil clay and organic matter contents due 
to their direct relationships with water-holding capacity as well as with 
soil CEC. Accordingly, use of soil EC maps has been recently increased 
in precision farming for delineating soil properties correlated with crop 
productivity. (For more information on soil EC mapping usage, see 
Chapter 8: Precision Agriculture.) 

In soils, salts primarily develop from the weathering of parent material. 
However, application of fertilizers, pesticides, and other organic and 
inorganic amendments can add salts in soils, thereby increasing soil 
EC. Most microorganisms are sensitive to salt (high EC); and therefore, 
microbial processes such as soil respiration and nitrification decline as EC 
increases. Actinomycetes and fungi tend to be less sensitive than bacteria, 
except for salt-tolerant bacteria.

Soil Organic Matter

Soil organic matter (SOM) comprises organic materials in various 
states of decomposition, such as tissues of living soil organisms, 
plant and animal residues, and excretions from plant roots and soil 
microbes. SOM is a key indicator of soil health due to its influences on 
soil structure, aggregate stability, water storage and availability, water 
infiltration, nutrient storage and availability, soil biological activity, 
CEC, EC, adsorption of metals and agrochemicals, and pH buffering 
and amelioration. To this end, improvements in such soil physical, 
chemical, and biological properties with SOM usually correspond to 
greater agronomic yields (Figure  2-12) p. In addition, sequestering 
soil organic carbon (SOC) (58% of SOM) also reduces loss of CO2, a 
greenhouse gas, to the atmosphere. Soil organic carbon comes from 
atmospheric CO2 that is captured by plants through the process of 
photosynthesis.

Generally, SOM can be divided into three pools, as determined from 
their turnover time: active or labile (weeks to years), intermediate (years 
to decades), and passive or stable (hundreds to thousands of years) (Xiao 
2015). The active SOM pool comprises recent plant residues in the early 
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Figure 2-12. Effect of cropping systems (13 to 73 years) on soil organic carbon (SOC; ton/ac) at surface 
16 inches of soil and grain yields of cereals under conventional tillage systems (except GP, no-till) near 
Pendleton, Oregon. Numbers above bars denote 6-year mean grain yields (bu/ac) for winter wheat-fal-
low (WFN); continuous winter wheat (WWN); continuous spring wheat (SWN); and continuous spring 
barley (SB) systems. GP represents undisturbed grass pasture. In each treatment, N at the end denotes 
N applied at 80 to 90 lb/ac, while 0N denotes not fertilized. (Adapted from Machado et al. 2006.) p

stages of decomposition and soil organisms. It serves as a food source for 
the living soil biological community and is responsible for nutrient release. 
The intermediate or slow SOM pool includes decomposed residues and 
microbial products that are stabilized through physical and biochemical 
processes. The slow pool influences soil’s physical condition and nutrient 
buffering capacity. The stable SOM pool is highly recalcitrant (resistant to 
decomposition) and is important for soil aggregation and soil CEC.

Soil organic matter decomposes over the years and needs to be replaced 
by fresh biomass for its maintenance. Changes in SOM arise from the 
imbalance between inputs (from crop residues, manure, and any other 
organic sources) and outputs (from decay, leaching, and erosion) 
(Figure  2-13). Soil and crop management practices that increase SOM 
inputs and optimize the rate of SOM decay play an integral role in the 
sustainability of cropping systems. Conversely, reduced input of SOM or 
its rapid decomposition depletes SOM stocks. For instance, conventional 
tillage incorporates crop residues into soil and facilitates rapid decay of 
SOM by microbes due to the introduction of oxygen and greater soil 
residue contact (Table 2-10) p. On the other hand, no-till leaves most 
crop residues on the soil surface and favors the accumulation of SOM p.
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Figure 2-13. Management influences soil carbon input-output equilibrium to affect soil organic matter 
(SOM) dynamics.

Table 2-10. Tillage effects on soil organic carbon (SOC) dynamics at surface 2 feet in a long-term winter 
wheat-spring pea (WW-SP) rotation near Pendleton, Oregon. p

Tillage
SOC (ton/ac) ∆SOC

1995 2005 %
Disk/Chisel 29.2 29.7 1.5
Fall plow 29.3 30.4 3.4
Spring plow 29.3 29.5 0.3
No-till 28.7 32.7 12.0

Adapted from Machado 2011.

SOM dynamics in the inland PNW

In the inland PNW, most native soils in areas where annual precipitation 
exceeds 9 inches contain about 1.5 to 2.5% SOM compared to about <1% 
SOM in the drier regions. Conversion of native ecosystems to agriculture 
has tremendously depleted SOM in the inland PNW. For instance, in the 
Transition AEC, soil organic carbon (SOC) depleted at the rate of 196 to 
428 lb/ac/yr from Walla Walla silt loam soil managed under a long-term 
conventional WW-F system (Machado 2011) p. Consequently, SOC 
and N stocks have depleted by up to 63% and 26%, respectively, in eight 
decades (Figure 2-14) p. In the Annual AEC, SOC (surface 4 inches) 
loss of 55% to 60% with a WW-SW-SP rotation was continuous under 
conventional tillage for more than 100 years compared to undisturbed 
natural prairie (Fuentes et al. 2004) �.

Carbon Inputs Carbon Outputs
ü residues
ü manure
ü compost

ü decay
ü leaching 
ü erosion

SOM
Turnover

Management
 tillage
 residue
 fertilizer
 irrigation

 rotation
 lime
 manure
 pesticides
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The loss of SOM content in the inland PNW is mainly attributed to the 
following factors:

1. Low quality and quantity of crop residue inputs from the 
predominant crop-fallow rotation (i.e., WW-F), leaving the soil 
bare for 14 months between crops.

2. Crop residue removal for biofuel production and for other agricultural 
practices, such as bedding for animals and mushroom cultivation.

3. Residue burning to eliminate the need for multiple tillage 
operations for seedbed preparation to ensure better seed 
germination or plant establishment, as well as weed and disease 
control.

4. Limited biomass production due to low precipitation (less than 16 
inches) and its distribution.

5. Increased biological oxidation of SOM associated with multiple 
tillage operations (nearly eight or more passes).

6. Farming on steep slopes (up to 45%) with accelerated management-
induced soil erosion under cropping systems with high soil 
disturbance.

Figure 2-14. Trends in soil organic carbon (SOC) at top 24-inch depth in a long-term crop residue and nitrogen 
management experiment under conventional tillage winter wheat-fallow (WW-F) system near Pendleton, 
Oregon. Numbers ending in the treatments denote amount N (lb/ac) applied for fall residue burn (FB); spring 
residue burn (SB); no burn (NB); manure (MN); and pea vine (PV). Percentages of SOC change (ΔSOC) from 
1931 are shown for the year 2010. (Adapted from Machado 2011 and Ghimire et al. 2015.) p
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The extent to which agricultural management influences changes in 
SOM depends on several factors, including initial levels of SOM before 
the management was implemented, duration of management imposed, 
duration of conservation practices adopted, the degree of system reaching 
steady-state (SOM saturation), soil and environmental conditions, and 
crop productivity. Therefore, it takes years to observe significant changes 
in SOM stocks. Determining SOM fractions sensitive to management 
practices and that predict SOM changes and future trends should allow 
early decisions for management changes that lead to SOM build-up and 
maintenance.

Indicators of SOM dynamics

Management induced changes in SOM are usually evaluated by 
determining SOC and N contents because SOM consists of approximately 
58% carbon (C) and 5% nitrogen (N). However, changes in SOM take time 
to manifest and are difficult to discern early. Different pools of SOM and 
soil enzymatic activity are typically more sensitive and provide early signs 
of the effect of management changes than total SOM alone. Therefore, 
there is a growing interest in assessing early indicators of SOM dynamics 
such as particulate organic matter (POM), mineralizable carbon (Cmin) 
(soil respiration), microbial biomass carbon (MBC), dissolved organic 
carbon, permanganate oxidizable carbon, and potentially mineralizable 
nitrogen (PMN) for evaluating soil health changes (Table 2-11). Studies 
have shown that these indicators are strongly correlated with each other 
and with SOM (Figure 2-15).

Particulate organic matter

Particulate organic matter (POM) is an intermediate pool of organic 
matter, and typically makes up a large portion of the light fraction of SOM. 
It is composed of plant residues as well as microbial and microfaunal 
debris. Therefore, POM is a transitory or relatively labile fraction of SOM, 
often of recent origin (weeks to years). POM contributes to soil function 
in a number of ways including C-cycling and formation of other forms of 
organic matter such as microbial biomass and soluble C. POM is a food 
and energy source for soil microbes and other soil fauna, and involved in 
nutrient cycling, maintenance of soil structure, and stabilization of soil 
macroaggregates.
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Table 2-11. Land-use management effects on soil organic carbon (SOC), particulate organic carbon 
(POC), microbial biomass carbon (MBC), and C mineralization (Cmin) of 0 to 8 inches of Palouse silt 
loam in eastern Washington. �

†Management
SOC POC MBC 26-week Cmin

ton/ac
NP 28.4 8.7 1.8 2.8
NTR 26.1 4.6 1.5 2.3
NT28 23.6 3.6 1.0 2.2
NT4 22.3 2.8 0.8 2.0
CRP 16.5 2.8 0.9 2.2
BGNT4 13.5 2.1 0.7 2.3
CT 12.4 1.9 0.9 2.0

†Managements are native prairie (NP); no-till reestablished for 1 year following 10 years no-till and 
3 years conventional tillage (NTR); conventional tillage followed by no-till for 28 years (NT28); 
conventional tillage followed by no-till for 4 years (NT4); conventional tillage followed by 11 years 
perennial grass under the Conservation Reserve Program (CRP); bluegrass seed production for 9 
years followed by no-till for 4 years (BGNT4); >100 conventional tillage (CT).
Reprinted from Purakayastha et al. 2008.

Figure 2-15. Relationship of permanganate oxidizable carbon with soil organic matter (SOM) across 
dryland cropping regions of the inland PNW. (Adapted from Morrow et al. 2016.)
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Permanganate oxidizable carbon

Permanganate oxidizable carbon encompasses all those organic 
components that can be readily oxidized by potassium permanganate 
(KMnO4), and hence, is directly related to SOC, total N, POM, soil 
microbial biomass, dissolved organic matter, and enzyme activity.

Dissolved organic matter

Dissolved organic matter is a labile pool of organic matter, present in the 
dissolved form in soil solution. It is comprised of leachates from plant 
residues and exudates from soil organisms and plant roots. It serves as 
energy substrate for soil microbial activity.

Soil microbial biomass and community structure

Soil microbial biomass is the active component of SOM. It is a measure 
of the total size of the microbial population. Table 2-12 shows typical soil 
microbial groups along with their relative numbers and biomass. About 
80–90% of all the biogeochemical processes carried out in the soil are 
reactions mediated by microorganisms. Microorganisms play important 
roles in the decomposition of SOM, nutrient cycling and retention, 
formation and stability of soil aggregates, degradation of agricultural 
pollutants, disease suppression, and plant health improvement. Soil 
microorganisms respond rapidly to changes in soil environment, and 
microbial communities and functions are excellent indicators of soil 
health dynamics. Soil microbial biomass dynamics provide early warnings 
of soil health changes before any detectable changes occur in other soil 
physical and chemical properties.

Microbes act as agents for biochemical transformations of organic 
matter, with microbial communities acting on various components of 
SOM. For instance, bacteria has a low carbon-to-nitrogen (C:N) ratio 
and proliferates using easily available substrates. On the other hand, 
fungal biomass has a greater C:N ratio and is capable of decomposing 
more recalcitrant substrates, such as cellulose and lignin. Thus, fungi are 
typically much more efficient at assimilating and storing nutrients than 
bacteria. To this end, a shift toward a fungal dominance (high fungal to 
bacterial ratio) in the microbial community is often thought to enhance 
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Table 2-12. Relative number and biomass of microorganisms at surface 6-inch soil depth.

Microorganisms Number/g of soil Biomass (lb/ac)
Bacteria 108 to 109 350 to 4460
Actinomycetes 107 to 108 350 to 4460
Fungi 105 to 106 890 to 13380
Algae 104 to 105 10 to 450
Protozoa 103 to 104 Variable
Nematodes 102 to 103 Variable

Adapted from Hoorman and Islam 2010.

organic C accumulation and decrease its turnover rate. Accordingly, 
soil microbial communities differ in their responses to changes in soil 
management, with fungal communities usually more sensitive to these 
changes.

Decomposition of SOM by microbes release plant available nutrients 
such as N, P, and S in soil. For example, heterotrophic bacteria and fungi 
(requiring an energy source) convert complex forms of organic N into 
ammonium-N (NH4-N), which, in turn, are converted into nitrate-N 
(NO3-N) by nitrifying bacteria (Nitrosomonas spp. and Nitrobacter 
spp.). Certain groups of specialized bacteria such as Rhizobioum spp., 
actinomycetes, and cyanobacteria, with their symbiotic association with 
plant roots, can fix atmospheric nitrogen (N2) into plant available form 
(NH4). Legume-rhizobium symbiosis is the most important symbiotic 
relationship in nitrogen fixation. Therefore, cropping systems including 
legumes usually require less external fertilizer N inputs. Mycorrhizal 
fungi mobilize and transport nutrients (P, Cu, Zn) and water to plants 
by increasing the surface area of plant root systems through extensions 
of fungal hyphae. Microorganisms also hold nutrient elements in their 
biomass, which are released upon their death. Protozoa and nematodes 
consume other microbes to mineralize nutrients in the microbial biomass. 
Retention of nutrients in microbial biomass reduces nutrient losses from 
soils during periods of slower crop uptake.

Microbes exude sticky binding agents such as glomalin, 
polysaccharides, and ergosterol as they transform and ingest SOM 
(Figure 2-16). Fungal hyphae and bacterial filaments also favor the 
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mechanical union of soil particles to enhance soil aggregation (Figure 
2-16). Stable soil aggregates are important for soil porosity, water 
infiltration, and resisting erosion. 

Microorganisms have many methods for controlling disease-causing 
organisms. Protozoa and nematodes help maintain microbial diversity in 
soils by consuming other soil microbes. Some bacteria and fungi generate 
antibiotic compounds to suppress other soil microorganisms. For instance, 
a bacterium Pseudomonas fluorescens produces a phenazine compound 
which inhibits take-all disease-causing fungal pathogen Gaeumannomyces 
graminis in wheat (Ownley et al. 2003). Isolates of Chryseobacterium 
soldanellicola (bacteria) exhibited significant antagonism against 

Figure 2-16. Stabilization of soil aggregates by (a) fungal mycelia (netlike), (b) fungal hyphae, (c) bacte-
rial polysaccharides, and (d) actinomycete filaments. (Adapted from Eickhorst and Tippkoetter 2016.)

(a) (b)

(c) (d)



77

Chapter 2: Soil Health

Rhizoctonia solani (a fungal pathogen that causes bare patch and root rot 
disease of wheat) in vitro as well as in greenhouse tests (Yin et al. 2013) 
¢. In addition to suppressing plant diseases, microorganisms can also 
stimulate plant root growth by producing biochemicals and compounds. 
For more information on microbial control of diseases, see Chapter 10: 
Disease Management for Wheat and Barley.

Soil enzymes

Soil enzymes are comprised of living and dead soil microorganisms, plant 
roots and residues, and animals. These enzymes play key biochemical 
functions in the overall process of organic matter decomposition and 
nutrient cycling (Table 2-13). Soil enzymes respond rapidly to changes 
in soil management and are potential indicators of soil health. Almost all 
soils contain soil enzymes but their types depend on variable substrates 
that serve as energy sources for microorganisms.

Soil respiration/mineralizable carbon

Soil respiration involves the oxidation of organic matter to produce CO2 
and water. It is a measure of soil biological activity and usually determined 
by measuring CO2 produced by soil microorganisms and plant roots. 

Table 2-13. Soil enzymes as indicators of soil health.

Soil enzyme Role Significance
Glucosidase C-cycling Energy for microbes
Galactosidase C-cycling Energy for microbes
Dehydrogenase C-cycling Energy for microbes
Invertase C-cycling Energy for microbes
Cellulase C-cycling Energy for microbes
Phenol oxidase C-cycling Energy for microbes
Amidase N-cycling Plant available N
Deaminase N-cycling Plant available N
Urease N-cycling Plant available N
Phosphatase P-cycling Plant available P
Arylsulfatase S-cycling Plant available S

Adapted from Reardon and Wuest 2016.
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Mineralizable carbon refers to CO2 produced by soil microbes during the 
decomposition of organic matter.

Potentially mineralizable nitrogen

Potentially mineralizable nitrogen (PMN) is a measure of mineral N 
released from the mineralizable organic fraction in soil. Microorganisms 
convert organic forms of nitrogen into plant available inorganic forms 
such as ammonium-N and nitrate-N (mineralization) and vice versa 
(immobilization). Whether mineral N is released or immobilized depends 
upon the substrate’s C:N ratio. With a low C:N ratio substrate, more N, in 
excess of microbial requirements, is available than with a high C:N ratio 
substrate. PMN is an important potential source of N for crop growth and 
enhances microbial growth and activity. By knowing the soil’s inherent 
ability to supply plant available N, recommended application rates of 
synthetic N can be determined while minimizing N losses through leaching 
due to over fertilization, or avoiding yield losses due to under fertilization.

Management effects on SOM indicators

Tillage and crop residue management, crop rotation and cropping intensity, 
and application of organic and inorganic amendments such as manure, 
compost, fertilizers, and lime have shown to influence fine indicators of 
SOM dynamics. Tillage influences soil microbial decomposition rates 
of SOM by influencing the availability and distribution of SOM in the 
soil profile, and by regulating other soil properties such as temperature, 
aeration, water content, and pH. Conservation tillage practices favor SOM 
accumulation whereas intensive tillage practices break soil aggregates and 
expose aggregate-protected SOM pools, increase aeration and temperature, 
increase soil residue contact, and promote SOM decay. Moreover, tillage-
induced soil erosion can also transport SOM from eroded areas to other 
landscape positions (Kennedy and Schillinger 2006) �. In the Annual 
AEC, SOC, particulate organic C, microbial biomass C, and 26-week 
mineralizable C decreased with tillage intensity and duration due to a 
corresponding increase in residue decomposition (Table 2-11) �. In a 
similar experiment in the Annual AEC, no-till increased mineralizable 
C as well as permanganate oxidizable C over conventional tillage (Figure 
2-17) �. Rotating tillage practices, such as medium duration of no-till (10 
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years) and short interval of conventional till (3 years) followed by no-till, 
can lead to greater and more rapid accumulation of SOC and its fractions 
compared with no-till alone by distributing C accumulated during the 
no-till phase to deeper depths (Table 2-11) �.

Tillage also affects soil microbial community structure by destroying 
fungal networks while favoring bacterial communities by increasing 
soil-residue contact. Such changes in soil microbial communities can 
consequently alter SOC storage potential. Usually, fungal dominance 
(higher fungus-to-bacteria ratio) in the microbial community has been 
linked to an increase in soil’s C storage capacity due to increased carbon 
use efficiency, whereas bacterial dominance accelerates SOC loss via 
mineralization. For instance, in the Annual AEC, fungal biomarkers were 
greater in no-till soils whereas most bacterial biomarkers were greater in 
soils under conventional tillage (Table 2-14) �. Fungal dominance under 
no-till was associated with a dramatic increase in SOC over conventional 
tillage. For more information on tillage, see Chapter 3: Conservation 
Tillage Systems.

Cropping systems influence both above- and below-ground residue 
inputs, and microbial activity. Usually, continuous cropping systems 
increase SOM from annual residue inputs and promote microbial biomass 
more than fallow cropping systems. For example, in the Transition AEC, 
the relative proportion of soil microbial biomass measured under annual 

Figure 2-17. Effect of tillage on mineralizable C (24-d Cmin) and permanganate oxidizable C under  
winter wheat-spring barley-spring (WW-SB-SL) legume cropping system near Genesee, Idaho.     
(Adapted from Morrow et al. 2016.) �
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Table 2-14. Microbial community (biomarkers), determined as phospholipid fatty acid content, in 
surface 2-inch soils under no-till and conventional tillage in northeastern Washington. �

Microbial group Biomarkers No-till (%)
Conventional 

tillage (%)

Bacteria

Gram 
positive

11:0 iso 0.17 0
15:0 anteiso 2.48 2.75
17:0 anteiso 0.75 1.06

Gram 
negative

16:1 ω7c 4.62 4.50
17:0 cyclo 0.98 1.45
19:0 cyclo 0.27 0.84

Fungi
18:1 ω9c 6.92 6.07
18:2 ω6c 6.44 4.38
18:3 ω6c 1.33 0.96

Adapted from Kennedy and Schillinger 2006.

systems (WW-SP and WW-SW) and grain-fallow (WW-F) were about 
50% and 25% of undisturbed grass pasture (Figure 2-18) p. Diversified 
cropping systems create a more favorable soil environment for microbial 
and faunal community due to increased root activity and exudates. For 
instance, dehydrogenase enzyme activity in a top 2-inch soil depth was 
higher under a SW-SB rotation than under continuous spring wheat in 
the Grain-Fallow AEC (Schillinger et al. 2007) ¢. Inclusion of cover 
crops in a cropping sequence, particularly legumes, can increase soil 
available N along with other improvements in soil properties such as 
aggregation, infiltration, and weed control. Table 2-15 shows that the 
winter wheat-winter pea (WW-WP) rotation increased SOC, total N, and 
mineralizable N compared with other cropping systems without legumes 
¢. For more information on cropping systems, see Chapter 5: Rotational 
Diversification and Intensification.

Residue composition determines its decomposition rate, and thus 
microbial respiration and microbial biomass and community structure. 
Accordingly, residue composition influences microbial release of 
nutrients. Microorganisms also require soil nutrients for their own 
growth, and the C:N ratio of residues generally determines whether 
nutrients are released (mineralized) and available for plant uptake or 
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Figure 2-18. Soil microbial biomass in long-term cropping systems (winter wheat-spring pea, WW-SP; 
winter wheat-spring wheat, WW-SW; and winter wheat-fallow, WW-F) in relation to grass pasture (GP) 
near Pendleton, Oregon. (Adapted from Collins et al. 1992.) p

Table 2-15. Effect of tillage and cropping systems on soil organic carbon (SOC), soil total nitrogen (N), 
and potentially mineralizable nitrogen (PMN) near Moro, Oregon. ¢

†Management
SOC Total N PMN

% ppm
NT WW-WP 1.268 0.095 73.9
NT WW-ChF 1.147 0.085 41.1
NT WW-SB-F 1.125 0.093 43.5
CT WW-F 1.053 0.081 41.6

†Managements are no-till winter wheat-winter pea (NT WW-WP), no-till winter wheat-
chemical fallow (NT WW-ChF), no-till winter wheat-spring barley-fallow (NT WW-SB-F), and 
conventional tillage winter wheat-fallow (CT WW-F).
Reprinted from Morrow et al. 2016.

assimilated (immobilized) in the microbial biomass. Therefore, the 
availability of essential nutrients such as N and P can, in turn, influence 
soil microbial biomass. Table 2-16 shows N mineralization under wheat-
based cropped and undisturbed native soils, with and without wheat 
straw addition, from five different precipitation zones in northeastern 
Oregon. In general, soil N mineralization increased with precipitation, 
undisturbed native soils had higher mineralized N than cropped soils, 
and wheat straw addition reduced mineralized N (or immobilized) than 
when no residue was added (Table 2-14). For further information on 
residue characteristics, see Chapter 4: Crop Residue Management.
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Addition of organic materials from external sources such as manure, 
biosolids, and compost represent direct input of organic C as well as 
other important plant nutrients (e.g. N, P). Similarly, balanced nutrient 
fertilization and effective management of weeds, pests, and diseases 
would likely increase crop biomass and the amount of residue returned 
to the soil. Application of lime increases soil pH that creates favorable 
conditions for soil biological activity. Studies have also shown a strong 
and positive correlation between additions of organic and inorganic 
amendments with soil biological activity which, in turn, is responsible 
for improving soil physical and chemical properties (Tables 2-3 and 2-7). 
In the Transition AEC, application of organic manure and pea vines 
increased β-glucosidase, arylsulfatase, and urease activities compared to 
inorganic N application in a WW-F system (Figure 2-19) p. See Chapter 
7: Soil Amendments for more information on soil organic and inorganic 
amendments. See Chapter 9: Integrated Weed Management, Chapter 
10: Disease Management for Wheat and Barley, and Chapter 11: Insect 

Table 2-16. Effect of wheat straw addition on soil nitrogen (N) mineralized from 0 to 8-inch depth of 
cropped (wheat-based) and native soils across different precipitation zones in northeastern Oregon.

Soil Precipitation 
inch

†Soil N mineralized (ppm)
No residue 

added
3 ton/ac 
residue

6 ton/ac 
residue

Cropped
Cowsly >20 57 26 41
Athena 16 to 20 61 42 48
Walla Walla 14 to 16 41 13 26
Ritzville 10 to 14 29 5 14
Adkins <10 28 8 23

Native
Cowsly >20 114 72 89
Athena 16 to 20 123 60 79
Walla Walla 14 to 16 109 77 70
Ritzville 10 to 14 NA NA NA
Adkins <10 29 –3 –1

†Negative values indicate net immobilization; NA = not available.
Adapted from Douglas et al. 1998.
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Management Strategies for more information on management of soil 
fertility, weeds, insects, and pests.

Soil Fauna: Earthworms, Nematodes, and Soil Insects

Soil fauna, including earthworms, nematodes, and insects, are essential in 
soil structural development; water, air, and nutrient cycling; SOM turnover; 
suppressing harmful pests; and enhancing beneficial microorganisms in 
the soil profile. For instance, the burrowing activity of nematodes creates 
a network of surface-connected tunnels which increase air permeability 
and water infiltration rates. In addition, burrowing activity also promotes 
soil mixing and increases soil and plant residue contact that favors 
organic matter decomposition and nutrient release. The feeding and 
casting activity of earthworms improve aggregate stability and enhance 
microbial activity (Figure 2-20).

Soil faunal measurement techniques involve counting the size of their 
populations. Management practices, such as tillage, residue cover, crop 
rotation, and liming, that alter soil microenvironments and disturb their 

Figure 2-19. Management effects on enzyme activities of soils under winter wheat-fallow (WW-F) in a 
long-term crop residue management experiment and grass pasture near Pendleton, Oregon. Numbers 
ending in the treatments denote amount of nitrogen (lb/ac) applied through inorganic nitrogen 
fertilizer (N), pea vines (PV), beef manure (MAN), and grass pasture (PAS). (Adapted from Bandick      
and Dick 1999.) p
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Figure 2-20. Worm excrement (cast) increases soil microbial activity and soil aggregate stabilization. 
(Photo by Wikimedia Commons.)

habitats and food sources influence the populations of soil fauna. In the 
Annual AEC, increase in earthworm populations is usually associated 
with no-till relative to conventional tillage due to lower disturbance, less 
physical injury, and more food supply (Figure 2-21) �. Soil fauna is usually 
concentrated at locations with higher organic matter content because 
SOM not only serves as a food source to soil fauna but it also retains soil 
moisture that is necessary for soil faunal survival and reproduction. In 
the Annual AEC, higher SOM under no-till promoted greater earthworm 
densities, but the densities remained low under conventional tillage with 
low SOM content (Umiker et al. 2009) �. For more information on soil 
fauna, see Chapter 11: Insect Management Strategies.

Soil Health Assessment

A healthy soil is the foundation of sustainable agricultural production. The 
concept of soil health is gaining importance due to increasing pressure to 
sustainably produce food, feed, fiber, and fuel for the world’s increasing 
population. Compared to air and water quality assessments that are well 
defined, soil health assessments are more difficult in that conditions 
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Figure 2-21. Effect of tillage on mean earthworm density under winter wheat-spring barley-spring pea 
(WW-SB-SP) rotation in northern Idaho. (Adapted from Johnson-Maynard et al. 2007.) �

considered healthy for one soil type and crop in a particular environment 
may not be the same for another soil type and another crop in a different 
environment. Agricultural landscapes exhibit a high degree of spatial 
variability and different crops require different conditions. In addition, 
the slow nature of soil degradation seldom leads to immediate cropping 
system failures, and therefore subtle deleterious effects of a particular soil 
management regime on soil health and function are often overlooked by 
growers until the problem is much worse. The major challenge of soil 
health research and assessment programs is the lack of a standard set of 
soil indicators that are sensitive to changes in management and are cheap 
and accessible. It would be difficult to establish a single health indicator 
that could effectively judge all soil changes in response to management; 
hence, comprehensive standards for assessing soil health are needed. In 
response, the concept of a minimum data set of indicator groups of soil 
function required for soil health assessment has emerged (Table 2-1; Figure 
2-22). However, the components of a minimum data set are not universal 
because of inherent soil variability. Therefore, any set of indicators may 
not provide a one-size-fits-all approach to soil health assessment across 
all soils and all environments. Recently, Morrow et al. (2016) proposed 
a set of seven criteria that establish a specific framework to judge the 
effectiveness of soil health indicators for soil health assessments across 
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agroecosystems in the inland PNW:
1. Evidence based: The indicators capture measurable soil 

properties and processes, supported by scientific research and 
experimentation. 

2. Sensitive to change: The indicators respond to management 
practices and are applicable across a range of soils and soil 
conditions. 

3. Logistically feasible: The indicators are feasible within time 
constraints of effective decision making.

4. Accurate and precise: Indicators provide repeatable results with 
low variability, determined using standardized methods. 

5. Cost effective: The cost of implementation is reasonable and 
within the economic constraints of the land management system.

6. In situ or undisturbed samples: Tests can be performed in situ or 
on relatively undisturbed samples to capture real field conditions.

7. Valued: The information is useful and interpretable for sound 
management decisions.

Figure 2-22. Conceptual framework of soil management assessment framework. (Adapted from 
Andrews et al. 2004.)

Interpretation of Indicators
(Scoring Function)

Integration
(Calculate Soil Health Index)
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Biological 
Indicators



87

Chapter 2: Soil Health

Soil Health Assessment Indices

Advances have been made in managing soils by integrating physical, 
chemical, and biological properties and processes in order to promote 
long-term soil sustainability. To this end, several indices and tools have 
been developed to provide a systematic framework for assessing soil 
health. Examples of such assessment tools include the Cornell assessment 
of soil health (Moebius-Clune et al. 2016), Haney’s soil health test 
(Haney 2014), the soil management assessment framework (Andrews 
et al. 2004), and the USDA Natural Resources Conservation Service soil 
quality test kit (USDA 2001). Soil health assessments are performed by 
comparing a site against an adjacent, undisturbed site with the same soil 
type, whenever possible. Under situations where reference sites are not 
accessible, tracking temporal changes in appropriate indicators can detect 
management influences on soil health. Accordingly, soil assessment tools 
are usually framed up with three steps: (1) identification of indicators 
based on management goals, (2) indicator interpretation or scoring 
function (e.g., 0 to 10 or low to high, with an indicator score of 10 or 
high representing the highest potential function for that system), and (3) 
integration of all indicator scores into a single overall soil health score 
(Figure 2-22).

Applicability of Soil Health Indices in the Inland PNW

The Haney’s soil health testing method is based on soil microbial activity, 
as determined from the measurement of CO2 during the first day after 
rewetting a dried, ground soil sample. The test predicts a soil health score 
(1 to 50; the higher the better) as well as an estimate of N fertilizer credits 
from determinations of microbial activity and water soluble organic C and 
N. However, the reliability of the Haney’s test as an indicator of soil health 
has been questioned because of the difficulty in getting reproducible 
test results (high random variability associated with test methodology) 
(Sullivan and Granatstein 2015). Recently, Washington State University 
researchers (Morrow et al. 2016) reported on their research evaluating 
the Haney’s test using soils under diverse cropping systems and tillage 
intensities across the inland PNW. It was revealed that 1-day microbial 
activity (mineralizable C) was highly variable (coefficient of variation 
from 3% to 50%) such that the water soluble C and N did not correlate 
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with 1-day mineralizable C but correlated with mineralizable C from 
longer (24-day) incubation time. The results are in sharp contrast from 
the assumption made in Haney’s testing method that 1-day mineralizable 
C correlates well with water soluble C and N. Overall, the Haney’s soil 
health index was not highly sensitive to tillage and cropping practices in 
the inland PNW. Therefore, Haney’s soil health scoring method would 
necessitate further validation through extensive field research and 
calibration prior to its usage in the inland PNW.

Unlike Haney’s test, the Cornell soil health assessment, the soil 
management assessment framework, and the USDA-NRCS soil quality 
test kit focus on several other physical and chemical properties of soils 
along with labile SOM pools and biological activity. Accordingly, these 
soil health assessment methods have been widely used across diverse soils 
and management practices with effective outcomes (Cherubin et al. 2016; 
Idowu et al. 2008; Karlen et al. 2008; Seybold et al. 2002; Wienhold et al. 
2008). Usage of such indices to assess soil health in the inland PNW has 
been scarce. However, the indices could potentially be used to manage 
soil health under dryland farming systems within the inland PNW. For 
instance, following the approach of the soil management assessment 
framework, a comprehensive evaluation of soil health assessments across 
tillage (no-till vs. conventional tillage) and cropping systems (continuous 
small grains, including wheat, pea, and lentils vs. wheat-fallow) in the 
inland PNW was conducted (Figure 2-23). The researchers used data 
sets from Natural Resources Inventory monitoring sites located in Major 
Land Resource Area 9 (comprising the Palouse and Nez Perce Prairies, 
southeastern Washington, northwestern Idaho, and northeastern 
Oregon). Overall, the outcome of the assessment was that a continuous 
cropping system generally had soil health improvements (higher index 
values) over a wheat-fallow system (lower index values), with significant 
benefits observed when coupled with a no-till system (Figure 2-23).

Similarly, a quantitative soil health index was developed to evaluate 
soil health in fields with three different management systems (organic, 
conventional or non-organic, and integration of both) under apple orchard 
production in Washington (Table 2-17). Soil health indicators (physical, 
chemical, and biological) were scored based upon their effects on four 
soil functions (water entry, water movement and availability, resistance to 
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Figure 2-23. Soil management assessment framework index outcomes for cropping system and tillage 
management across the inland PNW. Treatments or land uses labeled with different letters are signifi-
cantly different at α = 0.05. Error bars represent one standard deviation from the mean. (Reprinted 
from Andrews et al. 2004.)

surface structure degradation, and sustainable production). The total soil 
quality index for each management was obtained by summing all scores. 
Overall, the study concluded that the integrated system had soil health 
advantages over the other two systems and that increasing organic matter 
and reducing tillage were key aspects.

Several soil health assessment guides, such as the Idaho NRCS soil health 
assessment card (USDA-NRCS 2014), the Palouse and Nez Perce Prairies 
soil quality card guides (USDA-NRCS 2004), and the Willamette Valley 
soil quality card guide (OSU 2009), are also available for use across the 
inland PNW.

Table 2-17. Soil quality rating based on four soil functions for conventional or non-organic, integrated, 
and organic systems of apple production in Washington. 

Treatment Conventional 
(non-organic) Integrated Organic

Water entry 0.153 0.235 0.213
Water movement and 
availability 0.208 0.235 0.205

Resist degradation 0.185 0.145 0.225
Sustain productivity 0.255 0.213 0.238
Total soil quality index 0.783 0.923 0.878

Reprinted from Glover et al. 2000.
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Grower Considerations: Improving Soil Health in the 
Inland PNW

The main goal of every grower is to develop a farming enterprise that 
is economically and biologically sustainable. Adhering to soil health 
concepts to evaluate farm management should assist growers achieve 
this goal. Soil health assessment indices should be tailored to address 
the goals of each farming enterprise. Variations in soils, temperature, 
and environments in the inland PNW AECs necessitate the development 
of site-specific soil health indices to guide growers in improving soil 
health on their farms. Working very closely with Extension agents and 
other government agencies, growers should be able to assess the effect 
of management practices on soil health. Consequently, the efforts to 
manage soil health require continuous monitoring of soil health changes 
and making appropriate adjustments in management practices. Overall, 
in the inland PNW, soil health can be improved by the adoption of one or 
a combination of the following management strategies:

• Reduced or minimal soil disturbance through conservation tillage 
practices such as no-till, strip tillage, subsurface ridge till, and 
undercutter sweep (Chapter 3: Conservation Tillage Systems).

• Minimization of bare-fallow systems with alternative cropping 
systems such as chemical-fallow, annual cropping, and cover 
cropping (Chapter 5: Rotational Diversification and Intensification). 

• Increased residue retention and cover (Chapter 4: Crop Residue 
Management). 

• Elimination of crop residue burning (Chapter 4: Crop Residue 
Management).

• Increased cropping intensification and crop diversity (Chapter 5: 
Rotational Diversification and Intensification).

• Balanced and efficient fertilization approach to minimize nutrient 
loss, excessive weed growth, and pest competition and to maximize 
crop production and biomass return. Inclusion of legume cover 
crops in a crop rotation and organic amendments reduce N 
fertilizer needs and slow down soil acidification (Chapter  5: 
Rotational Diversification and Intensification; Chapter 6: Soil 
Fertility Management; Chapter 7: Soil Amendments). 
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• Application of organic amendments such as manure, compost, 
residues, etc. (Chapter 7: Soil Amendments). 

• Integrated management of diseases, pests, and weeds through 
balanced fertilization, crop rotation, and cover crops (Chapter 5: 
Rotational Diversification and Intensification); minimum 
tillage (Chapter 3: Conservation Tillage Systems); and chemical 
control (Chapter 9: Integrated Weed Management; Chapter 10: 
Disease Management for Wheat and Barley; Chapter 11: Insect 
Management Strategies). 

• Application of lime and alkaline biochar to ameliorate soil acidity 
(Chapter 6: Soil Fertility Management).

Additional Resources

Magdoff, F., and H. Van Es. 2009. Building Soils for Better Crops: 
Sustainable Soil Management, 3rd ed. Handbook Series Book 10. 
Sustainable Agriculture Research and Education. SARE Outreach 
Publication: Waldorf, MD.

Moebius-Clune, B.N., D.J. Moebius-Clune, B.K. Gugino, O.J. Idowu, 
R.R. Schindelbeck, A.J. Ristow, H.M. Van Es, J.E. Thies, H.A. 
Shayler, M.B. McBride, D.W. Wolfe, and G.S. Abawi. 2016. 
Comprehensive Assessment of Soil Health - The Cornell Framework 
Manual, Edition 3.1. Cornell University: Geneva, NY. http://www.
css.cornell.edu/extension/soil-health/manual.pdf

OSU. 2009. Willamette Valley Soil Quality Card Guide EM 8710-
E. Oregon State University Extension Service. https://catalog.
extension.oregonstate.edu/em8710

USDA-NRCS. 2001. Soil Quality Test Kit Guide. USDA-ARS-NRCS 
Soil Quality Initiative. http://www.nrcs.usda.gov/Internet/FSE_
DOCUMENTS/nrcs142p2_050956.pdf

USDA-NRCS. 2004. Palouse and Nezperce Prairies Soil Quality Card 
Guide. http://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/
health/assessment/?cid=nrcs142p2_053871
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USDA-NRCS. 2014. Idaho NRCS Soil Health Assessment Card. 
http://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/health/
assessment/?cid=nrcs142p2_053871

Xiao, C. 2015. Soil Organic Carbon Storage (Sequestration) Principles 
and Management: Potential Role for Recycled Organic Materials 
in Agricultural Soils of Washington State. Washington State 
Department of Ecology Pub. No. 15-07-005. https://fortress.wa.gov/
ecy/publications/SummaryPages/1507005.html
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Abstract

Conservation tillage may improve the sustainability of winter wheat-
based crop rotations in the dryland areas of the inland Pacific Northwest 
(PNW). Intensive tillage systems often bury most surface crop residues, 
pulverize soil, and reduce surface roughness. The tilled systems also have 
the potential to accelerate soil fertility loss and soil erosion, reducing the 
long-term sustainability of dryland agriculture. This chapter reviews the 
sustainability challenges posed by conventional tillage, including soil 
erosion, soil organic matter (SOM) depletion, soil fertility loss, and soil 
acidification. It also synthesizes recent studies in the region and evaluates 
agronomic and environmental benefits of direct seeding, undercutter tillage 
fallow, and other forms of reduced tillage. Conservation tillage systems are 
contributing to enhanced sustainability of dryland agriculture in the region 
by reducing erosion, and improving soil health and ecosystem services.

Key Points
• Conventional tillage-based cropping systems deplete SOM, enhance 

soil erosion, and threaten sustainable crop production. 

Research results are coded by agroecological class, defined in the glossary, as follows:

� Annual Crop     p Annual Crop-Fallow Transition     ¢ Grain-Fallow
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• Conservation tillage systems have been increasingly adopted by 
growers in the inland PNW to conserve soil fertility and SOM, 
reduce soil erosion, and improve sustainability of dryland cropping 
systems in the region. 

• Adoption of conservation tillage systems is dependent on 
considerations such as agroecological class, crop rotations, 
equipment, residue management, soil fertility management, 
support systems, and economics.

Introduction

Sustainable agricultural systems produce sufficient yields of farm 
products at profitable levels while conserving natural resources over the 
long-term (Wysocki 1990). For a system to be sustainable, it must be 
biologically productive, economically viable, environmentally sound, and 
socially beneficial. Soil erosion and SOM depletion are among the biggest 
sustainability challenges for conventional tillage dryland agriculture that 
is predominant in the inland PNW. The adoption of conservation tillage 
practices can address these issues and therefore contribute to sustainable 
farming systems in the region. 

The Natural Resource Conservation Service (NRCS) and the Conservation 
Technology Information Center (CTIC) define conservation systems as 
crop management systems that leave at least 30% of crop residue on the 
soil surface after planting, to reduce soil erosion by water. In areas where 
wind erosion is a concern, any system that maintains at least the equivalent 
of 1,000 pounds per acre of crop residue from small grains on the surface 
throughout the critical erosion period is known as conservation tillage 
(CTIC 2016). In the inland PNW, the primary rationale for adopting 
conservation systems was to mitigate soil erosion by water and wind 
(Papendick 2004). This chapter provides an overview of tillage systems 
drawing on sources including the conservation tillage handbook and 
reports from Solution to Environmental and Economic Problems 
(STEEP) and the Columbia Plateau Project (PM10), reviews past and 
present literature related to conservation systems, and provides grower 
considerations for enhancing the sustainability of dryland agriculture in 
the inland PNW region.
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Conventional System

Conventional tillage practices require four or more intensive tillage 
operations a year for seedbed preparation, weed control during fallow, and 
fertilization prior to planting. Conventional tillage has many variations 
and depends on cropping intensity and rotation, but a typical system 
in the region for managing summer fallow as described by Schillinger 
(2001) is (1) sweep tillage in August following winter wheat harvest (for 
weed control), (2) chiseling in November with straight point shanks (to 
prevent runoff from frozen ground), (3) glyphosate herbicide application 
in late winter (to control late fall and winter germinating weeds), (4) 
primary tillage in March with a cultivator equipped with sweeps and tine 
harrows, (5) a shank anhydrous ammonia application in April, and (6) 
rodweeding in May, June, and July. In total, a typical conventional system 
can have up to eight tillage operations during a 14-month fallow period, 
not including sowing. The repeated tillage often buries up to 90% of crop 
residue, pulverizes soil clods, and reduces surface roughness (Feng et al. 
2011; Schillinger and Papendick 2008). 

Because the dryland area of the inland PNW has diverse tillage, challenges 
and solutions also vary across the region. This section provides a brief 
overview of the major cropping systems of the inland PNW. Additional 
details on crop rotations can be found in Chapter 5: Rotational 
Diversification and Intensification.

Winter Wheat-Summer Fallow

Under a winter wheat-summer fallow rotation, only one crop is produced 
in two years. About 2.52 million acres of crop land are part of the Grain-
Fallow agroecological class (AEC) (Huggins et al. 2015) that receives less 
than 12 inches of precipitation annually (Huggins et al. 2015; Schillinger 
et al. 2006a). In this system, winter wheat planted in fall or late summer is 
harvested the following summer (July). After crop harvest, the land is left 
fallow until the following September/October, a fallow period of about 
14 months. The main purpose of the fallow is to store winter precipitation 
to enable the successful establishment of winter wheat planted in the fall. 
Fallow also helps to control weeds, reduce the risk of crop failure, and 
lessen the effects of drought.
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Three-Year Winter Wheat-Based Rotation

In the Annual Crop-Fallow Transition AEC, covering 1.85 million acres of 
cropped land, crops are grown in two out of every three years. Rotations 
generally incorporate winter wheat, a spring cereal or legume, and fallow. 
This AEC covers areas receiving 12–18 inches of precipitation annually. 
More intensive cropping reduces the potential for soil erosion compared to 
the Grain-Fallow AEC. The enhanced diversity of the three-year rotation, 
especially when a non-cereal crop is included, also reduces weed and disease 
pressure (Ogg et al. 1999; Schillinger et al. 2006b; Smiley et al. 2013). The 
spring crops usually grown in rotation with winter wheat are spring barley, 
spring wheat, pea, lentil, chickpea, canola, and condiment mustard. p

Annual Cropping

In the Annual Crop AEC, about 1.44 million acres are annually cropped. 
This AEC generally receives more than 18 inches of precipitation per year. 
In addition to the spring crops, rotations often include winter triticale, 
winter canola, winter barley, and winter peas, with no fallow. Between 
2007 and 2013, diversification and cropping intensity were found to be 
higher in the Annual AEC than in the Grain-Fallow AEC (Huggins et 
al. 2015). The Annual AEC presents more opportunities to vary crops 
making this AEC less vulnerable to weather or potential climate change 
than Grain-Fallow AEC (Huggins et al. 2015). �

Conservation Systems

Conservation tillage practices are useful for erosion control, soil health, 
crop productivity, farm efficiency, and profitability. The three types of 
conservation tillage systems and one other tillage system defined by 
CTIC are described below.

Ridge Tillage

Ridge tillage eliminates full-width tillage. The soil is left undisturbed 
from harvest to planting except for strips up to one-third of the row 
width. Planting is completed on the ridge and usually involves removal 
of the top of the ridge. Equipment for such tillage often includes sweeps, 
disk openers, coulters, or row cleaners. Ridges are rebuilt during row 
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cultivation and residue is left on the surface between ridges. Weed control 
is accomplished with crop protection products.

Mulch Tillage

Mulch tillage is designated as full-width tillage that disturbs the entire 
soil surface, and it is done prior to and/or during planting. Equipment 
used for this type of tillage includes chisel, disks, field cultivator, sweeps, 
or blades and harrows.

No-Till/Chemical Fallow

No-till/chemical fallow leaves the soil undisturbed from harvesting 
to planting. In the inland PNW, no-till is commonly described as 
direct seeding. Direct seeding eliminates full-width tillage for seedbed 
preparation. However, there are some variations within this system 
(Veseth 1999). Planting, seeding, or drilling is done using hoe drills. 
Weeds are controlled with crop protection products. 

Low-disturbance direct seeding

Low-disturbance direct seeding involves the use of narrow knives, single 
discs, or double discs (standard or offset with one leading edge) that 
typically disturb less than 40% of the row width and retain nearly all 
residues on the surface.

High-disturbance direct seeding

Under high-disturbance direct seeding, hoe or sweep openers may 
disturb up to about 65% of the row width, but still retain much of the crop 
residue on the soil surface. With some flatter sweep blades, the surface 
soil and residue disturbance can be minimal even though much of the 
surface layer is undercut with the opener. Obviously, the furrow size, soil 
disturbance, and residue retention will vary with opener designs, speed, 
soil moisture, and other factors.

One-pass and two-pass direct seed systems

Growers can choose between one-pass direct fertilize and seed systems, 
and two-pass systems with direct fertilizing and direct seeding in separate 
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operations. In both cases, there are no other tillage operations for seedbed 
preparation before seeding. The choice depends on the precipitation 
zone and seasonal distribution, length of planting windows, equipment 
availability, cost, crop choices, available labor, and other considerations.

The high-disturbance direct seed implement with wider hoe or sweep 
openers may not fit the classic no-till definition, but rather fall in the 
“mulch till” category because of full-width tillage between harvest and 
planting.

Reduced Tillage

Reduced tillage is designated as full-width tillage that disturbs the entire 
soil surface, leaving 15% to 30% of residue cover after planting.

Other conservation tillage practices in the inland PNW include minimum 
tillage, delayed minimum tillage, undercutter fallow, chisel, discs, and 
sweep tillage systems. 

The undercutter method of fallow management uses wide V blade sweeps 
that slice beneath the soil surface and simultaneously deliver nitrogen 
during primary spring tillage followed by one or two non-inversion 
rodweeding operations during the summer to control weeds (Schillinger 
et al. 2010; Schillinger and Young 2014).

Both minimum tillage and delayed minimum tillage use undercutter 
V-sweep as a primary tillage. Herbicides may be used to control weeds 
following primary tillage, but secondary tillage such as rodweeding is 
used more commonly. Delayed minimum tillage is similar to minimum 
tillage except primary spring tillage with undercutter V-sweep is delayed 
until at least mid-May (Schillinger 2001).

Adoption of Conservation Systems in the Inland PNW

In general, there are considerable variations among conservation tillage 
practices. Certain conservation practices in the inland PNW are unique to 
the region. For example, farmers prefer hoe-type drills for cereal planting 
in narrow rows. As per the CTIC definition for no-till/direct seed, the 
threshold limit for soil disturbance is less than one-third the row width, 
which is difficult to achieve with the hoe drills used in this region. Hence, 
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many acres of wheat or barley planted using direct seed are categorized 
as mulch tillage rather than no-till systems (Smiley et al. 2005). Other 
conservation tillage practices followed in the inland PNW besides direct 
seed are undercutter, chisel, discs, and sweep tillage systems. All forms of 
conservation practices, however, are aimed at protecting soil and water 
resources. Effects of different tillage implements on residue cover, SOM, 
and erosion in the inland PNW are summarized in Table 3-1.

As farmers in different AECs gain experience and confidence in conser-
vation tillage systems and are motivated by fuel savings and government 
programs to promote such practices, the number of conservation farmers 
in the inland PNW is growing (Schillinger et al. 2010). Advances in no-till 
grain drill technology have allowed precise seed and fertilizer placement 
in one pass, saving growers the cost of multiple tillage operations needed 
under conventional systems. No-till acreage in Oregon for winter wheat 
has increased from less than 1% in 1996 to 16% (102,000 acres) in 2004, 
whereas no-till spring wheat acreage increased to 19% (434,000 acres) in 
2004 from less than 2% in 1996. Similarly, in Washington no-till planting 
increased for both winter and spring wheat. Acreage under no-till winter 
wheat increased from 3% in 1990 to 11% (182,900 acres) in 2004, and no-
till spring wheat acreage increased from 2% in 1990 to 18% in 2000 and 
remained steady throughout 2004 (Smiley et al. 2005). The increase in 
direct-seeded acres was attributed partly to the Pacific Northwest Direct 
Seed Association (http://www.directseed.org/), a grower-based organiza-
tion formed in 2000 to promote conservation tillage and no-till farming 
in the region (Kok et al. 2009). A survey conducted in Columbia County, 
Washington, showed that 94% of winter crop land and 40% of spring crop 
land were direct seeded in 2007–2008 (http://www.nacaa.com/presenta-
tions/presentation_list.php?app_id=407). A recent representative survey 
of wheat growers from 33 different counties in Washington, Idaho, and 
Oregon showed that nearly 70% of the growers were using no-till or an-
other form of conservation tillage in 2012–2013 (Figure 3-1).

Sustainability Challenges and Benefits of Conservation 
Systems

Dryland farming in this region faces three major sustainability challenges: 
erosion, loss of SOM, and soil acidification. This section describes each, 
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Figure 3-1: Distribution of tillage practices used by growers in inland PNW. Final response rate was 
46.2% (900 surveys) with a sampling margin of error of +/- 3% at the 95% confidence interval. 
(Source: REACCH 2015)

explores the impacts of tillage on these issues, and provides insight 
on the effect of conservation systems on enhancing various aspects of 
sustainability including crop yield and farm economy.

Soil Erosion

Wind and water erosion are major factors affecting the sustainability of 
the cereal-producing regions of the inland PNW influencing both crop 
productivity and soil health. Historically, conventional farming practices 
had annual erosion rates of 10 to 30 ton/acre/year, resulting in topsoil loss 
equivalent to 0.75 ton of soil per bushel of wheat (Kok et al. 2009). �p¢

Wind erosion and dust emissions mostly occur in low precipitation areas 
with sandy silt loam soils that are poorly aggregated and dominated by 
particulates <100 μm in diameter, which are vulnerable to wind erosion 
by direct suspension and have a great potential to emit particulate matter 
(PM10) (Feng et al. 2011). ¢ Short duration, high-velocity winds affect 
nearly 6 million acres of crop land, posing an especially severe threat during 
fall and spring when soil is dry and soil cover is very limited (McCool et al. 
2001; Papendick 2004). The dominance of winter wheat-fallow in this area 
often means that residue is produced in only one out of every two years, 
and, even in cropped years, water limitations constrain residue production 
(Papendick 2004). Excessive tillage during summer fallow pulverizes soil 
clods and buries residue (Young and Schillinger 2012). 
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Meanwhile, water erosion is a significant issue in wetter areas of the 
region, resulting in the loss of millions of tons of topsoil annually (Kok et 
al. 2009). Water erosion is caused by a combination of factors including 
winter precipitation with high potential for frozen soil runoff, steep and 
irregular topography (35% to 45% slope), and crop management systems 
that leave the soil with inadequate protection during the winter rainy 
season (Kok et al. 2009; Michalson 1999). 

Planting winter wheat in early September in bare soil following intensive 
tillage causes up to two-thirds of annual soil erosion across the inland 
PNW (Papendick 2004). 

Erosion is problematic for a number of reasons. Approximately one-third 
of eroded soil is deposited on surface water and can adversely affect water 
quality. Erosion of topsoil also results in the loss of nutrients resulting 
in declines in crop productivity and increased input costs (to replace 
lost nutrients) to sustain yield (Schillinger et al. 2010). In addition, loss 
of soil removes SOM and reduces water storage potential, negatively 
influencing root zone and seedbed environments, and the nutrient-
supplying capacity of soil. Eastern Oregon fields with residue burning 
and no fertilizer application had higher soil erosion rates (1.47 ton/acre/
year vs. 0.04 ton/acre/year) and lower SOM content compared to fields 
with standing stubble (Williams 2008). ¢

While tillage is not the only factor that causes erosion, it is a major 
contributing factor. The tillage-intensive conventional systems create a 
dry, loose zone of fine soil particles which are susceptible to erosion by 
strong winds prevalent in the spring, late summer, and early autumn. 
Intensive inversion tillage increases total runoff to as high as 0.2 inches and 
soil erosion to 0.20 ton/acre compared to 0.03 inches and 0.005 ton/acre, 
respectively, in a no-till system at a similar slope position (Williams et al. 
2009). ¢ Remarkable improvements in erosion control have been achieved 
over the last 30 years mostly through the reduction in tillage (Kok et al. 
2009). However, erosion remains an ongoing threat to the resources, 
environment, and agricultural economy of the region (Schillinger et al. 
2010), emphasizing the need for conservation tillage practices. 

Conservation tillage practices have been effective in minimizing soil 
erosion. The undercutter method of summer fallow management left 
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sufficient surface residue to reduce soil loss from wind erosion by 65% 
and PM10 (an air quality indicator) by 70% compared to conventional 
(disk) tillage in winter wheat-fallow in a low precipitation zone of the 
Columbia Plateau (Sharrat and Feng 2009). Similarly, spring-sown cereal 
and chemical fallow or direct seed systems were reported to increase 
stored water, residue cover, soil aggregation, and soil strength, reducing 
the risk of wind erosion when compared to the conventional winter wheat-
fallow rotation in east-central Washington (Feng et al. 2011). ¢ Greater 
soil aggregation in a conservation tillage rather than in a conventional 
tillage system is shown in Figure 3-2.

Direct seed was also found highly effective in controlling runoff and soil 
erosion compared with inversion tillage systems in northeastern Oregon. 
The runoff and erosion totaled 0.2 inches and 0.19 ton/acre, respectively, 
under moldboard plowing, versus 0.03 inches and 0.005 ton/acre, under 
direct seed (Williams et al. 2009). p In a four-year rotation of winter 
wheat-spring pea-winter wheat-fallow, direct seed had increased ground 
cover and infiltration rates, and decreased runoff and soil erosion when 
compared to tilled conservation practices such as mulch tillage, chisel 
plow, and undercutter (Williams and Wuest 2011). ¢

Soil Organic Matter

Soil organic matter is essential for long-term sustainability of agricultural 
systems. It promotes soil aggregation, increases soil water and nutrient 

Figure 3-2: Soil aggregation in conventional and reduced tillage. (Photo credit: Rajan Ghimire.)

Conventional tillage Reduced tillage
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holding capacity, serves as a sink for sequestration of atmospheric 
carbon, and facilitates mitigation of greenhouse gas emissions. Further 
discussion of the soil health impacts of SOM is presented in Chapter 2: Soil 
Health. Repeated tillage during field operations loosens the soils,  makes 
it susceptible to erosion, and facilitates SOM loss through mineralization 
and oxidation. 

Winter wheat-summer fallow systems in low precipitation zones of the 
inland PNW have lost more than 60% of SOM from topsoil (Brown and 
Huggins 2012; Ghimire et al. 2015; Machado 2011; Rasmussen and Smiley 
1997). Similarly, a study on high precipitation regions of the Palouse has 
shown that conversion of native prairie to wheat cropping systems using 
intensive inversion tillage has caused substantial loss of organic matter 
pools including 56% of soil organic carbon, 79% of particulate organic 
carbon, 50% of microbial biomass carbon, and 28% of mineralizable 
carbon (Purakayastha et al. 2008). In addition to loss of SOM under 
intensive tillage, disease and weed incidence and weather variability 
negatively affected winter wheat production in the region (Camara et al. 
2003; Sharma-Poudyal and Chen 2011; Smiley et al. 2009). �p¢ The 
continued decline in SOM content and higher yield variability under 
intensive tillage threatens long-term agronomic and environmental 
sustainability of the winter wheat-fallow systems in the inland PNW. 

Increasing SOM is a prerequisite for sustainable agricultural production. 
Conservation tillage systems are recognized for their ability to sequester 
carbon, minimize greenhouse gas emissions, and reduce the threat of 
climate change (Stöckle et al. 2012). Restoring SOM that has been lost 
due to years of intensive tillage in cold and dry regions of the inland 
PNW, however, is a great challenge because of low biomass production 
in dryland areas (Brown and Huggins 2012). Conservation tillage 
practices, along with intensifying cropping rotations, are recommended 
for increasing soil organic carbon sequestration in dryland areas where 
biomass production limits SOM accumulation (Machado et al. 2006). In 
a study evaluating the effects of different tillage and cropping systems 
on soil carbon sequestration, continuous cropping under direct seed was 
able to increase SOM in the top 10 cm of soil within a short period of 
six years compared to 73 years in a conventional winter wheat-fallow 
system in long-term experiments in Pendleton, Oregon (Machado et 
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al. 2006). ¢ Reduced tillage practices minimize SOM loss by eliminating 
or reducing tillage operations for field preparation, which benefits 
dryland cropping systems through soil water conservation (Lenssen et 
al. 2007) and protects biomass carbon from decomposition. In the low 
precipitation regions of eastern Washington, greater total SOM was 
observed with continuous direct seed spring cropping than with tillage 
fallow and direct seed chemical fallow (Gollany et al. 2013).¢ The 
increased SOM in continuous direct seed spring cropping was mainly 
due to the accumulation of undecomposed crop residues that increased 
readily useable SOM for soil microbes (Gollany et al. 2013). Direct seed 
also increased near surface SOM content in the high precipitation region 
under spring wheat and pea compared to the conventional tillage system 
(Umiker et al. 2009).� Long-term use of direct seed systems has the 
potential to recover lost SOM compared with intensive tillage systems 
(Bista et al. 2016; Brown and Huggins 2012). �p¢ Converting intensive 
tillage winter wheat-fallow to direct seed can reduce SOM loss by 17% to 
47% depending on the residue and nutrient management practices (Bista 
et al. 2016). (Figure 3-3). ¢

Soil pH and Soil Fertility

Acidification of soils is a major concern in the inland PNW. Soils with 
pH below 5 have been reported across all three AECs in the region 
(McFarland and Huggins 2015). Low soil pH affects many chemical 
and biological reactions in soil that influence nutrient availability and 
crop productivity. Agricultural management practices accelerate the 
rate of soil acidification mainly due to the continuous application of 
ammonium-based nitrogen fertilizers, continuous depletion of basic 
cations by crop removal, and accelerated rate of SOM decomposition 
(Mahler 2002). (See Chapter 2: Soil Health and Chapter 6: Soil Fertility 
Management for further detail.)

Conventional and conservation systems influence soil profile acidification 
differently. Stratified layers of acid soil at the depth of fertilizer placement 
has been observed in both direct seed fields in Palouse, Washington, and 
tilled long-term fertility trials in Pendleton, Oregon (Koenig et al. 2013). 
In a direct seed system, soil acidity develops more rapidly at the depth 
of fertilizer placement when compared to conventional tillage systems 
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Figure 3-3: Prediction of soil organic matter (SOM) until 2080 under different crop residue and nitrogen 
(N) management treatments (a) to (f) with the baseline management (conventional tillage: red line) 
and alternative management (direct seed: orange line) in a moldboard plowed winter wheat-fallow 
system at Pendleton, Oregon, long-term experiments. (FB = fall stubble burn, NB = no burn, MN = 
manure application at primary tillage, PV = pea vine application at primary tillage. Accompanying 
numbers 0, 45, and 90 indicate amount of N applied from chemical fertilizer.) (Modified from Bista et 
al., 2016).

due to the absence of mechanical mixing (McCool et al. 2001). Therefore, 
there is some concern that direct seeding may exacerbate soil acidity. 

Tillage management also influences nutrient availability and crop 
performance (Pan et al. 1997). Intensive tillage facilitates SOM 
decomposition and nutrient release. Over the long-term, this can deplete 
the nutrient bank in soil. (Fertility management strategies are discussed 
in Chapter 6: Soil Fertility Management.) For example, continuous use of 
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conventional tillage in a winter wheat-fallow system for 84 years depleted 
nearly 30% of the soil N reservoir from the 0–60 cm soil profile in eastern 
Oregon (Ghimire et al. 2015). ¢

Conservation tillage can also create challenges for managing fertility 
(Veseth 1999). Greater residue cover on the soil surface under a 
conservation tillage system sometimes immobilizes nutrients and makes 
them unavailable for the following crop. Reduced availability of nutrients, 
particularly nitrogen, is one of the many impacts of high concentrations 
of residue in conservation systems. (See Chapter 4: Crop Residue 
Management.)

Yield and Economics

The effects of direct seed, which is widely accepted for efficient erosion 
control and SOM sequestration, on crop yield and farm economy need 
to be further explored. Recent studies suggest that sufficiently high yield 
and greater farm profitability from conservation tillage compared to 
conventional tillage can be achieved. Similar wheat yield and grain quality 
as in a conventional system (disc/chisel) was obtained with a conservation 
tillage system (sweep tillage) in an intermediate precipitation region of 
Washington (Riar et al. 2016). However, the surface residue cover was 
greater with the conservation tillage system. p Although sweep tillage 
systems had similar yields as conventional systems, they were more 
profitable because of reduced tillage operations and associated production 
costs. In Moro, Oregon (11-inch precipitation) comparable yields were 
observed under the conventional (chisel) winter wheat-fallow, direct seed 
winter wheat-chemical fallow, and winter wheat-spring barley-chemical 
fallow (Machado et al. 2015). ¢ Given the conservation benefits from a 
direct seed system, such as greater residue cover and ecosystems services, 
direct seeding was recommended as an alternative system to conventional 
tillage. In eastern Washington, conservation tillage practices such as 
minimum tillage and delayed minimum tillage were found to be more 
profitable as they reduced fuel and farm labor expenses compared to 
conventional tillage winter wheat-fallow (Nail et al. 2007). 

Similarly, a survey of 47 farmers in the inland PNW showed equivalent 
winter wheat grain yields and profitability in undercutter systems and 
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conventional tillage fallow systems (Young and Schillinger 2016). In 
the low precipitation region of Washington, greater profitability from 
undercutter fallow systems than conventional dust mulch fallow systems 
were due to reduced costs of production (Zaikin et al. 2007). ¢ Moreover, 
the undercutter system is eligible for conservation payments, but the 
traditional system is not. Such benefits further strengthen the profitability 
advantage of the undercutter system over the conventional system.

Additional Grower Considerations

Adoption of conservation farming systems vary based on factors such 
as climatic conditions, available equipment, crop rotations, soil type, 
topography, cash flow, information resources, federal farm programs, 
and other factors. When used in combination with other sustainable 
management practices, reduced tillage practices (e.g., direct seeding, 
undercutter tillage fallow, delayed planting, and minimum tillage) can 
help achieve favorable yields, attain farm profitability, and maintain 
environmental integrity. Details of alternative crop management practices 
such as legume incorporation are discussed in Chapter 5: Rotational 
Diversification and Intensification. The impacts of tillage on weed and 
disease control are described in Chapter 9: Integrated Weed Management 
and Chapter 10: Disease Management for Wheat and Barley. Differences 
among conventional and conservation tillage systems are given in 
Table 3-2.

Resources and Further Reading

Conservation Tillage Handbook

http://pnwsteep.wsu.edu/tillagehandbook/chapter1/index.htm

Columbia Plateau PM10 Project

http://pnw-winderosion.wsu.edu/

Regional Approaches to Climate Change – Pacific Northwest 
Agriculture

https://www.reacchpna.org/
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Table 3-2. Differences between conservation and conventional tillage.

Parameters Conservation tillage Conventional tillage
Tillage 
operation

 Minimum soil disturbance Requires intensive tillage 
(more than four per year)

Crop residue Leaves more than 30% 
(≈1,000 lb/ac) on surface

Crop residues are 
incorporated in soil

Soil organic 
matter (SOM)

Increase SOM sequestration 
in surface soil

Increase SOM loss from 
surface soil

Greenhouse 
gas emission

Reduce greenhouse gas 
emission such as CO2

Increases greenhouse gas 
emissions

Erosion Reduce soil loss from wind 
and water erosion

High risk of soil loss from 
wind and water erosion

Soil water 
storage

Increase infiltration and 
reduce evaporation

More soil water loss from 
evaporation and poor 
infiltration

Water body 
pollution

Minimum water body 
pollution with sediment 
load and field-applied 
chemicals

High risk of water body 
pollution

Aggregate 
stability

Increase soil aggregate 
stability

Lower soil aggregate 
stability

Labor and fuel Low fuel use and labor cost High fuel use and labor 
costs due to more trips 
over the field

Tillage 
equipment

Direct seed drills costlier 
than conventional drills 

Machinery is widely 
available 

Weed control Reliance on herbicide 
during fallow

Tillage used to control 
weeds 

Crop 
management 

Information on new crop 
management strategies 
evolving

Relatively more information 
on crop management 
strategies 

Germination Potential slower 
germination

Well-tilled and clean 
seeding facilitates 
germination and plant 
establishment

Fertilizer May initially require more 
nitrogen

Initial nitrogen requirement 
does not increase 
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Costs of Owning and Operating Farm Machinery in the Pacific 
Northwest. Pacific Northwest Extension Publication PNW346.

http://whatcom.wsu.edu/ag/documents/enterbudgets/
CostOwnOperFarmMachPNW.pdf
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Abstract

Crop residue, a byproduct of harvested food and fiber, makes up a 
substantial amount of crop production biomass. Although traditionally 
considered an agricultural waste, residue is now recognized for its value 
in reducing soil susceptibility to wind and water erosion and contributing 
to soil health and soil fertility. This chapter reviews the benefits of 
residue retention and the methods for estimating residue coverage and 
biomass. Additionally, recent and emerging residue management tools 
are described, including a stripper header that leaves nearly all standing 
residue, improved information about managing decomposition rates 
through utilization of different crops and varieties, and new budgeting 
tools for balancing the tradeoffs related to harvesting or burning residues. 
This chapter provides growers with general principles about sustainable 
residue management practices for inland Pacific Northwest (PNW) 
cropping systems.

Research results are coded by agroecological class, defined in the glossary, as follows:

� Annual Crop     p Annual Crop-Fallow Transition     ¢ Grain-Fallow
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Key Points
• Soil erosion is a major contributor to soil degradation and air 

pollution in the inland PNW. Erosion can be mitigated by strategic 
management of crop residue.

• The challenges of residue management vary across the inland 
PNW. Heavy residue produced in high-yield areas can make 
planting difficult and contribute to unfavorable growing 
conditions in the early spring. In areas with low or intermediate 
yields, additional residue is desired for enhancing soil and water 
conservation benefits.

• Appropriate residue management strategies depend on agro-
ecological class, tillage, cropping system, and varieties.

• Different residue management strategies have tradeoffs between 
production, economics, environment, and soil health. The 
estimate of immediate economic tradeoff of harvest residue and 
burning can help support decisions about residue management 
practices.

Introduction

Crop residue, a byproduct of harvested food and fiber, makes up a 
substantial amount of crop production biomass. Residues are traditionally 
considered an agricultural waste. However, they are increasingly 
recognized for their value in reducing soil’s susceptibility to wind and 
water erosion, improving soil water conservation, and contributing to 
soil health. When harvested, crop residues are also valuable as livestock 
feed and bedding, and as feedstock for mushroom, fiberboard, and paper 
production. More recently, the prospect of using crop residue for energy 
production has also emerged.

The challenges of residue management vary across the inland PNW. 
One important factor is that residue production varies widely across the 
region, with estimated residue production for winter wheat ranging from 
roughly 0.9 ton/acre in the Grain-Fallow agroecological class (AEC) ¢ 
to 8.5 ton/acre in the Annual Crop AEC � (see Chapter 5: Rotational 
Diversification and Intensification). Too much residue can be problematic 
in the Annual Crop AEC �. High residue levels can lead to colder, wetter 
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soils in the early spring, complicate planting, and create conditions that 
benefit soilborne pathogens. However, residue production is generally 
lower than desired for soil health in areas with low or intermediate yields 
in the Grain-Fallow AEC ¢. Meanwhile, residue decomposition rates 
vary across the inland PNW and in different seasons of a year. Residue 
decomposition proceeds rapidly during spring, summer, and fall when 
soil moisture is adequate and air temperature is optimal, conditions that 
occur more frequently in wetter areas of the inland PNW. This is because 
the soil microbes responsible for decomposition are most active in 
warm (77–95°F) and moist (50–70% water-filled pore space) conditions 
(Havlin et al. 2005). Decomposition is very slow when soil temperatures 
are below 50°F or above 105°F, or when soil moisture is <40% water-filled 
pore space.

The purpose of this chapter is to provide growers with general principles 
about sustainable residue management practices that balance the 
agronomic, environmental, soil health, and economic tradeoffs of residue 
use. Specific objectives include: (1) discuss the benefits of crop residue 
in a sustainable agricultural system, (2) provide a critical evaluation 
of methods for estimating residue production, and (3) review current 
residue management practices in the inland PNW, including emerging 
residue management strategies and tools to help evaluate their benefits 
and tradeoffs.

Benefits of Residue Retention

In the inland PNW, under conventional tillage systems such as plowing, 
disking, or chiseling, residues are recycled by incorporating them into 
the soil. Alternatively, under conservation tillage systems, residues are 
recycled by leaving them to decay on the field surface. In combination 
with limiting the frequency and intensity of soil disturbance by tillage, 
residue return plays the following important roles: (1) protecting soil 
from erosion, (2) improving soil health, (3) increasing soil water retention 
and availability, (4) moderating soil temperature, (5) providing wildlife 
habitat, and (6) building soil organic matter (SOM). These factors, in 
turn, support long-term crop productivity. Tillage is covered in more 
detail in Chapter 3: Conservation Tillage Systems.
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Protecting Soil Against Erosion

As discussed in Chapter 3: Conservation Tillage Systems, soil erosion is 
one of the biggest challenges for sustainable agricultural production in 
the inland PNW. Water erosion is the major concern in the Annual Crop 
AEC �; wind erosion is the major concern in the Grain-Fallow AEC ¢. 
A surface cover of crop residue can effectively reduce both water and wind 
erosion. The optimal ground coverage for erosion control is linked to soil 
topography and slope, evenness of residue distribution, tillage, type of 
residue, and residue decomposition rate.

Residue cover and conservation tillage reduce water erosion primarily 
by protecting the soil from the impact of raindrops that disperse soil 
aggregates and cause soil surface crusting. Thus, the surface residue 
slows rain or melting snow movement across the soil surface, allowing 
more time for infiltration and reducing the extent of soil freezing under 
snow cover (Dickey et al. 1986; Smil 1999; Hatfield et al. 2001).

Crop residue on the soil surface reduces wind erosion by reducing wind speeds 
near the soil surface to below the threshold level for lifting soil particulates. The 
most important factors influencing the effectiveness of residue management 
for controlling wind erosion include: (1) mass of residue, (2) percentage of 
soil covered by residue (Figure 4-1), (3) degree of residue contact with soil, 
which ensures residue remains in place and does not blow away (Papendick 
and Moldenhauer 1995), and (4) the height, diameter, and population of 
standing stems, because these characteristics determine the silhouette area 
through which the wind passes (McMaster et al. 2000).

Mass of residue is determined not only by residue production, but also by 
tillage practices (see Chapter 3: Conservation Tillage Systems). In general, 
residue level and ground cover decrease in order of no-till > conservation 
tillage > conventional tillage (Table 4-1). For the same erosion control 
effectiveness, more residue is needed in a conventional tillage system than 
in a no-till system (Figure 4-2). Moreover, a greater amount of residue is 
needed in a more intensive tillage system, such as moldboard plow tillage, 
than in a conservation tillage system, such as undercutter tillage (Figure 
4-3) (Elbert et al. 1981). The Agronomy Guide from Purdue University 
summarizes the effects of tillage operations on the amount of post-tillage 
residue cover (Eck et al. 2001).
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Figure 4-1. Relationship between relative soil loss from wind erosion and percentage of soil covered by 
residue. (Adapted from Fryrear 1985.)

Table 4-1. Mean annual ground cover measured during winter crop growth in the Grain-Fallow 
agroecological class in Umatilla County, Oregon ¢. 

Site† Tillage % ground 
cover Tillage % ground 

cover
Drainage no-till 73a‡ traditional/

moldboard plow
44b

Hillslope no-till 81a minimum tillage 64b
Draw no-till 81a minimum tillage 59b

†The maximum slopes were 30%, 20%, 23%, and 4% in no-till, traditional/moldboard plow, 
hillslope, and draw sites, respectively. 
‡Values in rows are significantly different at P≤0.05 with different letters.
Adapted from Williams et al. 2014.
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Figure 4-2. Relative soil loss from water erosion on land with surface and incorporated residues for 
northwest Washington where rill erosion is the dominant type of erosion on crop land. (Adapted 
from Papendick and Moldenhauer 1995.)

Figure 4-3. Soil loss associated with various tillage systems in a wheat-fallow rotation in Nebraska. 
(Adapted from Dickey et al. 1981.) Note: lab simulation study on 4% slope hill after planting wheat in a 
wheat-fallow rotation.
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Adequate soil surface protection with crop residue cover is particularly 
important in the Grain-Fallow AEC during the critical periods for wind 
erosion, including in the fall and in April and May, when high winds and 
vulnerable soil conditions occur (Papendick and Moldenhauer 1995). 
Residue cover is generally <15% soil surface cover (<500 lb/acre) by 
November to March in areas where conventional tillage is practiced during 
summer fallow (Thorne et al. 2003; Williams et al. 2014). Practices that 
increase residue biomass production or no-till is especially important in 
these areas to preserve surface cover during vulnerable times. No-till with 
tall standing stubble is especially effective. For example, a study found that 
doubling the mass of 10-inch-high wheat residue (from 450 to 906 lb/acre) 
has been shown to cut wind erosion by more than 95% (Smil 1999). ¢

In contrast, in the high-yield areas in the Annual Crop AEC, residue 
production significantly exceeds the amount required for erosion control. 
The concern is to retain enough residue for effective erosion control in 
fields where conventional tillage, or harvesting or burning residue, is 
practiced (see Chapter 3: Conservation Tillage Systems). The amount 
of residue that can be harvested or the frequency of burning should be 
carefully estimated so that an adequate amount of residue is retained for 
erosion control and soil health improvement. �

Researchers generally agree that 30% residue coverage (approximately 
1,000 lb/acre residue) is adequate to control both wind and water erosion 
in flat fields; but, coverage requirements increase to as much as 60% in 
sloped fields under a conservation tillage system (USDA-NRCS 2005; 
2008). The Natural Resources Conservation Service (NRCS) Conservation 
Plan currently requires at least 30% of last year’s crop residue on the soil at 
planting for a conservation tillage system. In addition, for best water and 
wind erosion management, surface residue should be spread as uniformly 
as possible. At harvest, straw chopped into smaller-sized pieces is more 
likely to be spread uniformly. However, the smaller size is also more likely 
to be redistributed by wind or water and will decompose faster due to 
greater surface area contact with soil and water.

Improving Water Conservation

Water availability is a major limiting factor for dryland crop production. 
Winter wheat requires an estimated 2.32 inches of available water for 
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vegetative growth prior to reproductive development. Each additional 
0.39 inch of available stored soil water and spring rainfall (April–June) 
produces an average of 134 and 155 lb/acre grain, respectively, in eastern 
Washington (Schillinger et al. 2010).  

Soil water recharge and storage is especially important in the inland PNW 
because an estimated 70% of the region’s precipitation occurs between 
October and March (as discussed in Chapter 1: Climate Considerations). 
Because daily potential evaporation during the rainy season is low, soil 
water can percolate beyond the surface soil layers if water runoff can be 
effectively controlled (Ramig et al. 1983; Ramig and Ekin 1984). Residue 
and tillage management strategies can be used to increase infiltration, 
reduce evaporation, enhance snowfall catch, and improve water holding 
capacity, therefore increasing soil water storage.

Surface residue cover can increase infiltration and suppress evaporation. 
However, the extent of this effect depends largely on the AEC, the amount 
of residue, and the tillage system. For no-till producers in the Grain-Fallow 
AEC, large amounts of surface residue cover are required to effectively 
reduce evaporation due to the extended dry, hot summers (Wuest and 
Schillinger 2011). A 6-year field study conducted in this AEC concluded 
that, even with 4 or 7 times the regional residue average (1.4 ton/acre), 
evaporation reduction in no-till surface cover remained limited compared 
to tilled fallow ¢. This limited benefit of no-till summer fallow on water 
storage efficiency has also been documented in other parts of the US: the 
percentage of precipitation that generally can be stored in soils is only 10% 
in Texas, 22% in eastern Colorado, and 25–30% in western Kansas for the 
14-month winter wheat-summer fallow rotation (Peterson et al. 1996). 

In the Annual Crop-Fallow Transition AEC, no-till that leaves residue 
on the soil surface provides significant benefits in soil water storage 
over conventional tillage. Research conducted in Pendleton, Oregon, 
during a dry year suggested that conserving residues results in higher 
water infiltration and greater soil water storage than when residues were 
incorporated (Figure 4-4). The average soil water storage in the 41-
inch profile was 7.36, 6.61, and 6.10 inches under no-till (94% ground 
cover), residue returned after tillage (83% ground cover), and residue 
incorporated with tillage (23% ground cover), respectively (Williams and 
Wuest 2014) p.
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Increases in soil water storage in no-till that leaves residue on the soil 
surface have also been seen in the Annual Crop AEC. Near Troy, Idaho, 
soil moisture in the surface 6 inches of winter wheat, managed with no-
till, was found to be significantly higher in the fall between precipitation 
events than winter wheat managed with no-till plus stubble reductions or 
with conventional tillage (Huggins and Pan 1991). �

Understanding the impacts of residue on snow capture is important to 
understanding water storage impacts of residue. Across the inland PNW, 
roughly a third of precipitation is in the form of snow during the primary 
soil-water recharge period. Trapping more snow can increase soil 
water storage, and can also provide insulation that protects plants from 
winterkill. In the unique land topography of the Palouse, redistribution 
of snow by wind and snowmelt runoff can also cause substantial spatial 
variation in soil water availability. Ridge tops and south-facing slopes 
generally retain the least amount of snow, and valley areas retain the 
thickest snowpack regardless of tillage system (Figure 4-5).

In this topography of the Palouse, no-till retains more soil water with 
less spatial variation of snow depth at all topographic locations compared 
with conventional tillage. In Pullman, Washington, during the 2007–
2008 season, no-till ridge tops and south-facing slopes (with 3.54 to 
13.00 inches standing stubble) retained 3.94 to 4.72 inches and 3.94 to 
5.51 inches more snow, respectively, during two separate snow events, 

Figure 4-4. Soil water in a 41-inch profile during a dry crop year (2005) under TI (residue incorporated 
into soil), NT (no-till), and RR (residue returned on soil surface after tillage) treatments of annual 
winter wheat near Pendleton, Oregon. (Adapted from Williams and Wuest 2014.) p
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Figure 4-5. Average snow depth observed during January 29 through February 14, 2008, on two 
adjacent fields in Pullman, Washington, for (a) conventional tillage (CT) on a private farm and (b) no-
till (NT) on Washington State University Cook Agronomy Farm, and departure of snow depth at ridge 
top and valley from the average for (c) CT and (d) NT. (Adapted from Qiu et al. 2011.) �
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compared with conventionally tilled fields (Qiu et al. 2011). By spring, no-
till stored 2.36, 1.14, and 0.51 inches more water in the 5-foot soil profile 
at ridge tops, south-facing slopes, and valley locations, respectively, than 
conventional till. �

Standing crop residue, such as wheat and sunflower stubble, is more 
effective not only in reducing wind speed and evaporation but also in 
increasing snow catch than chopped residue left on the soil surface 
(Nielsen 2013). Snow catch generally increases as stubble height increases 
in no-till (Figure 4-6). A long-term study in Saskatchewan concluded that 
leaving 35–47 inches wide standing stubble strips of residue about 16–24 
inches tall every 19.5 feet trapped 1.6 times as much snow as shorter 
stubble at 12 inches tall (Campbell et al. 1992).

Improving Soil Health

In addition to conserving soil and water, residue remaining in the field 
positively affects soil physical, chemical, and biological properties and 
productivity, mostly via increasing SOM. A more complete discussion 
of soil health and the benefits of SOM are presented in Chapter 2: Soil 

Figure 4-6. Snow depth observed at (a) ridge top route on January 15, 2008, and (b) different 
subsections on January 10, 2008, at the Washington State University Cook Agronomy Farm in Pullman, 
Washington (under no-till). (Adapted from Qiu et al. 2011.) �
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Health. Residue return and reduced tillage can be a cost-effective way to 
maintain soil health. Crop residue, including roots, is the primary source 
of organic matter for most dryland cropping systems in the inland PNW. 
Although, surface residue retention in no-till, arid cereal systems only 
has limited impact on soil organic carbon (SOC) accumulation (Gollany 
et al. 2011).

Adding crop residue to soil can also increase total soil porosity 
and reduce soil bulk density, surface sealing, and crust strength, 
which benefits crop emergence and water infiltration. Microbial 
decomposition of crop residue produces polysaccharides and other 
compounds that help bind soil particles together into stable soil 
aggregates, which is one of the major mechanisms of aggregate 
stabilization in soils (Turmel et al. 2015). Soil aggregates, in turn, 
can protect SOM from decomposition by making it less accessible to 
microorganisms.

Clearly, surface residue retention improves aggregate stability of the 
surface soils (Campbell and Souster 1982; Baker et al. 2007). Yet, the 
effects of residue management practices on subsoil physical quality 
remains unclear. Li et al. (2012) found decreased macroaggregate 
proportions in the 2–12 inches of subsoil under no-till. Other research 
found no differences in subsoil macroaggregate proportions under 
different tillage systems when residue was retained in the fields (Jacobs 
et al. 2009).

Crop residues also provide nutrients (see Chapter 6: Soil Fertility 
Management). Nutrient availability from decomposition of crop residue 
depends on residue type and quality. Pulse and canola residues contain 
higher concentrations of nitrogen (N) and phosphorus (P), and therefore 
return more of these nutrients than cereal crop residues. Research 
conducted in Alberta, Canada, found that canola straw returned 45 lb N 
per acre and pea returned 20 lb N per acre, whereas wheat only returned 
14 lb N per acre (Soon and Arshad 2002). In a New Zealand study, only 
an estimated 7% of N in lentil straw was mineralized during the following 
growing season. The remaining N can become a long-term source of N 
(Bremer and Kessel 1992).
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Estimating Residue Ground Coverage and Biomass

Estimating Residue Ground Coverage

The percentage of ground coverage by residue after planting is an 
important benchmark generally used to determine effectiveness of 
erosion control (Figure 4-7). Several methods can be used for measuring 
crop residue in fields, including weight per unit area (Figure 4-8), the 
line-transect method, the meter stick method, or the photo comparison 
method. Detailed descriptions of each measurement method, along 
with guidance for interpreting results can be found on the USDA-
NRCS website: http://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/
nrcs144p2_042684.pdf.

Estimating Residue Biomass

Crop residue biomass is typically estimated indirectly. Historically, these 
estimates have been made on the basis of harvest index or residue-to-
grain (R:G) ratio. Harvest index is the ratio of crop yield to the crop’s 
total aboveground biomass (Donaldson et al. 2001; Smil 1999). R:G ratio 
is simply the ratio of dry residue yield to grain yield. The equation below 

Figure 4-7. Relationship between relative soil loss from water erosion and percentage of soil covered by 
small grain residue. (North central WA: where mixed interill/rill erosion is dominant type water erosion; 
Northwest WA: where rill erosion is the dominant type of water erosion on crop land.) (Adapted from 
Papendick and Moldenhauer 1995.)
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is typically used to calculate the amount of residue production for wheat 
based on grain dry yield and R:G ratio.

Existing literature reports a wide range of R:G ratios. The ranges of R:G 
ratios commonly used are 1.10–1.70 for wheat, 0.82–2.50 for barley, 
1.20–1.70 for rye, 1.08–1.32 for grain triticale, and 1.86–4.00 for canola 
(Koenig et al. 2011; McClellan et al. 1987; Behl and Singh 1998; Lal 2005). 
Using wheat production in 2012 (USDA-NASS) as an example, the ranges 
of estimated total wheat residue production in the inland PNW states of 
Washington, Idaho, and Oregon (assuming the mean test weight was 60 
lb/bu) are listed in Table 4-2.

The estimation method using the R:G ratio results in a wide range of 
estimated residue quantities (Table 4-2). Environmental factors, nitrogen 
fertility, and genotype (especially crop height), greatly impact the R:G 
ratio.

In response to this difficulty, McClellan et al. (2012) developed improved 
residue-to-grain yield relationships for inland PNW dryland cereal 
and legume production to estimate crop residue production. These 
relationships were described using linear models fitted to data from a large 
number of research sites across eastern Washington and north-central 

Figure 4-8. A general relationship between percentage ground cover and residue weight per acre 
for common small grains and legumes in the non-irrigated areas of the inland PNW. (Adapted from 
Papendick and Moldenhauer 1995.)
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Table 4-2. Estimated total wheat residue production by state in the inland PNW.

State Total grain  
production

Calculated total residue production 
R:G ratio = 1.1 R:G ratio = 1.7 Range

million bushels ---------- million metric tons ----------
WA 141.02 4.22 6.52 4.22-6.52
ID 96.84 2.90 4.48 2.90-4.48
OR 57.51 1.72 2.66 1.72-2.66

Note: total grain production was published by USDA-NASS 2012.

Oregon (Table 4-3; Figure 4-9). These linear models could explain 31% of 
the variation in spring wheat residue yield, and a much higher percentage 
(55 to 69%) of variation in winter wheat, winter barley, and spring barley 
residue yield. Although the model found a positive linear relationship 
between lentil grain yield and residue yield, it could only explain a small 
amount of the variation (9%) for lentils—much lower than for the cereal 
crops (McClellan et al. 2012). Their results suggest that the fixed R:G 
ratio overestimates residue production of high-yielding winter wheat by 
as much as 35%, and underestimates residue production of low-yielding 
spring wheat by as much as 66%. These differences are large enough to 
have implications for decisions about residue management.

Table 4-3. Linear regression analysis at a three standard deviation rejection limit for an eastern 
Washington dataset.

Crop Number of 
Samples

Regression Equation 
For Calculating Residue†

Standard 
Deviation R2

lb/acre
Winter wheat 1135 y = 1.1274x + 1,175.3 2787 0.69
Spring wheat 112 y = 0.8613x + 2068.1 2159 0.31
Winter barley 53 y = 0.8310x + 1747.7 2089 0.65
Spring barley 737 y = 0.7013x + 1302.9 1771 0.55
Lentils 144 y = 0.4684x + 1843.8 904 0.09
Peas 117 y = 0.7187x + 940.9 975 0.29
Austrian 
winter peas 12 y = 1.3427x + 1327.2 1236 0.63

†x = grain yield (lb/acre) and y = residue dry yield (lb/acre).
Adapted from McClellan et al. 2012.



140

Advances in Dryland Farming in the Inland Pacific Northwest

Figure 4-9. Regression line, 
fitted equation, and 95% 
confidence interval (CI) for 
winter wheat, spring wheat, 
lentils, and peas in eastern 
Washington. (Adapted from 
McClellan et al. 2012.)
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Including factors such as plant height and N status, in addition to grain 
yield, can significantly improve the accuracy of straw yield predictions 
over the use of R:G ratio alone (Engel et al. 2003; Long and McCallum 
2013). Research conducted on three neighboring commercial production 
fields in Oregon suggested that wheat height was a better predictor of 
residue yield for irrigated hard red spring wheat than grain yield or 
grain protein concentration (Long and McCallum 2013). A strong 
linear relationship was found between straw yield and wheat height for 
this cultivar and within this environment. When relationships between 
residue production and factors such as plant height, N status, and yield 
are confirmed, a GIS, on-combine lidar sensor, yield monitor, and protein 
monitor-equipped combine can simultaneously collect wheat height, 
yield, and protein data as appropriate (Long and McCallum 2013). These 
tools can generate maps that can be used to make site-specific decisions 
about sustainable residue harvest. 

Remote sensing spectral indices have also been evaluated to predict crop 
residue cover and density (Aguilar et al. 2012). These indices include: (1) 
broadband spectral normalized difference indices derived using Landsat 
Thematic Mapper (TM) bands, such as the normalized difference tillage 
index, the normalized difference index 5 and 7, and the normalized 
differential senescent vegetation index; (2) reflectance-band height 
indices such as the lignin-cellulose absorption index and the cellulose 
absorption index; and (3) spectral angle methods. These methods work 
well for distinguishing crop residue from background soils, and therefore 
percentage of ground coverage of laying residues. However, more work 
needs to be done to use these technologies to measure residue density 
and quantify the amount of crop residue for both laying residues and tall 
standing stubble of stripper header harvest (Aguilar et al. 2012).

Managing Residues in Inland PNW Dryland Cropping 
Systems

As described previously, the challenges for residue management vary 
across the region, necessitating different management strategies. In wetter 
areas, where too much residue can be an issue, tillage can effectively 
decrease residue levels by accelerating decomposition, but this strategy 
can diminish the benefits provided by crop residue. Mowing to cut residue 
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into shorter pieces is one common strategy for coping with high residues 
without tillage. Crop rotation, for example, adding canola, pea, lentil, 
rapeseed, or wheat cultivars with faster decomposition genotypes into 
rotation can also be used to reduce overall residue levels throughout the 
rotation, as these crops produce less residue with a higher decomposition 
rate (Brown 2015). Burning or harvesting can also be used to reduce the 
amount of residue, though with tradeoffs for soil health and nutrients.

On the other hand, in areas with low or intermediate yields, where 
residue production is generally lower than desired, different management 
strategies are needed. When feasible, crop intensification and 
diversification to reduce fallow can be used to increase biomass and soil 
carbon (C) sequestration while increasing soil and water conservation 
(Gollany et al. 2013; Schillinger et al. 1999; and Young et al. 2015). 
Examples of crop intensification include replacing winter wheat-summer 
fallow with summer fallow-winter pea-winter wheat, or by replacing 
summer fallow by short-season, spring-planted crops such as spring 
wheat, barley, canola, sunflower, and others to make a winter wheat-
spring crop-summer fallow rotation in the Transition AEC p. Research 
has shown that annual no-till spring cereal cropping systems can provide 
greater wind erosion protection and reduce SOM loss in the Grain-Fallow 
AEC, but the economic returns were less than winter wheat-summer 
fallow cropping systems (Rasmussen et al. 1998; Young et al. 2015) ¢. 
In addition, other management strategies such as early seeding, higher 
seeding rates, planting tall varieties or crops with high residues (such as 
barley or winter triticale), and optimizing fertility can increase residue 
density.

The sections below discuss several relevant management strategies in 
more detail: harvest with a stripper header, managing decomposition 
rates through utilization of different crops and varieties, burning, and 
harvesting residues for other uses. Intensification strategies are discussed 
in more detail in Chapter 5: Rotational Diversification and Intensification.

Harvest with a Stripper Header

Use of a stripper header to conserve tall standing stubble is a promising 
residue management strategy that is being explored in the inland PNW 
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for erosion control and water conservation by research and innovative 
growers (Port 2016; Yorgey et al. in preparation). 

Tall standing stubble in a no-till system, achieved by harvesting with 
a stripper header and leaving standing stubble at full-crop height, can 
reduce residue decomposition rates and conserve water (McMaster et 
al. 2000; Port 2016). Tall standing stubble is especially important for 
sparse stands. A 4-year study conducted in Ralston, Washington, found 
that stripper header winter triticale stubble in no-till chemical fallow 
influences the microclimate at the soil surface. The tall standing stubble 
can reduce soil temperatures and reduce average wind speed at the soil 
surface to less than one half of average wind speed. The stripper header 
winter triticale stubble also preserved greater amounts of soil moisture 
and more uniform soil moisture in the 0 to 3-inch seed zone. This allows 
for timely planting and establishment of fall-seeded canola (Port 2016). 
Another 5-year study in Fort Collins, Colorado, concluded that tall 
standing residue provides numerous benefits such as increased snow 
trapping, decreased decomposition rates, wind speed, weed pressure, soil 
temperature during the fallow period, and within-field variation in snow 
cover and water storage (McMaster et al. 2000).

Managing Residue Decomposition Rates through Crop, Variety, 
and Fertility

Residue decomposition rates are influenced by a variety of management 
factors. An awareness of these influences is helpful and, in some cases, 
may offer opportunities to growers in heavy residue systems for reducing 
residue buildup or to those in low residue systems for preserving residue 
cover.

Residue structural components and chemical composition help 
determine residue decomposition rates in soils. Loss of simple sugars 
and amino acids occurs rapidly, whereas polysaccharides, proteins, and 
lipids take much more time to decompose. Lignin is even more resistant 
to decomposition, and is a major contributor to humus in soils.

Different crops have different residue structure components and chemical 
composition. Pulse crops and canola residues usually contain higher N 
concentrations and have lower carbon-to-nitrogen (C:N) ratios than 
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cereal residues, and thus decompose more rapidly. Thus, including pulses 
and canola in rotation with cereals can reduce residue levels across the 
rotation. Different environmental conditions can also result in different 
residue chemical composition and thus decomposition, with faster 
decomposition for residues grown in drier years or areas (Stubbs 2009).

Residue structural components and chemical composition can also 
differ significantly among varieties for a single crop, and this can impact 
decomposition rates. A study conducted in eastern Washington on the 
chemical composition of residue from different cultivars of spring barley, 
spring wheat, and winter wheat suggested that the percentage of acid 
detergent fiber (ADF), acid detergent lignin (ADL), C:N ratio, and N 
content all correlated with residue decomposition. The percentage of ADF 
and total N were both found to be best correlated with decomposition 
after 8 weeks of incubation. Total N was also a good indicator of 
decomposition at 16 weeks (Figure 4-10). Foot rot-resistant cultivars had 
higher ADF, ADL, and C:N ratio than foot rot-susceptible cultivars, and 
were therefore more resistant to decomposition.

The residue C:N ratio also determines whether net N mineralization or 
immobilization occurs from freshly added residue. Thus, N management 
should take into consideration the previous crop residue. Although soil 
microorganisms have a C:N ratio of 8:1, they require a crop residue C:N 
ratio of 24:1 for decomposition activity (of the 24 parts, 8 parts remain in 
microorganism biomass and 16 parts are lost as CO2 during respiration). 
If a crop residue has a C:N ratio of ≤24, net N mineralization occurs. If the 
C:N ratio is >24, a temporary net N immobilization occurs until microor-
ganisms die and subsequently release N from their biomass. If high C:N 
ratio residue is repeatedly added to the soil, soil microorganisms can tie 
up N, increasing the likelihood of N deficiency during decomposition 
of high C:N crop residue. The USDA-NRCS provides typical C:N ratios 
of different crop residues at: http://www.nrcs.usda.gov/wps/PA_NRCS-
Consumption/download?cid=nrcs142p2_052823&ext=pdf. For more 
discussion on managing soil fertility in light of mineralization and 
immobilization, see Chapter 6: Soil Fertility Management.

The composition of roots can be different than the above-ground portions 
of crops, and this also impacts decomposition rates. In canola, pea, and 
wheat, C:N ratios in straw are found to be higher than in roots, but lignin 
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Figure 4-10. Correlation of winter wheat residue decomposition with (a) percentage of acid detergent 
fiber (ADF) and (b) percentage of total N after 16-week incubation of six cultivars from Pullman and 
Dusty, Washington. (Adapted from Stubbs et al. 2009.)
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content is higher in roots than in straw (Soon and Arshad 2002). Unlike 
above-ground residue, the decomposition of roots was neither correlated 
with N concentration nor C:N ratio.

Residue Harvest

Particularly in areas where residue production is plentiful, grain residue 
can be harvested for livestock feed, bedding, mushroom production, as 
feedstock for fiberboard or paper production, and biochar production. 
Crop residue with high cellulose content, including residues of corn, 
wheat, sorghum, rice, and barley, was also identified by the USDA as 
a potential future feedstock for second generation biofuel production 
because of its large quantity, easy availability, and renewability (Perlack et 
al. 2005). Unlike first generation biofuel feedstocks such as corn grain and 
soybeans, using crop residues can avoid displacement of food production 
by allowing grain to be harvested for food or feed while the residues are 
harvested for ethanol production.

However, although large quantities of residue are produced, not all the 
residue produced can be or should be removed. Harvesting crop residues 
involves tradeoffs between other uses and the agroecosystem services 
described previously in this chapter (Laird and Chang 2013; Huggins 
et al. 2014). Specific considerations that can help determine how much 
straw should be harvested include a determination of the amount of 
residue needed for effective soil erosion control, maintenance of SOM 
and soil health, and economics.

Determining sustainable residue harvest

Calculating the amount of residues needed for erosion control and 
maintenance of soil health can provide a minimum amount of residues 
that need to be conserved for long-term agroecosystem sustainability. 
Residues produced beyond that level may thus be considered for 
harvesting.

Changes in SOC are highly correlated with residue input in the Grain-
Fallow AEC of the inland PNW (Gollany et al. 2011; Rasmussen and 
Parton 1994), implying that SOC sequestration is particularly sensitive 
to crop residue removal in this system ¢. Long-term studies established 
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in 1931 in Pendleton, Oregon (average 15.75 inches of precipitation), 
estimate that 3.57 to 4.46 ton/acre/year of crop residue should be 
retained in this system for SOC maintenance (Rasmussen et al. 1980; 
1998). However, wheat residue produced in winter wheat-summer fallow 
in this region was not able to maintain initial SOC levels regardless of 
crop rotation, fertilizer rates, and tillage practices (Machado 2011). The 
main reason was that growing one crop in two years did not produce 
sufficient biomass to maintain SOC. Harvesting wheat residue from this 
system would accelerate SOC depletion (Table 4-4). However, other long-
term studies at the same site suggested that SOC could be maintained or 
increased in a continuous annual cropping system even if residues were 
the only SOC input (Table 4-5) (Machado 2011).

In the Annual AEC, where rotations are more diversified, a budget for 
sustainable cereal straw harvest should be based on the crop rotation 
instead of cereal residue alone (Papendick and Moldenhauer 1995; 
Huggins et al. 2014). For example, a comparison of three crop rotations 
including a 2-year rotation of winter wheat-spring pea (WW-SP), a 3-year 
rotation of winter wheat-spring pea-spring wheat (WW-SP-SW), and a 
3-year rotation of winter wheat-spring barley-spring wheat (WW-SB-
SW) indicated that harvestable residue was greatest for the WW-SB-SW 
rotation and least for the WW-SP rotation (Huggins et al. 2014). Tillage 
was also important, with smaller adverse effects of residue harvest in the 
3-year rotations for no-till compared with conventional tillage.

Economic tradeoffs for cereal residue harvesting

Once needs for erosion control and soil health maintenance are established, 
residue beyond these amounts may be available for baling, if economically 
feasible. The economic tradeoff calculated using partial budgeting (Table 
4-6) is the most direct calculation that can be used to support decisions 
on residue baling in a given year. Using this approach, costs of residue 
harvest can be calculated based on the value of the nutrients removed and 
the cost of the baling process, and this cost should be offset by the sale of 
the straw for economic sustainability (Huggins et al. 2014).

The value of nutrients in crop residue is a function of the nutrient content 
and replacement fertilizer prices (Table 4-7). The costs of residue harvest 
and residue swathing, baling, and stacking vary greatly depending on 
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Table 4-6. Partial budgeting comparing residue removal and residue return to fields for growers.

Partial Budgeting
Alternative: residue removal 

Increased cost
Residue harvest 

Residue swathing, baling, and 
stacking

Sensors, imageries 

Increased revenue
Sale of the straw

Reduced revenue
Value of fertilizer replacement 

for N, P, K, S, and Cl

Reduced costs
none

A. Total increased costs and 
reduced revenue

B. Total increased revenue and 
reduced costs

Expected change in net revenue (B – A)

the density of stubble, header width, baling method and size of bales, 
and field conditions. If farmers own the equipment, the cost may be 
lower than hiring custom operators (Duft and Pray 2002). The custom 
operators’ rates for Idaho agricultural operations is updated by University 
of Idaho Extension in the BUL729 publication. If the expected change 
in net revenue calculated by partial budgeting is positive, then it is 
economically feasible to bale.

Site-specific cereal residue harvesting

Crop residue production varies both between and within fields. In general, 
between-field variability can be explained by the type of crop, harvest 
methods, plant height and other genotype characteristics, environmental 
factors such as plant-available water and nitrogen fertility, and field 
management practices. Within-field variability can result from differences 
in soils, slopes, water, nutrients, pests, and interactions of these factors.

Because of this variability, site-specific harvesting of cereal residues may 
help ensure long-term economic and environmental sustainability. Over 
three years, within-field variability in cereal straw production in a field 
near Pullman, Washington, was more than twofold, and the variability 
in nutrient removal ranged over fivefold if all the residue was removed 
(Huggins et al. 2014). Site-specific harvesting could be made feasible by 
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the use of precision agriculture technology, such as lidar sensors, to 
measure real-time wheat height to generate residue yield maps. For more 
information on these technologies, see Chapter 8: Precision Agriculture.

Opportunities for harvest with biomass return after processing

One intriguing potential for reducing the downsides of harvest is to 
return residuals to fields after processing, along with the retained carbon 
and nutrients. For example, when residues from cereal systems are used 
for paper-making, the process results in “black liquor,” an organic waste 
effluent that contains lignin, nutrients, and other organics. If returned 
to soils, black liquor can be used as a soil amendment. In an alternative 
example, thermochemical energy production in an oxygen-limited 
environment can result in bio-oil and biochar, with emphasis on one or 
the other products depending on conditions. Bio-oil provides energy, 
while biochar is a solid, carbon-rich, porous material that can be returned 
to soils, sequestering carbon and providing a mild liming effect. Black 
liquor and biochar are described in Chapter 7: Soil Amendments.

Residue Burning

Grain producers in the inland PNW have burned wheat residue for a 
number of reasons. First, burning can eliminate seedbed tillage operations 
and enable producers to use existing machinery to plant winter wheat 
in no-till systems (McCool et al. 2008). Second, burning is sometimes 
perceived to positively impact crop growth and yields although this 
effect has not always been seen; for example, research conducted in the 
UK found no yield advantage from burning winter wheat straw over 
incorporation (Smil 1999). Third, burning can reduce the incidences of 
disease, weeds, and insects. Research has shown that burning can reduce 
seeds located on the soil surface by 97% for brome, 50% for wild oat, 
61–94% for blackgrass, and 43–65% for goatgrass spikelets (Young et 
al. 1990), though efficacy can sometimes be impacted by non-uniform 
high temperatures over the soil surface during burning (McCool et al. 
2008; Smil 1999; Young et al. 1990). Ongoing work has also indicated a 
potential role for limited burning, such as windrow burning, as one part 
of an integrated weed management strategy (Lyon et al. 2016; Young et 
al. 2010). This is discussed in Chapter 9: Integrated Weed Management.
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Although there are advantages to burning residues in some cases, there 
are also tradeoffs, including the adverse impacts on soil health and 
productivity. Long-term burning can reduce total C and N pools, SOM, 
net N mineralization rates, C:N ratio, microbial biomass, extractable 
C and polysaccharides (readily available carbon sources for microbes), 
ammonium, and available P (Fasching 2001). Long-term crop 
residue burning has negative impacts on soil physical characteristics 
including decreased water stability of soil aggregates due to reduction 
of soil biological activities (glomalin, basidiomycetes, and earthworm 
counts) (Wuest et al. 2005), increased erodibility and soil density, and 
decreased water and nutrient retention (Papendick and Moldenhauer 
1995; Holmgren et al. 2014). A literature review indicates that there 
is no measurable negative effect from occasional and short-term 
burning (Holmgren et al. 2014), although the practice can cause ground 
hardening and reduce water infiltration as a result of temporary soil 
surface sealing after burning.

Beyond the farm, residue burning also has negative environmental 
impacts. It contributes to greenhouse gas emissions including CO2, 
nitrous oxide (N2O), methane (CH4), and carbonyl sulphide (COS, 
which has a greenhouse gas potential 724 times that of CO2) (Smil 1999; 
Jain 2014). It also releases air pollutants including carbon monoxide 
(CO), ammonia (NH3), nitric oxide and nitrogen dioxide (NOx), sulfur 
dioxide (SO2), non-methane hydrocarbon, volatile organic compounds, 
particulate matter less than 10 μm (PM10) and 2.5 μm (PM2.5) in size, 
and smoke. These air pollutants exacerbate respiratory and lung disease 
with public health impacts (http://community.seattletimes.nwsource.
com/archive/?date=19981001&slug=2775191). Research has found 
that there were significant increases in hospital admissions related to 
the increase in pollutants during agricultural crop residue burning 
(Agarwal et al. 2012).

Economic tradeoffs of residue burning

The economic benefit of residue burning can best be estimated as a 
function of change in subsequent crop yield. However, this change is hard 
to identify because there are differing results of burning dependent on 
other field management practices (Smil 1999; Huggins et al. 2011; Young 
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et al. 2010). Meanwhile, the cost of residue burning can be estimated 
using the cost of the burning permit and the fertilizer replacement value 
of nutrients lost from burning, generally including N, P, K, and S. For 
example, based on average fertilizer prices from 2008 to 2010, the cost for 
fall field burning was estimated at $28.62/acre and $9.64/acre for spring 
field burning in eastern Washington (Table 4-8). The burning permit can 
be a substantial percentage of the total cost. In 2016, the Washington 
Department of Ecology charged a minimum fee of $37.50 for the first 10 
acres and $3.75/acre for each additional acre.

In calculating the nutrient value, C content varied only a little, but other 
nutrients in residue varied significantly depending on time of burning, 
crop, water and nutrient supply, management practices, and other factors 
(Table 4-9). A field burning study on surface winter wheat residue 
conducted in Pullman, Washington, found that fall burning reduced 
residue by 62% whereas spring burning reduced residue by 55% (Huggins 
et al. 2011). The difference between fall and spring burning is a result 
of winter wheat residue reduction (by 36%) from decomposition and/or 
mixing with soil by biota between fall and spring. Spring burn resulted 
in greater residue N loss (40%) compared with fall burn (33%). Losses of 
K, P, and S from fall burning averaged 70%, 37%, 57%, respectively, and 
from spring burning averaged 56%, 39%, 45%, respectively (Table 4-10).

Table 4-8. Fertilizer replacement cost for nutrient loss during fall and spring burning of winter 
wheat residue; research was conducted in Pullman, Washington, within the Annual Crop 
agroecological class. �

Residue nutrient Fertilizer cost† Fall burn 
nutrient loss

Spring burn 
nutrient loss

---- $/lb ---- -------------- $/acre --------------
N 0.45 (82-0-0) 5.27 4.95

K2O 0.62 (0-0-60) 20.40 2.83
P2O5 0.73 (10-34-0) 1.72 1.20

S 0.47 (12-0-0-26) 1.23 0.66
Nutrient 
replacement cost 28.62 9.64

†Average fertilizer prices for 2008–2010 from Idaho input cost publication series (http://www.uidaho.edu/
cals/idaho-agbiz). 
Source: Huggins et al. 2011.
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Conclusion

Crop residue is a nutrient and SOC source for soil health when returned 
to soil, a valuable feedstock when harvested, and a ground cover 
for protecting from soil erosion. Making decisions for best residue 
management practices is complicated because it requires balancing 
tradeoffs between agronomic productivity, soil health improvement, 
soil erosion and environmental protection, and economics. The review 
of benefits and tradeoffs of residue management practices and tools 
discussed in this chapter can be used to help growers make decisions that 
are best for their specific situations.
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Abstract

Diversification and intensification of inland Pacific Northwest (PNW) 
dryland cereal cropping systems can present win-win scenarios that 
deliver short and long-term benefits for producers and the environment, 
stabilizing profit and increasing adaptability to and mitigation of climate 
change. Improving diversity, or reducing fallow, can enhance current 
farm productivity and income levels, pest management, soil structure, 
and water infiltration. Alternating oilseeds and grain legumes, in rotation 
with cereals, can reduce greenhouse gas emissions and improve nitrogen 
cycling; replacing fallow with crops can increase straw residues and the 
potential for carbon sequestration. Growers seek reliable, site-specific 
information on the management and potential of alternative cash crops and 
cover crops. Recent studies help to interpret the agronomic and economic 
feasibility of alternative cropping systems as well as understanding their 
role in potential climate change adaptation and mitigation.

Research results are coded by agroecological class, defined in the glossary, as follows:

� Annual Crop     p Annual Crop-Fallow Transition     ¢ Grain-Fallow
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Key Points
• Rotational diversity is low in the wheat-dominated cereal 

production systems of the inland PNW. Diversifying or intensifying 
cropping systems helps producers minimize lost production 
opportunities, improve farm productivity, increase grower income 
and flexibility, adapt to predicted climate change, and achieve long-
term environmental benefits. 

• Adopting alternative rotations comes with tradeoffs and can 
increase risk. Success is dependent on geographic location, 
production potential, rotational fit, market opportunity, crop 
price, and production costs.

• Broadleaf crop sequences can improve cereal pest management, 
nutrient cycling, or soil structure. For example, legumes can reduce 
nitrogen fertilizer costs and greenhouse gas emissions and canola 
can increase water infiltration, break up hardpans, disrupt weed 
and disease cycles, and access water and nutrients deep in the soil. 

• Adopting improved fallow practices can be an important step 
toward building soil resiliency and increasing future opportunity 
for diversification and intensification in tilled grain-fallow systems.

• Rotational benefit to wheat yield should be accounted for when 
evaluating potential returns for alternate crop rotations.

Introduction

Wheat has been the dominant crop in the inland PNW dryland region 
since land was first broken out of native bunchgrass and sagebrush. 
Cool season small grain cereals are well-suited to the region and the 
development and adoption of locally adapted, semi-dwarf varieties along 
with access to chemical fertilizers and pesticides have made it possible 
to grow wheat profitably for long periods. However, intensive tillage and 
fallow-based production have contributed to degraded soil health and 
declining productivity. Growers are increasingly interested in rotational 
diversification with alternate crops and intensification strategies such as 
fallow replacement, increased cropping with alternate winter crops, and 
cover cropping. These strategies target improved long-term productivity 
and more flexible adaptation to ongoing and predicted climate change. 



165

Chapter 5: Rotational Diversification and Intensification

The region’s climate, topography, and soils are highly diverse, yet crop 
diversity remains low, particularly in the driest areas where winter wheat-
fallow has been the most profitable rotation. Cropping systems that lack 
diversity are more vulnerable to changes in commodity prices, production 
costs, and weather and climate. Strategies that increase diversity and 
intensification can provide growers greater flexibility, productivity, and 
income stability. Diversification is useful to break pest cycles, broaden pest 
management options, and manage herbicide resistance; crop sequences can 
be managed to increase carbon sequestration, reduce petroleum use, and 
mitigate greenhouse gas emissions. A broader selection of economically 
viable crops could advance the adoption of no-till cropping and decrease 
production costs, soil erosion, and degradation (Huggins and Reganold 
2008; Kirkegaard et al. 2008a; Long et al. 2016; Pan et al. 2016).

Alternative crops have been evaluated in the inland PNW for more than 
100 years (Figure 5-A1), but adoption has been limited by agronomic 
and economic challenges and government policy (Guy and Karow 
2009; Kephart et al. 1990; Machado et al. 2004). Regional climate 
change, evolving markets, and more supportive government policies 
are motivating producers to further explore alternate crop options and 
maximize production opportunities. Heavy reliance on the volatile 

Acronyms Used in Crop Rotations

AWP – Austrian winter pea

ChF – chemical fallow

CP – chickpea

F – fallow

FB – facultative barley

FW – facultative wheat

HRSW – hard red spring wheat

HRWW – hard red winter wheat

L – spring lentil

P – spring pea

SAF – safflower

SB – spring barley

SC – spring canola

SW – spring wheat

SWSW – soft white spring wheat

SWWW – soft white winter wheat

UTF – undercutter tillage fallow

WC – winter canola

WL – winter lentil 

WP – winter pea

WT – winter triticale

WW – winter wheat
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wheat market jeopardizes short-term profitability when wheat prices 
decline. Economic vulnerability is particularly evident in the drier 
regions where monocrop wheat systems dominate. Climate models 
predict warmer, drier summers, highlighting the need for flexibility 
and adaptation to increased temperature and drought stressors. Recent 
changes in federal farm support programs encourage more crop 
diversification; Farm Bill provisions encourage increased consumption 
of pulse crops and reduction of the farm energy footprint, providing 
incentives to produce grain legumes. Domestic consumption of dry pea, 
lentil, and chickpea (hummus) has increased from less than 0.5 pound 
to more than one pound per person since the early 1980s. Revisions to 
the US Standards for Whole Dry Peas and Split Peas and development 
of food quality varieties are broadening opportunities for growers to 
adopt winter peas. New federal insurance policies also help limit risk to 
producers as they develop alternative systems. In addition, the Energy 
Independence and Security Act of 2007 aimed to increase biofuel use 
and reduce petroleum consumption and greenhouse gas emissions 
has supported infrastructure and expanded opportunities for oilseed 
production in the inland PNW.

Recent research and grower efforts have focused on developing viable 
diversification strategies to further integrate oilseeds, grain legumes, 
alternate cereals, and cover crops into inland PNW cropping systems to 
improve agronomic, economic, and environmental performance, and to 
better understand their roles in adaptation to, or mitigation of, regional 
climate change. Producers face complex management decisions and 
assessment of potential benefits and tradeoffs. Greater crop choice would 
allow growers to better respond to commodity-driven opportunities 
and to plan crop choice and sequence in order to benefit wheat yield, 
water use efficiency, and nutrient cycling; enhance soil quality and 
residue management; or spread field workload. Successful diversification 
strategies will have a good agronomic fit, and meet short- and long-
term economic and environmental goals. Crops must be adapted to 
local conditions, able to perform consistently, and not require extensive 
equipment modifications. In order to optimize these new crop rotations, 
alterations in other agronomic practices such as planting, soil and nutrient 
management, and harvesting techniques require re-evaluation.
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Agroecological Class Characteristics, Production 
Challenges, and Adaptive Strategies

Three agroecological classes (AECs) are defined for the inland 
PNW dryland cereal production region based on the dominant 
cropping system and percentage of area in fallow: (1) Annual Crop 
(<10% fallow), (2) Annual Crop-Fallow Transition (10–40% fallow), 
and (3) Grain-Fallow (>40% fallow). Yield potential, limited by 
biogeographical factors and crop markets, determine the dominant 
cropping system and relative opportunities for diversification and 
intensification within each AEC (Huggins et al. 2015; Kaur et al. 
2015). Biogeographical factors include climate (e.g., precipitation, 
potential evapotranspiration, temperature), soil characteristics (e.g., 
depth, texture, organic matter, soil water recharge, and water holding 
capacity), and topography. Cold, wet winters and warm to hot, dry 
summers are typical across the inland PNW. Areas with greater than 
16” mean annual precipitation (MAP) can typically support annual 
cropping, whereas producers in drier areas rely on summer fallow 
practices for adequate recharge of soil water to support a subsequent 
crop. A map of the AECs and a description of the regional diversity, 
climate patterns, and precipitation and agronomic zone classifications 
are found in Chapter 1: Climate Considerations.

USDA National Agricultural Statistics Service (NASS) cropland layer 
data illustrate low crop diversity across the dryland AECs, discussed 
individually in the following chapter sections. The area of the Annual 
Crop AEC averaged 1.44 million acres from 2007 to 2014 compared to the 
Annual Crop-Fallow Transition and Grain-Fallow AECs with 1.85 and 
2.52 million acres, respectively (Table 5-1). Predictably, crop diversity was 
greatest in the Annual Crop AEC and lowest in the Grain-Fallow AEC. 
Whereas opportunity for diversification varies by AEC, the fractions 
of crop area in winter wheat (40% to 45%) were fairly stable across the 
classes, indicating that growers make crop choices based on commodity 
opportunity rather than following set rotations. Crop diversity increased 
in all three AECs from 2007 to 2014. Spring pea and chickpea acreage 
increased in the Annual Crop and Transition AECs; lentil acreage 
declined from 2010 to 2014; the 2011 acreage drop-off represents lost 
cropping opportunities from excessively wet conditions that prevented 
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Table 5-1. Average percentage of crop and fallow area by agroecological class (2007–2014).

Annual 
Crop �

Transition 
p

Grain- 
Fallow ¢ Total

Average million 
acres 1.44 1.85 2.52 5.81

Average % crop and fallow area Crop acres
Fallow 3.2 27.6 50.1 1,822,796
Winter wheat 40.8 40.7 45.1 2,478,807
Spring wheat 16.6 15.8 2.8 599,657
Spring barley 5.5 4.4 0.4 169,884
Chickpea 6.8 0.6 0.03 109,115
Lentil 6.1 0.3 0 92,031
Pea 5.4 1.7 0.07 110,752
Canola 0.9 0.4 0.2 26,966
Alfalfa 5.4 5.3 0.8 197,614

Source: Unpublished values (Huggins pers. comm.) were compiled using NASS cropland layer 
data (2007–2015).

Figure 5-1. Annual grain legume and canola acreage trends by AEC (2007-2014). Unpublished values 
(Huggins pers. comm.) were compiled using NASS cropland layer data (2007-2015)
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Table 5-2. Alternative crop sequences to improve rotational diversity by agroecological class.

Traditional Sequences Alternate Sequences

Annual Crop 
�

WW-(SW or SB)- 
(P, L, or CP);

WW-SW-WW-(P, L, or CP);

WW-SW-SC; WW-SW- 
(WP or WL);

WW-SC-(P, L, or CP)  
back-to-back broadleaf

Transition  
p WW-SW-F; WW-F

WW-SW-(WP or WL);
WW-F-WC; WW-F-SC;
WW-SW-SC; WW-SB-F

Grain-Fallow 
¢

WW-F WW-F-WP; WW-F-WC;
WW-F-WC-F; WW-F-WT-F

See Acronyms Used in Crop Rotations sidebar for abbreviation definitions.

Table 5-3. Diversification strategies by agroecological class.

Traditional Sequences Alternate Sequences

Annual Crop 
�

• High productivity; heavy 
residue load

• Steep slopes and erosion 
(water)

• Reduced tillage
• Persistent winter annual 

grass weeds
• Cold wet springs (delayed 

or prevented planting)

• No-till
• Winter legumes
• Spring canola and other 

oilseeds
• Herbicide-resistant canola
• Cover crop
• Perennial crops

Transition  
p

• Moderate productivity
• Erosion (wind and water)
• Deficient seed zone 

moisture
• Reduced tillage
• Persistent winter annual 

grass weeds
• Areas of shallow soils

• No-till or improved 
fallow practices (e.g., tall 
cereals, stripper header, 
undercutter method)

• Diversify
• Flex crop (intensification)
• Cover crop

Grain-Fallow 
¢

• Poor soil health; low 
productivity and residue

• Reliance on fallow
• Erosion (wind); fine, poorly 

aggregated soils
• Deficient seed zone 

moisture
• Intensive tillage
• Persistent winter annual 

grass weeds
• Marginal profitability

• Diversify winter wheat 
phase
- Winter triticale or barley, 

pea or lentil, canola
- Facultative wheat or 

barley
• Flex crop with adequate 

moisture
 - Cereal or broadleaf
• Improved fallow practices
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planting spring crops. Canola acreage increased in all the dryland AECs 
(Figure 5-1). 

Traditional and alternative rotations by AEC are listed in Table 5-2, and 
Table 5-3 summarizes production issues and adaptive strategies.

Annual Crop AEC �
From 2007–2014, an average 63% of the Annual Crop AEC acreage was 
planted in small grain cereals including winter wheat (41%), spring wheat 
(17%), and spring barley (5%). Grain legumes (pea, lentil, and chickpea) 
accounted for 18% of the area, canola had nearly 1%, and just 3% of 
the area was in fallow (Table 5-1). Acreage of annual broadleaf crops 
increased nearly 50% during this period; chickpea acreage doubled to 
more than 140,000 acres, whereas canola acreage tripled, ranging from 
22,000 to nearly 35,000 acres in 2012, 2013, and 2014 (Figure 5-1). 

The Annual Crop AEC generally has sufficient available water to support 
continuous cropping and is characterized by high productivity and heavy 
post-harvest residue. Deep, silt loam soils can have up to 3–4% soil organic 
matter and 2.2–2.4 in/ft soil water holding capacity. Steep topography 
and winter precipitation make this region vulnerable to runoff and high 
rates of erosion. Exposed subsoil is common on hilltops and bare knobs, 
where productivity has been degraded. Improved wheat varieties and 
increased chemical inputs have helped maintain high yields in the region, 
and adoption of reduced tillage or no-till, including direct seeding, 
has helped to slow erosion and loss of soil organic matter (Douglas 
et al. 1999; Douglas et al. 1992; Schillinger et al. 2003; Schillinger and 
Papendick 2009). Wet, cold spring conditions can delay or even prevent 
planting; excessive residue keeps soils cool and wet, can hinder direct-
seed practices, and favors soilborne pathogens. Annual grass weeds are a 
severe problem and can reduce yields by nearly half. 

Growers commonly use 3- or 4-year crop sequences such as winter wheat-
spring grain (wheat or barley)-spring legume and winter wheat-spring 
grain-winter wheat-spring broadleaf (legume or oilseed), shown in Table 
5-2. Potential adaptive strategies include rotational diversification with 
no-till or reduced-till spring canola, winter peas or lentils, cover crops, 
and increased perennial plantings (Tables 5-2 and 5-3). Some growers are 



171

Chapter 5: Rotational Diversification and Intensification

trying 4-year rotations including two consecutive years of broadleaf crops 
(e.g., WW-SC-P, L, or CP) to enhance weed management options. More 
specific information on integrating adaptive strategies is found in later 
sections of this chapter. Information on conservation tillage is presented 
in Chapter 3: Conservation Tillage Systems, and weed management is 
discussed in Chapter 9: Integrated Weed Management.

Annual Crop-Fallow Transition AEC p
The average fractions of winter wheat (41%), spring wheat (16%), and 
spring barley (4%) in the Transition AEC were very similar to the Annual 
Crop AEC, whereas nearly 28% of the transition acreage was in fallow 
and just 3% in broadleaf crops from 2007 to 2014 (Table 5-1). Crop 
diversity noticeably increased during this period. Total broadleaf crop 
acreage doubled; peas increased 65%, to more than 39,000 acres in 2014. 
Beginning in 2011, chickpea and canola acreage grew rapidly, to more 
than 13,500 and 15,000 acres, respectively, in 2014 (Figure 5-1). 

Much of the Transition AEC is cropped in the 2-year WW-F sequence, 
shifting to an intensified 3-year rotation, typically winter wheat-spring 
grain–fallow (WW-SW-F or WW-SB-F) or, less commonly, winter wheat-
spring broadleaf-fallow in areas with sufficient moisture (Table 5-2). The 
transition region has more variable moisture conditions and lower overall 
productivity compared to the Annual Crop AEC. Crop choice is limited 
by available water; winter wheat has been the most reliable crop. Soils 
generally have lower soil water holding capacity (1.8–2.2 in/ft) and soil 
organic matter (2–3%). The topography includes steep to gentle slopes 
that are susceptible to erosion by water or wind. Pockets of shallow soils 
(<40”) that do not benefit from precipitation storage during a fallow 
period are generally cropped annually. These areas have low annual yield 
potential (Douglas et al. 1999). Tilled fallow is common, especially in 
the drier areas, to maintain seed zone moisture and control weeds, but 
most growers in the Transition AEC have adopted some form of reduced 
tillage, or no-till (Douglas et al. 1992; Schillinger et al. 2003; Schillinger 
and Papendick 2009). 

Both diversification and intensification strategies have potential in the 
Transition AEC (Table 5-3). No-till, flex cropping, and practices such as 
integrating tall cereals, harvesting with a stripper header, or undercutter 
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tillage fallow increase the potential for intensification of traditional 
rotations and limit missed production opportunities. Flex cropping when 
conditions are favorable (good market price, low weed pressure, adequate 
moisture), can increase carbon sequestration and enhance soil organic 
matter (Lutcher et al. 2013). A few highly innovative producers have had 
success with 4- and 5-year crop sequences integrating no-till winter and 
spring cereals, spring pea, winter pea, canola, and camelina with 12–14” 
precipitation, and with direct seed flex cropping systems on shallow soils 
(2–3 feet deep) in a traditional winter wheat-fallow area with 12” average 
precipitation (Yorgey et al. 2016a; 2016b). Warm season crops (corn, 
safflower, sunflower, and proso millet) have had limited success due to 
high water demand, inadequate heat units, highly variable yields, and 
limited market access (Schillinger et al. 2003).

Grain-Fallow AEC ¢

The Grain-Fallow AEC is the largest dryland production area in the inland 
PNW. This region is characterized by poor soil health, drought, high pest 
pressure, and low grain and residue productivity. Diversity is very low 
and opportunities to diversify or to intensify production are limited. The 
traditional crop sequence is the 2-year WW-F sequence with an average 
50% of the acreage in fallow, annually. From 2007 to 2014, 45% of acreage 
was planted to winter wheat. Just over 3% of the area was in high-yielding 
spring wheats and barley with small areas (less than 1%) of canola, dry 
pea, and chickpea (Tables 5-1, 5-2, and 5-3). Both chickpea and canola 
acreage grew rapidly. Chickpea acreage doubled to more than 1,000 acres 
from 2007 to 2014, and canola acreage expanded from less than 200 acres 
in 2007 to around 14,000 in 2013 and 2014 (Figure 5-1). However, these 
values still represent a tiny fraction of the Grain-Fallow AEC. 

Producers are seeking more sustainable alternatives to the intensively tilled 
fallow system, which exposes soil to erosion, degrades soil organic matter, 
and represents missed production opportunities. Moisture is generally 
insufficient to support profitable annual cropping, and growers rely on 
fallow practices to store and retain winter precipitation in the soil profile, 
maintain seed zone moisture to establish winter wheat, mineralize soil 
nitrogen (N), and stabilize yield and profitability. Blowing dust continues to 
be a severe environmental issue. Poorly aggregated soils with relatively low 
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soil water holding capacity (1.6–2 in/ft) and low organic matter (<1.5%) are 
extremely susceptible to high rates of wind erosion. 

Annual cropping of no-till spring grains has not proven economical to 
date, but there are opportunities to diversify the winter wheat phase of 
the rotation with winter triticale, winter peas, and winter canola, and to 
intensify rotations using flex cropping, depending on yield potential and 
commodity prices. The adoption of no-till fallow is limited by excess soil 
water evaporation from the seed zone compared to conventional tillage; 
inadequate seed zone moisture at optimal planting dates can delay 
seeding and reduce yields. Reduced-till fallow using undercutter tillage 
shows promise to successfully control weeds, reduce erosion potential, 
and retain seed zone moisture (Huggins et al. 2015; Schillinger et al. 2003; 
Schillinger et al. 2010; Young et al. 2015).

Integrating Diversification Strategies: Grower 
Considerations and Supporting Research

The following section presents considerations for integrating alternate 
crops, cover crops, or flex cropping, such as rotational fit, stand 
establishment, weed and N management, and the effect of an alternate 
crop on subsequent wheat yield. Potential for alternate crop adaptation to 
the dryland AECs, typical grain and residue yields, N requirements, and 
water use are compared in Appendix Tables 5-A1, 5-A2, and 5-A3.

Integrating Grain Legumes

Rotational fit

Diversifying with grain legumes has an important role in cereal 
production systems, providing short- and long-term benefits. Short-term 
benefits include (1) biological N fixation which improves soil fertility 
and reduces reliance on N inputs, (2) options for controlling grass weeds 
that are persistent in annual cereal systems, (3) reduced disease and 
pest pressure, (4) moderate water use conserves soil water reserves for 
subsequent crops, and (5) ability to flex crop or plant an opportunity crop 
(Chen et al. 2006; McPhee and Muehlbauer 2005). Improved soil tilth and 
reduced greenhouse gas emissions associated with N fertilizer production 
and reactive soil N are examples of long-term benefits. European studies 
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found that arable cropping systems with legumes reduced nitrous oxide 
emissions and N fertilizer use 18% and 24%, respectively, compared to 
systems with no legumes, mitigating climate change and saving growers 
money (Reckling et al. 2016). Grain legumes efficiently utilize residual 
soil nitrates, reducing the potential for N loss by leaching (Mahler 2005a; 
Muehlbauer and Rhoades 2016) and wheat yields following pea or lentil 
can be 10–20% greater than in a wheat-fallow rotation (Guy and Gareau 
1998; Guy and Karow 2009). �p

Dry peas and lentils have been produced in the inland PNW since the 
1920s, primarily in the Annual Crop AEC, replacing a year of cereal or 
fallow. Low pea and lentil prices in the 1970s spurred interest in chickpea 
production, and the area is now the leading chickpea production region 
in the US.

Cool season peas, lentils, and chickpeas are well-adapted to the inland 
PNW cereal production system, yet performance and yield of spring-
planted legumes can be limited by late-season drought and heat stress. 
Early planting can offset risk, but busy spring workloads or excessive wet 
and cool soil conditions can delay or even prevent spring field operations. 
Predicted climate change may intensify these limitations; increased late-
winter and early-spring precipitation may make early-spring planting 
more difficult, and hotter, drier summers may increase drought and heat 
stress. Researchers found a strong relationship between dry pea yield and 
available soil moisture during the June-August period; pea yields were 
reduced 20% in years with below-average moisture (Abatzoglou and 
Eigenbrode 2016). The deeper rooting habit, drought tolerance, and lower 
susceptibility to high temperatures of chickpeas during flowering may 
be better adapted to future conditions than peas. Planting winter-hardy 
legumes can be useful for adapting to climate change with the advantages 
of increased yield and improved water use efficiency compared to spring-
sown legumes or fallow; maximum crop growth of fall-seeded legumes 
occurs in early spring when evapotranspiration is low (Gan et al. 2015; 
Muehlbauer and McPhee 2007).

Successful integration of grain legumes depends on defining the best 
rotational fit, within each AEC, to enhance overall productivity of the 
cropping system. Direct seed or reduced tillage systems enhance stand 
establishment and help protect soils when integrating legume crops 



175

Chapter 5: Rotational Diversification and Intensification

which produce less residue that decomposes more rapidly than cereals. 
Spring grain legumes are suited to the Annual Crop AEC where sufficient 
precipitation supports continuous cropping and higher productivity. In 
the Transition and Grain-Fallow AECs, spring legumes can be used to 
replant failed fall-sown crops such as winter canola, winter pea, or lentil, 
or planted as an opportunity or flex crop option to replace fallow. In low 
production areas where shallow soils have less total available water than 
deep soils, spring dry pea or lentils can provide an alternate crop with less 
water uptake and similar water use efficiency as spring wheat. In eastern 
Oregon studies, lentils outperformed other legumes in locations with less 
than 14” precipitation and have potential as an alternate crop; chickpea 
has potential to replace dry pea in a traditional WW-P rotation, but 
typically uses too much soil water to replace fallow in the WW-F rotation 
without reducing wheat yield (Machado et al. 2006a; 2006b). p ¢

Recent releases of high-yielding winter cultivars provide producers a 
viable alternative to integrate or increase legumes in their rotations and 

Why Winter Pea Can Work in Conservation Systems 
�p¢

1. Excellent rotation crop for winter wheat

2. Viable economic potential

a. High yield potential

b. Reliable market

c. Diversified farm income

3. Planting and emergence flexibility

4. Improved winter survival 

5. N fixation – low fertilizer input

6. Wide adaptation across precipitation zones

7. Low soil acidification during winter pea sequence

8. Good water use efficiency

9. Residue is easily managed
Source: Guy 2016
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avoid many of the challenges associated with spring direct-seed planting. 
Fall-planted winter peas can be adapted across the region and provide 
needed diversity in the Transition and Grain-Fallow AECs (see the Why 
Winter Pea Can Work in Conservation Systems sidebar). Fall-sown 
winter cultivars offer many advantages over spring pulses: (1) 30–50% 
or more greater yield, (2) improved water use efficiency, (3) better weed 
competitiveness, (4) earlier maturity, and (5) better protection against soil 
erosion with over-winter surface cover and higher biomass production 
(Chen et al. 2006; Kephart et al. 1990; McPhee and Muehlbauer 2005). 

Austrian winter peas were first produced in the PNW in the 1930s, and 
grown for feed and green manures. Turkish red ‘Morton’ winter lentils were 
developed specifically for use in direct seed or reduced tillage systems and 
released in 2004. As interest in winter legumes has grown, PNW breeding 
and variety trial programs have broadened efforts to develop improved 
winter hardiness in food quality winter peas; winter peas for forage, feed, 
and cover cropping; and winter lentils. Chickpea and Austrian winter feed 
pea studies also continue (McGee et al. 2014; McPhee and Muehlbauer 
2005). As locally adapted, food quality (non-pigmented), winter-hardy 
pea cultivars become more available, market opportunities will expand. 
Recent grade standard revisions allow producers to market food quality 
winter peas as smooth, dry, yellow, or green peas, similar to spring types, 
when size is adequate (Table 5-4). Food quality winter peas have a clear 
seed coat and hilum, white flowers, and high palatability compared to 
Austrian winter peas that have pigmented seed coats, purple flowers, 
slightly lower palatability due to tannin content, smaller seed size and, 
typically, longer vines. ‘Lynx’ peas have improved winter hardiness to 
–5°F and a clear seed coat with potential for the food market.

Winter pea yields are variable with location, variety, and crop year. McGee and 
McPhee (2012) reported winter pea yields at four locations from 2008–2011, 
averaged across four varieties (‘Lynx,’ ‘Whistler,’ ‘Windham,’ and ‘Specter’) 
and ranging from 817 lb/acre near Wilbur, Washington to just under 3,100 lb/
acre near Pullman, Washington (data not shown), and Guy (2016) reported 
1,810–3,840 lb/acre grain yield of ‘Windham’ peas at locations in Transition 
and Grain-Fallow AECs (Table 5-5; Figure 5-2). These values represent yields 
that a grower may expect to achieve. Austrian winter pea acreage grew rapidly 
during the 2011–2015 period, most of which is likely located in the Annual 
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Crop AEC (Table 5-6). Yields were similar across years; high yields in 2011 
were likely a result of plentiful winter precipitation. Currently, NASS does not 
track yellow and green winter peas.

Small, red lentils have potential to substitute for fallow sequences in 
traditional WW-F rotations in the Transition AEC. Small reds have good 
yield potential and marketability, do not require N inputs, are adaptable 
to no-till systems, use less water than larger lentils, and have potential for 
recrop wheat. Early studies (1987–1988) near Davenport, Washington 

Table 5-5. ‘Windham’ winter pea yield and returns in eastern Washington (2009). p ¢

Location MAP1 (in) Acres Yield 
(lb/ac) $/lb Gross  

$/ac
Ritzville  ¢ 12 47 1,810 0.18 325

Waterville  p 15 217 3,660 0.18 660

Sprague  p 16 146 3,840 0.18 690
1Mean annual precipitation
Source: Guy 2016.

Figure 5-2. ‘Windham’ winter peas near Ritzville, Washington, in 2009. (Photo by Stephen Guy.)
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(14” MAP), showed spring-planted yields over 1,200 lb/acre (data not 
shown). Small red spring lentils are less adapted to the Annual Crop AEC 
where large red or yellow lentils have higher yield potential (Veseth 1989). 

High-value, food-quality peas may earn a 50% price premium over 
feed peas (McGee and McPhee 2012; McGee et al. 2014; McPhee and 
Muehlbauer 2007). However, at Wilbur, 2015 revenues for fall-planted 
peas for food were less than revenues for peas for cover crop seed market 
and for winter wheat; cover crop peas had a $7 per hundredweight 
premium over food market winter peas. Revenues were between $350–
$400/acre for ‘Windham’ and ‘Lynx’ peas for cover, higher than for most 
other winter crops and spring grains (Nelson 2016; data not shown). Guy 
(2016) reported gross revenues for ‘Windham’ peas from $325 to $690/
acre based on yield and location (Table 5-6). 

Small, red ‘Morton’ winter lentils are well-adapted to the Annual AEC 
and flex crop conservation tillage systems. �p Muehlbauer and McPhee 
(2007) reported that fall-planted ‘Morton’ lentils had 108% greater yield 
than spring lentils (73% more than highest yielding spring lentils). Recent 
‘Morton’ winter lentil average yields ranged from 2,065 to 5,195 lb/acre 
over multiple years (2009–2014), similar to ‘Windham’ winter pea (2,439 
to 5,642 lb/acre) in USDA-ARS variety trials (Table 5-7). 

Winter peas offer advantages over spring legumes: overwinter soil cover, 
greater yield potential, and earlier maturation than spring-planted peas, 
avoiding heat and water deficits that occur later in the growing season. 
Winter pea yields can more than double spring pea yields (Table 5-8). 
While there are many advantages to integrating winter legumes in 
crop rotations, significant agronomic challenges need to be addressed 
including (1) optimal sowing dates and rates, (2) improved winter 
survival, (3) control of late-emerging broadleaf weeds, and (4) sensitivity 
to sulfonylurea (SU) herbicide carryover.

Plant establishment

Early seeding of cool season spring grain legumes enables plants to flower 
and set pods prior to droughty, hot conditions. These crops benefit from 
seeding as soon as field work can be done, typically mid-March to mid-
April, once soil temperatures reach 40°F. Pea and lentil yield potential 
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Table 5-6. PNW dryland Austrian winter pea production for Idaho, Washington, and Oregon.

Year
AWP

Acres lb/ac
2015 17,000 1,441
2014 7,638 1,604
2013 10,707 1,598
2012 6,950 1,577
2011 5,800 1,723

5-year average 9,619 1,588
Source: Todd Scholz, USA Dry Pea and Lentil Council.

Table 5-7. Average yields of ‘Morton’ winter lentil and ‘Windham’ winter pea in the Annual Crop 
agroecological class. �

Year
'Morton' Lentil � 'Windham' Pea �

lb/ac
2014 2,065 2,995
2013 3,362 1,784
2012 4,248 4,231
2011 5,195 5,642
2010 — 2,435
2009 2,592 2,521

Compiled from USDA-ARS winter legume breeding variety trial reports (2012–2015).

Table 5-8. Average yield of winter and spring peas by location, in eastern Washington (2014). � p

Location
Winter Pea Spring Pea

lb/ac
Garfield  p 5,135 1,589
Pullman  � 4,159 2,116
Dayton  � 3,464 1,961

Source: McGee 2016
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declines when planted in May. Chickpea is somewhat less sensitive to later 
planting dates and has improved germination with 45°F soil temperatures 
for some cultivars. However, in eastern Oregon studies, chickpea yield 
and bean quality were favored by planting as early as possible in March, 
and lentil performance was affected by annual precipitation, seeding rate, 
date, and location; seed zone moisture and weed pressure affected stand 
establishment and yield potential. Low seed zone moisture at planting 
(after winter wheat) resulted in poor winter lentil establishment and low 
yield (Machado et al. 2006a; 2006b).

Seeding rates and depth vary with seed size as determined by crop and 
cultivar. Seeding rates are targeted to 3–4.5 plant/ft2 for chickpea, 8–10 plant/
ft2 for pea, and 10–12 plant/ft2 for lentil. Row spacing of 6–7” with seeding 
depths of 1–3” for lentil, pea, and chickpea are routinely recommended. 
Relatively large seed size allows for deep planting peas, lentils, and chickpeas 
into moisture; peas and kabuli chickpeas can be planted 4” or more to 
moisture when needed. Guy and Lauver (2015) conducted spring seeding 
rate trials at Annual Crop and Transition AEC sites using 6–11 (pea), 7–12 
(lentil), and 2–8 (chickpea) seed/ft2 and found varied results. The lowest 
seeding rate for pea resulted in significantly lower yields; yields at higher 
rates were similar. The lentil seeding rate did not affect yield, and results 
were consistent enough to support a 10 seed/ft2 planting recommendation. 
Chickpea yields indicated that seeding rates of 3–4 seed/ft2 yielded better 
than 2 seed/ft2 and there were incremental increases in yield with increased 
seeding rates of 3–8 seed/ft2. At Moro (11” MAP) and Pendleton (16” 
MAP), Oregon, Machado et al. (2006a) compared lentil seeding rates of 20 
and 10 seed/ft2. The higher seeding rate resulted in more plants (6–7 plant/
ft2) and higher yields than the lower seeding rate. Narrow row spacing of 
legumes (6”) helps control weeds while wider row spacing (12”) can achieve 
the same results at low precipitation sites. Corp et al. (2004) found no yield 
differences for 6” or 12” row spacing in chickpea.

Fall-sown, winter-hardy pulse crops are well-adapted for direct seeding into 
standing cereal stubble and yield more than conventionally seeded pulses. 
Studies from the northern Plains and the PNW show that stubble enhances 
early growth and winter survival, reduces erosion and evaporation, and 
improves soil water recharge, storage, and water use efficiency. Stubble 
height does not appear to affect yield, and improves harvest of legume crops 
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(Chen et al. 2006; Cutforth et al. 2002; Huggins and Pan 1991; Muehlbauer 
and Rhoades 2016; Papendick and Miller 1977). 

Recent studies indicate that there is a reasonably wide planting window for 
fall-seeded legumes. Optimal seeding dates are similar to those for winter 
wheat seeding (late August through October, depending on location). 
Timing should allow for adequate fall growth to support winter survival 
and early spring vigor; plants should reach the 2–3” tall rosette stage 
before winter dormancy (Guy pers. comm.; McPhee and Muehlbauer 
2005). Chen et al. (2006) documented that winter pea and lentil cultivars, 
seeded into stubble, have greater yield potential than spring cultivars 
when planted at both ‘early’ and ‘late’ seeding dates in central Montana, 
although the earlier seeding can increase winter survivability and yield. 

Establishing winter peas is easier than small-seeded oilseeds, which 
may be helpful if future hotter, drier, summers create more challenging 
conditions. Larger seed size allows for deeper planting in order to access 
seed zone moisture; winter pea cultivars such as ‘Windham’ can be deep-
planted into moisture and emerge through 6” or more of soil (Guy 2016; 
Nelson 2016). Also, an extended planting window may allow fall-seeded 
legumes to benefit from early fall precipitation. Seeding rates vary from 
30 lb seed/acre for winter lentil and up to 120 lb seed/acre for winter pea.

Weed management

Incorporating broadleaf crop sequences into cereal production systems 
provides opportunities for chemical control of grassy weeds such as 
downy brome, jointed goatgrass, wild oats, and feral cereal rye that 
persist in annual crop cereal systems and reduce yields in subsequent 
wheat crops. For more information on weeds and alternative rotations 
for management, see Chapter 9: Integrated Weed Management. 

The PNW Weed Management Handbook and other sources provide 
guidelines for chemical weed control in grain legumes. Post-emergent 
herbicides are labeled for use in dry pea, chickpea, and lentil to control 
annual grasses. However, Italian ryegrass herbicide resistance has 
developed to the Group 1 post-emergent herbicides, which are the only 
post-emergent grass weed options registered for use in lentil, chickpea, 
and winter pea; control is useful only against non-resistant biotypes. 
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In-crop weed control is one of the most significant production challenges 
for grain legumes, particularly spring-sown crops. Few broadleaf 
herbicides are registered for use in lentil and chickpea. Fields with high 
broadleaf-weed seed infestation are not suitable for lentil and chickpea 
production. Pre-emergent herbicides have limited effectiveness, and there 
are no post-emergent chemical options for control of annual broadleaf 
weeds registered for use in chickpeas; metribuzin is registered for use 
in lentils, along with imazamox (only on Clearfield lentils). Additional 
materials and modes of action are available for dry pea, for both grass and 
broadleaf weeds. 

Producers should avoid planting legumes in fields with heavy weed 
pressure; weeds can reduce grain legume yields 67% and complicate 
harvest operations (Campbell 2016). Short-statured lentils and chickpeas 
have slow initial growth and open canopy habits, and lack competitiveness 
against both early- and late-emerging weeds. Pea stands establish and close 
the canopy more quickly than lentils and chickpea; leafy pea cultivars are 
more competitive than semi-leafless types if they do not have a strong 
branching habit. When peas lodge, weeds can grow above the canopy. A 
wider number of herbicides are registered for use in peas compared to 
lentil and chickpea. 

Cultural practices are not highly effective for weed control in pulses. 
Shallow seeding and earlier emergence can give seedlings a head start 
on weeds that emerge earlier than deep-planted pulses; however, this 
practice increases the potential for herbicide damage. Increased seeding 
rates have been shown to be only slightly beneficial for controlling weeds. 
Delayed seeding, to allow for mechanical or chemical control of early 
weeds, reduces yield potential resulting from increased temperatures and 
drought before maturity. Weedy stands may require application of a pre-
harvest dessicant, increasing production costs. Inadequate weed control 
in grain legume sequences can impact subsequent crops from higher 
weed seed populations (Campbell 2016).

Nitrogen management

Grain legumes can improve soil N status, reduce N leaching, and improve 
the carbon footprint of cropping systems by replacing N fertilizer inputs; 
production of commercial N fertilizer accounts for a third of the total 
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energy input to crop production. Pulse crops are able to utilize residual 
soil N, supplement their N needs by symbiotic fixation of atmospheric 
N, and leave surplus available soil N for use by a subsequent crop such as 
winter wheat (Bezdicek et al. 1989; Mahler 2005a; 2005b; Muehlbauer and 
Rhoades 2016; NRCS 2014). Whereas both the fallow system and legumes 
improve the soil N balance, fallowing releases N from the mineralization 
of soil organic matter and depletes the organic matter in the process. 
Canadian dryland studies showed that the benefits of summer fallow 
(stored precipitation and mineralized N) could be successfully replaced 
by diversifying with grain legumes. Also, an L-SW rotation had a 127% 
lower per-area carbon footprint than continuous SW and was 153% lower 
than F-SW-SW rotations; similarly, the L-SW rotation had the lowest per-
grain carbon footprint (Gan et al. 2014; 2015).

Legume N management

Applying N fertilizer to legume crops is generally not economical (Mahler 
2015; Muehlbauer et al. 1981). Peas, lentils, and chickpeas planted in soils 
with less than 20 lb N/acre may benefit from low rates (20–30 lb N/acre) 
to sustain seedlings until nodulation occurs and biological N fixation 
begins. High soil N may reduce biological N fixation, and fall-planted 
legumes with elevated N content and excess vegetative growth are more 
prone to winter injury (Corp et al. 2004; Murray et al. 1987).

Peas and lentils benefit from inoculation with a specific Rhizobium strain 
when they are planted in new fields or where they have not been grown 
in the past 20 years. Rhizobium specific to chickpea are not common in 
PNW fields and may not persist between crops; seeds should be inoculated 
where chickpea has not been grown in the past two years (Mahler 2005a; 
2005b; 2015; Muehlbauer et al. 1981).

N management for crops following grain legumes

Nitrogen from legume residues increases the soil N balance and should 
be credited against total N requirements for subsequent crops. The N 
credits to wheat following grain legumes are shown in Table 5-9 and 
are based on legume grain production. Estimated N credits from lentils 
producing 1,000 lb/acre seed and dry peas producing 2,500 lb/acre seed 
are 10 and 20 lb N/acre, respectively. Using a rough conversion factor 
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of grain yield × 0.008 helps estimate potential N credit from chickpea, 
winter lentil, or pea. 

Mahler and Guy (2005) illustrate a slightly different method to estimate 
credits to N requirements of spring canola following legumes (Table 
5-10). At planting, an estimated 60% of the previous legume residue will 
have decomposed and should be accounted for in a pre-plant soil test as 
plant-available N. To account for N from the fraction of the residue that 
has not yet broken down, 1 ton of residue is equivalent to 6 lb N/acre 
credit. See Chapter 6: Soil Fertility Management for more information on 
N management.

Rotation effect

Peas, lentil, and chickpeas are short season, shallow-rooted crops and 
generally use 15–35% less water than cereals or oilseeds, leaving more 
water in the profile for subsequent crops. Dry pea has the highest 
productivity (grain and residue) and water use efficiency compared to 

Table 5-9. Estimated nitrogen (N) credit to wheat from preceding grain legume.

Crop Grain yield lb/ac N credit lb N/ac
Lentil1 >1,000 10
Chickpea >2,000 15
Dry pea1 >2,500 20
Winter lentil >2,500 20
Winter pea >3,750 30

1Koenig 2005.

Table 5-10. Estimated nitrogen (N) credit to spring canola from legume residue breakdown.

Tons Residue Grain yield lb/ac1 N credit lb N/ac
0.5 500 3
1 1,000 6
2 2,000 12
3 3,000 18
4 4,000 24

Source: Mahler and Guy 2005.
1residue-to-grain ratio used = 1 ton residue per 1,000/lb pea (or lentil) seed.
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lentil and chickpea. In general, water use is lowest for lentil and highest 
for chickpea (Table 5-A3). Peas and lentils extract most of their water 
from the upper 2 feet of the soil profile; chickpea has a deeper effective 
rooting depth of 3–4 feet and a longer growing season, leading to the 
higher water use (Corp et al. 2004; Gan et al. 2009; Gan et al. 2015). 

Recent studies have aimed to define the rotation effect of integrating a 
winter pea sequence. Results have been mixed. Ritzville, Washington 
(12” MAP), studies at the Jirava farm (2010–2015) showed a benefit 
to spring wheat yield after ‘Windham’ winter pea in a 3-year rotation 
(WP-SW-F) compared to spring wheat yield after winter wheat (WW-
SW-F). Winter pea and winter wheat yields averaged 2,094 lb/acre and 
72 bu/acre, respectively, over 4 years. Subsequent spring wheat yields 
averaged 30 bu/acre following winter pea compared to 28 bu/acre after 
winter wheat. Winter pea used significantly less water than winter wheat. 
Likewise, available soil water levels for planting spring wheat were higher 
after winter pea than after winter wheat, even though winter precipitation 
storage efficiency was higher following winter wheat, a result of drier soil 
and greater residue production (Schillinger et al. 2016). p ¢

At a traditional WW-F site in Montana (14” MAP), Chen et al. (2012) 
found that winter wheat yield and N recovery in grain were higher in a 
WP(hay)-WW sequence compared to SW-WW and similar to WW-F, 
and benefitted from income for hay. Smiley and Machado (2009) reported 
that replacing summer fallow with winter pea reduced subsequent winter 
wheat yields at Moro, but had little effect on winter wheat yields at 
Pendleton (2000–2005). However, nematode populations were greater 
under winter pea than spring cereals.

Integrating Canola

Rotational fit

Interest in regional energy crops and rotational diversification spurred 
feasibility research on canola for food, feed, and fuel production beginning 
in the 1970s; however, commercial adaptation of canola in the inland 
PNW has lagged behind other dryland production regions. Successful 
adaptation depends on defining wheat-canola sequences, specific to each 
AEC, that improve weed control and stand establishment under hot, 
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dry conditions during optimal planting date windows, maximize winter 
survival, and enhance soil water and N recharge and uptake throughout 
the growing season (Long et al. 2016; Pan et al. 2016). 

Spring canola is the better-adapted option for annual crop systems and 
can replace either spring legumes or cereals. Pan et al. (2016) found that 
spring canola yields are correlated with total available water and had 
water use efficiency of 182 lb grain yield per inch of water used. Winter 
canola is less suited to the Annual Crop AEC; soil moisture and growing 
degree days after cereal harvest are often insufficient to establish and 
grow winter canola to an adequate size (3–4 leaf rosette stage) before 
freezing winter conditions. Winter oilseeds have a role in annual crop 
systems when seeded after fallow or in ‘delayed planting’ in years with 
unfavorable spring seeding conditions, when soil water is sufficient for 
fall planting. �p

Both winter and spring canola can be adapted to the Transition AEC 
with positive benefits, and grain-fallow producers are integrating winter 
canola to improve pest management strategies, diversify markets, and 
increase sustainability. Spring canola is less commonly grown in the 
Grain-Fallow AEC because yields are only 50–60% those of winter 
canola, limiting profitability (Hulbert et al. 2012; Karow 2014; Long 2016; 
Pakish et al. 2015; Pan et al. 2016). According to Young et al. (2012), 
spring canola could fit into grain-fallow systems “as a replant crop in 
instances of winterkilled, fall-planted canola, or as an opportunity crop 
during cycles of above-normal precipitation.” As an opportunity crop, or 
flex crop, growers might include spring canola when prices are strong 
and moisture conditions are favorable (based on historical in-season 
precipitation data), or when available soil moisture is sufficient to a 48” 
rooting depth. New information from research on canola production 
in the Grain-Fallow AEC is becoming available which will give growers 
tools to reduce risk and support adoption. p ¢

The greatest agronomic challenges to adoption of oilseeds across the 
region include:

• Inconsistent stand establishment and yields
• Environmental limitations during optimal planting windows 
• Winter survival of winter crop types
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• Sensitivity to imidazolinone (IMI) and sulfonylurea (SU) herbicide 
carryover

Canola can be direct seeded into stubble, or into reduced-till or 
conventionally tilled soils. Cold, wet conditions may delay spring planting 
operations past optimal yield windows or early plantings may suffer frost 
damage. Fall operations are hindered by lack of seed zone moisture and 
high ambient and soil temperatures. Direct seeding may slow seedling 
development but conserves moisture for the crop and reduces erosion; 
increased seeding rates can enhance stand establishment.

Notable agronomic benefits growers have experienced include:
• 10–30% yield benefits to subsequent wheat crops
• Integrating herbicide-resistant canola has improved grassy weed 

control
• Improved soil structure and infiltration, and reduced runoff 

Several eastern Washington growers have shared their experiences with 
integrating canola and other oilseeds in a series of case studies (Sowers et 
al. 2011; 2012). 

Rotation effect

Improved winter wheat yields following grain legumes are well-
documented. Guy and Karow (2009) compared winter wheat yields 
following several rotational crops, expressed as a percentage of yield 
following pea (100%). Relative winter wheat yields after cereals were 
74–86% of wheat after pea at Moscow and Genesee, Idaho (Annual 
Crop AEC); yields after brassica crops were 85–99% of yields after pea, 
indicating similarly strong potential rotation benefits (Figure 5-3). �p 
Calculations derived from recent biofuel cropping systems studies (2011–
2013) showed similar results based on three years of yields of winter wheat 
following spring crops: relative wheat yields were highest following pea 
(100%) and lentil (99%); wheat yields after spring canola and camelina 
were 90% of yield after pea. Earlier studies showed winter wheat grown 
after five different broadleaf crops averaged 29% greater yield than winter 
wheat following winter wheat, while the rotation benefit of winter wheat 
after spring cereals averaged just 9% (Guy 2014; data not shown).
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Wheat yields following canola are generally expected to be greater 
than yields after wheat. However, yield impacts are not always positive, 
or clearly understood. Select north-central Washington growers have 
achieved 30% yield increases of winter wheat in rotation with canola 
(Sowers et al. 2012), and on-farm studies near Ritzville, from 2006 to 
2009, showed winter wheat following canola had 39% greater yields 
than winter wheat following wheat (Esser and Hennings 2012). p ¢ In 
contrast, rotation studies near Reardan, Washington (14” MAP), showed 
spring wheat yields following winter wheat (58 bu/acre) were similar to 
spring wheat yields following winter canola (49 bu/acre) over 5 years 
(2009–2010; 2012–2014). Soil water use by winter wheat and canola 
were similar, as was soil water content when spring wheat was seeded, 
whereas suppressed mycorrhizal fungi populations under spring wheat 
after canola may have limited the potential rotation benefit (Schillinger et 
al. 2013; 2014a; Hansen et al. 2016). 

Recent studies at the Washington State University Wilke Research 
and Extension Farm (Davenport), showed variable spring wheat yield 

Figure 5-3. Winter wheat (WW) yields following rotational crops expressed as a percentage of yield 
following pea (5-year average at Genesee and Moscow, Idaho). Legumes are in blue, cereals in gray, 
and oilseed crops in red. (Adapted from Guy and Karow 2009.) �
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responses (2013–2015): two of three years showed yield benefits (8% 
and 16%) for spring wheat following canola compared to winter wheat. 
However, yields of spring wheat following canola were 6% less than 
following winter wheat in 2015 (Esser and Appel 2016). Yield benefits 
to wheat after canola have not yet been documented from long-term 
research sites in the PNW (Long et al. 2016). Integrating canola offers 
other positive rotation effects; canola stubble can trap snow, reduce 
runoff, and improve soil water recharge. Additional soil moisture can 
increase potential biomass production, soil organic matter, and water-
holding capacity, leading to more opportunities for intensification.

Spring canola establishment

Canola emergence is impacted by wet soils, soil crusting, and sensitivity 
to herbicide carryover, such as Pursuit. For optimal germination and 
yield, spring seeding should be done as soon as soil temperatures reach 
49°F and fields are suitable for machinery. Seeding spring canola into 
heavy winter wheat residue is challenging; establishment is typically just 
50–60% of the seeding rate. Cold soil temperatures slow seedling growth 
in early plantings, while later seeding reduces yield potential. Typical 
canola seeding rates are 4.5–6 lb/acre for the Annual Crop AEC, targeted 
to establish a stand count of 4–10 plant/ft2 at harvest. Canola seed size and 
weight are highly variable; seeding rates should be adjusted based on seed 
lot information. Direct seeding or broadcast methods benefit from higher 
rates than for conventionally tilled fields (Brown et al. 2009). Spring 
canola stands are more consistent when planted before seed zone moisture 
declines and temperatures warm; later plantings result in increased heat 
and drought stress during flowering and grain fill (Brown et al. 2009; Gan 
et al. 2004; Pan et al. 2016). Spring canola direct-seeded into heavy wheat 
residue over 9 years showed an inverse relationship between seeding date 
and grain yield (Huggins and Painter 2011). A 2-year study showed yields 
were not affected by row spacing (10” or 20”) with a 5 lb/acre seeding 
rate. Advantages of wider row spacing include lower machine and fuel 
costs and less drill plugging (Pan et al. 2016; Young et al. 2012). Karow 
(2014) recommends 5–8 lb/acre seeding rates and 12–16” row spacing 
for spring canola in eastern Oregon; narrower row spacing helps control 
weeds. �p
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Winter canola establishment

The greatest challenge growers face with winter canola is consistent stand 
establishment. Insufficient seed zone moisture and excessive temperatures 
during germination can lead to inconsistent stands or even crop failure; 
poor establishment increases risk of winterkill. Conditions are most 
favorable with adequate seed zone moisture within an inch of the soil 
surface and cool air temperatures (<84°F) for a week after planting. Small 
seeded canola (0.2–0.6 g/100 seed) cannot be planted deeply into moisture 
like wheat or peas. Canola emerges best when planted just 0.8–1.2” below 
the soil surface, but can emerge from twice that depth when needed to 
access moisture (Karow 2014; Pan et al. 2016). In the Grain-Fallow AEC, 
soil moisture is often 4–6” below the surface in summer fallow in August. 
Planting with deep furrow drills can be successful when seeds need to 
emerge just to the bottom of furrow. Young et al. (2014a) found 22% 
improved plant density, more uniform distribution, better growth, and 
improved weed suppression growth when canola was planted with deep 
furrow drills modified with 10–15” shovels to move hot, dry soil away 
from the seed zone. p ¢

Guidelines for optimal winter canola planting dates and rates have been 
lacking for the low precipitation grain-fallow systems. Information from 
recent studies helps growers reduce risk and achieve successful stands 
and yields. Mid-August to early-September planting dates are optimal for 
achieving adequate growth for winter survival (rosette stage) and yield 
potential (Brown et al. 2009; Karow 2014); Young et al. (2014a) found 
early August to about August 25th to be the optimal planting window 
with soil moisture less than 4” below the soil. Late seeding of winter 
canola, to take advantage of fall rains, significantly reduces both survival 
and yield. September plantings showed reduced yields of nearly 40% 
compared with an August planting (Pan et al. 2016).

Integration of biennial, dual-purpose canola cultivars, provides growers 
the intensification option to produce both forage and grain from a single 
planting (Kirkegaard et al. 2008b; Neely 2010). This allows earlier seeding 
of winter canola, enabling better seed germination and plant growth while 
the soil moisture during fallow is still close to the soil surface, and improves 
yield consistency (Karow 2014). Several growers in the Transition AEC 
have had success with early-July seeding. The first season’s forage can 
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be grazed (Figure 5-4) or used to produce silage (Kincaid et al. 2011). 
Recovering plants are capable of overwintering, and then proceed into 
stem elongation and reproductive phases in producing competitive grain 
yields in the following season. Continued development of varieties with 
improved tolerance to cold temperatures and open winters will reduce 
production risks for this region.

Canola seed size is highly variable; having accurate seed lot weights helps 
set appropriate seed rates to achieve target plant populations. Brown et al. 
(2009) guidelines recommend that growers determine a seed rate targeted 
to 10–16 seedling/ft2 at establishment to give 5–10 plant/ft2 at maturity. 
Karow (2014) recommends a seeding rate of 4–7 lb/acre for eastern 
Oregon; Young et al. (2014a) found 4 lb/acre to be optimal for seeding in 
grain-fallow locations with 10” MAP. A Ritzville area grower reduces risk 
by increasing his seed rate to 7 lb/acre when the soil moisture line is lower 
than 4” below the surface. Canola yields generally decrease significantly 
when the mature stand population drops below 4 plant/ft2. However, 
canola growth is indeterminate, and less dense stands can compensate in 

Figure 5-4. Cattle grazing a biennial, dual purpose canola stand near Ritzville, WA. (Photo by Karen 
Sowers.)
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growth and yields; stands do not need to be uniform to achieve economic 
yields. Brown et al. (2009) reported that canola’s compensatory growth 
habit makes it possible for winter canola stands with just 1–2 plant/ft2 
in spring to produce 70–80% of yields achieved with the higher density. 
Similarly, Young et al. (2014a) found that spring stands with populations 
of 2–4 plant/ft2 achieved excellent yields (>1,500 lb/acre) in the Grain-
Fallow AEC.

In recent planting rate and date studies at Okanogan and Bridgeport, 
Washington (10–10.5” MAP), Young (2012; 2014a) found optimum yields 
with a 4 lb/acre rate; trials had 56–83% winter survival rates, resulting in a 
spring stand of 2–4 plant/ft2. For seeding spring canola following a failed 
winter crop, results were better with drilled seed; broadcast spring canola 
was more vulnerable to frost damage and yielded just 30–67% compared 
to drilled canola. 

Winter canola is less suited to the Annual Crop AEC; moisture reserves 
are too low following harvest of a previous crop to plant canola in mid-
August. Dry conditions extend into October and delayed seeding allows 
seedling growth to only a 2–3 leaf stage prior to winter conditions, leaving 
seedlings more vulnerable to winterkill. Canola is less winter hardy than 
wheat because of canola’s ‘epigeal’ type emergence, where cotyledons and 
the shoot growing point emerge above the soil surface, increasing the 
plant’s exposure and sensitivity to harsh conditions. In contrast, cereals 
exhibit ‘hypogeal emergence,’ where the shoot growing point is below-
ground and protected from severe cold and other environmental stressors 
(Karow 2014; Klepper et al. 1984; Koenig et al 2011; Long et al. 2016; Pan 
et al. 2016).

Winter canola establishment considerations:
• Depth to moisture
• Soil and air temperature
• Seed rate, date, and N effect on winter survival

Weed management

Integrated weed management practices are critical to successful weed 
control in cereal-based cropping systems, reducing reliance on in-crop 
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herbicides and preventing herbicide resistance. Using diverse crop 
sequences, reduced tillage or chemical fallow, competitive crop varieties, 
and seeding practices to establish optimal stands help reduce weed 
pressure. Well-established canola stands maximize competitiveness; 
canola seedlings grow and close canopy rapidly, competing well with 
annual weeds, while late plantings or poor stands are less competitive. 
(Brown et al. 2009; Karow 2014; Long 2016).

Herbicide-resistant spring canola varieties provide opportunities for 
better control of the grassy weeds that persist in cereal-dominated annual 
crop systems, such as downy brome, jointed goatgrass, feral rye, and 
Italian ryegrass (Brown et al. 2009; Young et al. 2016b). Replacing spring 
legumes with glyphosate-resistant spring canola in rotation with winter 
and spring cereals, over several years, was effective in reducing Italian 
ryegrass in studies near Pullman (Huggins and Painter 2011), and also 
improved control of broadleaf weeds, including mayweed chamomile and 
common lambsquarters that are difficult to control in legume sequences. 
Spring canola cultivars are available with resistance to glyphosate, 
glufosinate, or imazamox; volunteer herbicide-resistant canola may need 
to be controlled during fallow or subsequent crop sequences. �p

Wilke Farm studies at Davenport, found that integrating herbicide-
resistant spring canola in a 4-year rotation improved feral cereal rye 
control and improved economic returns resulting from improved canola 
and wheat yields (Hulbert et al. 2013); canola yields and wheat yields 
following canola benefitted from the improved weed control. p ¢

Similarly, growers in the Grain-Fallow AEC may choose to grow winter 
canola to improve grass weed control. Downy brome, Italian ryegrass, 
and jointed goatgrass persist in winter wheat along with feral rye. Typical 
weed control options include mechanical rod weeding in conventional 
or reduced tillage systems, or chemical fallow where direct seeding 
is utilized to reduce wind erosion (Pan et al. 2016; Young and Thorne 
2004). Recent research in north-central Washington found that spring 
and split applications of quizalofop and glyphosate in canola controlled 
90% of feral rye, eliminated seed production, and increased canola yield 
more than 40% (Young et al. 2016b). Use of glyphosate-resistant winter 
canola, plus glyphosate application, can provide additional opportunities 
to control feral rye. Adopting herbicide-resistant cultivars also allows 



195

Chapter 5: Rotational Diversification and Intensification

for easier chemical rotation management, circumventing plant-back 
restrictions for IMI and SU herbicides.

Nitrogen management

Canola nutrient requirements, timing, and placement vary from 
traditional wheat fertilization programs. Karow (2014), Koenig et al. 
(2011), Mahler and Guy (2005), Pan et al. (2016), Wysocki et al. (2007), 
and others describe several important N management factors to consider:

• Canola N, phosphorus (P), sulfur (S), and potassium (K) uptake 
per unit yield can be 50–100% greater than soft white and hard 
red wheat uptake indicating that higher levels of available N are 
required for regional canola production compared with wheat 
nutrient management. 

• The percentage of N, P, and K removed in canola grain is lower 
than that removed in wheat; nutrients left in oilseed residues 
contribute to subsequent crop sequences.

• Canola’s strong taproot and extensive root hairs enhance utilization 
of soil N to its full rooting depth, reducing reliance on applied N.

• Fertilizer N = (yield goal × base N recommendation of 6–8 lb 
N/100 lb seed yield) – soil N credits. 

• Fertilizer application at or near planting date, placed to the side of 
the seed row, will improve germination and stand establishment, 
enhance early growth, improve nitrogen use efficiency, and limit 
root injury from ammonia toxicity.

• High N going into winter reduces survival rates.

• Hybrid cultivars with higher yield potential may need higher levels 
of N for optimal yield compared to open-pollinated varieties.

Canola response to N is influenced by climate, available soil N, cultivar, 
water availability and management practices; further research is needed 
to determine optimal timing and rates for the different AECs. Spring 
canola yield responds well to applied N when residual soil N levels are 
low, and shows minimal fertilizer N response when soil N supply is high 
and yield potential is low (Maaz et al. 2016; Pan et al. 2016). 
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Unit nitrogen requirements (UNRs) for wheat are estimated at 4.5 to 6 
lb N/100 lb grain, for soft and hard wheat, respectively. Recommended 
UNRs for canola range from 6 to 10.7 lb N/100 lb seed for dryland 
production (Karow 2014; Koenig 2011). Observations over 6 years in the 
Annual Crop AEC showed variable UNRs of 7–13 lb N/100 lb grain for 
spring canola, affected by water availability. Requirements at the Wilke 
Farm site in the Transition AEC ranged from 9–17 lb N/100 lb grain. 
High UNR values resulted from lower yields and nitrogen use efficiency 
in this region and more complete accounting of root zone residual N and 
crediting of soil N mineralization contributions to the total N supply 
(Pan et al. 2016). Spring canola yielding up to 916 lb/acre had an average 
optimal N rate of 20 lb N/acre; zero N was required following fallow, 
compared to 5–58 lb N/acre following wheat despite lower available 
soil water and canola yield potential. The modest optimal N rates were 
influenced by high residual soil N carryover and mineralization. 

Optimal fertilizer rate, timing, and placement need to be defined to 
maximize winter canola yield and winter hardiness. Winter canola 
N requirements are based on two growth phases: (1) fall growth from 
planting to winter dieback and dormancy, and (2) spring growth through 
maturity (Long et al. 2016; Pan et al. 2016). High N status of vegetative 
winter oilseeds decreases cold hardiness and survivability, supporting 
use of conservative N rates at winter canola planting, allowing winter 
canola to use up residual soil N during early establishment. Karow (2014) 
recommends that if fall N is needed for winter canola, apply 30 to 50 lb N/
acre prior to planting and apply the remainder in the spring.

Integrating Other Oilseeds

Camelina

Camelina requires few cultural inputs, is more drought and stress tolerant 
than canola, and performs well in fields with marginal productivity, 
thus has the potential to help mitigate climate change and improve 
sustainability of dryland cereal production systems. More commonly 
grown as a summer annual, camelina is also adapted as a winter annual 
with hardiness similar to winter wheat. Camelina’s short season (85–100 
days) could offer more resilience to hotter, drier summers (Ehrensing and 
Guy 2008; Hulbert et al. 2012). 
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Similar to canola, camelina establishment is challenging. Small, variable-
sized seeds require shallow planting (0.25”) for successful emergence; 
seeds may have difficulty emerging if soil crusting occurs after rain 
showers. Seedlings have good frost tolerance. Camelina is highly sensitive 
to IMI and SU herbicides and has similar plant-back restrictions as canola. 
Efforts are ongoing to develop herbicide-resistant camelina varieties 
(Hulbert et al. 2012). 

Planting date studies have shown highest yields with late-winter planting 
(February 15-March 1) at Lind, Washington and Pendleton, Oregon, 
compared to late-fall and mid-winter plantings when inadequate 
precipitation and control of fall-emerging weeds likely reduced stands. 
Establishment was similar with direct seed or broadcast, into standing 
stubble, with seed rates of 3–5 lb/acre; broadcast seeding required less 
time and expense. Late-planted camelina had greater Russian thistle 
populations at Lind (Hulbert et al. 2012; Schillinger et al. 2014b). 

No broadleaf herbicides have been registered for weed control in 
camelina; dense, early planting in clean fields reduces weeds and increases 
competitiveness. Camelina’s short season allows for harvest prior to seed 
set of many weeds. 

Researchers are evaluating the potential for a 3-year WW-Camelina-F 
rotation to replace traditional 2-year WW-F rotations; good yields have 
been achieved by replacing fallow with camelina following winter wheat. 
Yield potential is dependent on annual precipitation. The taproot of 
camelina can efficiently extract subsoil water and N; UNRs are 5–6 lb 
N/100 lb seed. Expected yields run 60–70 lb seed per inch of precipitation 
in the PNW. Studies showed a yield range of 1,610 to 3,070 lb/acre in the 
annual crop region (Moscow-Pullman), 1,549–2,000 lb/acre at transition 
sites (Lacrosse, Washington and Pendleton), and lower, inconsistent 
yields of 115–1,030 lb/acre at Lind (Hulbert et al. 2012). Schillinger et 
al. (2014b) found similar water use efficiency among camelina trials 
across dryland areas (65 lb seed per acre inch water used) indicating 
that camelina yield can be predicted by annual precipitation. Camelina 
produces relatively low amounts of residue compared to cereals, a major 
disincentive to adopting camelina in the Grain-Fallow AEC. Sharratt and 
Schillinger (2014; 2016) found 57–212% increased wind erosion potential 
in summer fallow following camelina and safflower, compared to fallow 
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after winter wheat, due to differences in crop residue characteristics. To 
protect against increased erosion, potential growers should either replace 
fallow with a spring crop or exclusively use no-till fallow practices.

Yellow mustard

Yellow mustard has good agronomic and economic feasibility in the 
dryland PNW, performs well in no-till systems, and requires few chemical 
inputs. Well-adapted to hot, dry conditions, yellow mustard can provide an 
adaptive strategy for predicted climate change, although the crop is sensitive 
at flowering. Mustard has relatively high water use, and wheat and mustard 
prices determine economic feasibility. Grain yields are similar to spring 
canola in the higher precipitation areas (2,000–2,500 lb/acre) and out-yields 
spring canola by 55% in regions with less than 12” annual precipitation. 
Predicted grain yield is 95 lb grain per inch annual precipitation, but 
will vary by cultivar and practices (J. Brown et al. 2005). Growers have 
greater flexibility with planting dates compared to other spring crops, and 
planting can be delayed for better weed control. Yellow mustard establishes 
quickly, can close canopy in 30 days, and is highly competitive with weeds 
compared to canola and safflower; some growers have had success using no 
herbicides. Growers should avoid planting mustard in fields with potential 
for catchweed bedstraw infestation that can impact seed quality and price. 
Crops generally mature in 80–85 days. Planting depth (0.5–1”) and spacing 
(6–8”) is similar to other oilseeds; 12” row spacing can be used in direct seed 
conditions. Recommended seeding rates are 7–8 lb/acre for conventional 
tillage and 8–9 lb/acre for direct seeding. Seeds can be planted after soil 
temperature reaches 40°F, but mustard is highly susceptible to frost damage. 
In eastern Oregon, planting may begin in mid-March; mid-April to early 
May is more suitable in the higher precipitation areas. Estimated required 
N (lb N/100 lb seed) range from 12.8 in high precipitation areas to 8 in low 
precipitation areas. Similar to other oilseeds, mustard is highly sensitive to 
carryover of imazamox herbicides (J. Brown et al. 2005; Wysocki and Corp 
2002). 

University of Idaho and Oregon State University Columbia Basin 
Agricultural Research Center (CBARC) variety yield trials between 2007 
and 2015 showed average yields of just under 2,000 lb/acre (Moscow), 
1,170 lb/acre (Davenport), 800 lb/acre (Pendleton), and 1,056 lb/acre 
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(Moro). Variety yield data can be found at http://www.cals.uidaho.edu/
brassica/growers.asp.

The rotation effect of yellow mustard on subsequent wheat crops has 
been variable. Guy and Karow (2009) found improved yields of wheat 
following yellow mustard compared to following cereal crops, while 
a grower near Ione, Oregon, found poor wheat yields following spring 
mustard, attributed to a notable increase of root-lesion nematodes 
following mustard (Yorgey et al. 2016b).

Safflower

Both spring and fall-seeded facultative safflower cultivars have potential 
in no-till dryland cropping systems. Low residue production increases 
risk of erosion; safflower should not be followed by fallow (Sharrat and 
Schillinger 2016). Safflower is relatively drought- and heat-tolerant due 
to its long taproot; however, it also has higher water use and lower water-
use efficiency than wheat or other alternative crops in the region, which 
can reduce yield of succeeding crops. General seeding recommendations 
include an optimal planting window in April and May, seed depth 
of 1–1.5”, and a seed rate target of 3 plant/ft2. Soil crusting can hinder 
emergence. Safflower lacks competitiveness with weeds due to slow 
emergence and initial rosette growth; no broadleaf herbicides have been 
registered for weed control in safflower (Armah-Agyeman et al. 2002; 
Petrie et al. 2010). 

Preliminary evaluations at Moro and Pendleton showed spring safflower 
grain yields ranging from 400 to 1,400 lb/acre; fall-sown, winter-hardy 
facultative safflower with earlier flowering and maturity showed increased 
yields up to 1,900 lb/acre compared to spring safflower. Yields in higher 
precipitation areas ranged from 2,575 to 3,135 lb/acre (Petrie et al. 2010). 
Safflower yields ranged from 125–1,130 lb/acre in Ritzville trials with an 
average 483 lb/acre over 6 years (2010–2015). p ¢

Relatively high water use by safflower depletes soil moisture at higher 
rates than other crops in rotation and can carry over through a year of 
fallow, reducing subsequent wheat yields. At Ritzville, wheat yield was 
lower in a WW-SAF-UTF sequence compared to WW-SW-UTF and 
WW-UTF over 4 years, but was significantly lower in only one year 
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(2012), indicating that wheat may benefit from some rotation effect that 
partially offsets lower soil water availability (Schillinger et al. 2016).

Integrating Alternate Spring Cereals for Reduced- and No-Till 
Late Planting

From 2007 to 2014, 20–22% of the Transition and Annual Crop AECs was 
planted to spring wheat and spring barley compared to 3% of the Grain-Fallow 
AEC (Table 5-1). Spring grains typically follow winter wheat in 3- or 4-year 
cropping sequences where moisture permits. Spring plantings broaden 
opportunities for control of winter annual grass weeds, and adequate seed 
zone moisture helps stands establish. However, wet spring conditions can 
delay or prevent planting, especially in the Annual Crop AEC. 

Replacing or supplementing summer fallow with spring grains can 
enhance soil quality; no-till annual spring cropping could reduce 
susceptibility to wind erosion an estimated 95% in grain-fallow systems 
(Thorne et al. 2003). Annual cropping reduces the time soil is left 
bare between crops and increases crop residue and surface roughness, 
providing year-round protection from erosion. However, spring wheat 
yields are typically just 50–70% of winter wheat yields, and soil moisture 
deficits during flowering or grain fill can further reduce profitability. 
Annual cropping systems have had greater income risk and resulted in 
lower annual net returns than WW-F (Juergens et al. 2004; Schillinger 
and Young 2004; Young et al. 2015). Cropping sequences that improve 
water and nitrogen use efficiency and reduce erosion can help mitigate 
effects of climate change and past soil degradation.

Conventional and reduced tillage WW-F remains the most profitable crop 
sequence in the Grain-Fallow AEC. As an alternative to annual spring 
cropping, improved winter wheat harvest (e.g., stripper header), fallow 
(e.g., undercutter tillage), and flex cropping practices can improve residue 
cover and soil health, increasing potential for rotational diversification 
and intensification in the future. p ¢

Hard red spring wheat

Low prices for soft white wheat and favorable hard red wheat prices are 
incentives for growers to increase hard red spring wheat acreage. Whereas 
yields are typically lower and more variable than for soft white spring 
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wheat, differences may be offset by potential price premiums earned for 
high percentage protein. However, the higher UNRs of 3–3.7 lb N/bu 
grain to achieve 14% protein can impact profitability and reduce nitrogen 
use efficiency, particularly in areas with high yield potential. Optimal N 
rates are dependent on yield potential, fertilizer costs and premium or 
discount price values related to grain protein concentration (Baker et 
al. 2004; B. Brown et al. 2005). More information on N management is 
described in Chapter 6: Soil Fertility Management.

Hard red spring wheat is well-adapted to dry areas with shallow soils, low 
yield potential and lower N requirements. Annual cropping with hard red 
spring wheat to replace WW-F can help reduce erosion, but has not been 
profitable in the short-term. Young et al. (2015) evaluated annual no-
till hard red spring wheat cropping in a 6-year (1996–2001) study in the 
WW-F region near Ralston, Washington (11.5” MAP). Results showed 
that continuous HRSW, HRSW-SB, and SWSW-ChF no-till crop systems 
reduced wind erosion but were generally not profitable. This study also 
provided the first evaluation of a no-till SWSW-ChF system in the region, 
which benefitted from an 18-month window for control of winter annual 
grasses and cereal rye. Yields were generally greater than for continuous 
spring cereal sequences, but less than in a reduced-till WW-F system. 

Similarly, annual no-till cropping has not been economically competitive 
in the Horse Heaven Hills (6” MAP) where growers are seeking alternatives 
to the WW-F system. Continuous HRSW had a 6-year average annual 
yield of 473 lb/acre compared to 1,062 lb/acre winter wheat, every other 
year. No differences in precipitation storage efficiency were found, and 
straw production was similar for both crop sequences (Schillinger and 
Young 2004). p ¢

White spring wheat

Schillinger et al. (2007) evaluated annual no-till cropping as an alternative 
to WW-F in an 8-year study near Ritzville. SWSW-SB, HWSW-SB, and 
continuous SWSW and HWSW sequences generally had lower average 
profitability and higher economic variability compared to values reported 
by traditional WW-F producers. Continuous SWSW had 4-year average 
yields similar to spring barley and out-yielded hard white spring wheat. 
p ¢
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Spring barley

Historically, spring barley was a preferred alternate crop in the inland 
PNW. However, Washington production declined significantly from 
500,000 acres in 2000 to just 110,000 in 2015. NASS (2015) cropland data 
showed an average 169,000 barley acres across the dryland AECs during 
the 2007 to 2014 period, accounting for 5% of the cropped ground in 
the Annual and Transition AECs, and less than 1% in the Grain-Fallow 
AEC (Table 5-1). Several factors have contributed to the decline of barley 
acreage: low barley feed prices ($1.93–$5.10/bu), lack of herbicide-
resistant varieties, susceptibility to root and crown pathogens, low grain 
lysine content (reducing feed quality), and condensed tannins ill-suited 
for food uses. 

Barley end uses include feed, malt, and food; straw and grain are also 
potential feedstocks for ethanol production. Improved prices and recent 
interest in food quality barley may offer growers additional market 
incentives, especially in the drier regions. Development of food quality 
winter barley cultivars with improved hardiness could provide additional 
options, and value, to growers in the future (Petrie 2008; Rustgi et al. 
2015). 

Barley is well-adapted across the region and provides several rotational 
benefits. For example, barley has a shorter growing season than wheat 
and may prove more able to avoid the late-season stressors predicted with 
climate change. Barley can suppress select soilborne pathogens; Oregon 
studies found that cereal rotations including a spring barley sequence 
had the lowest root-lesion nematode infection rate (Smiley and Machado 
2009). Feed protein requirements are low (10% or less) and the 2 lb N/bu 
UNR for feed barley is much lower than for wheat, whereas high-quality 
malt barleys require 11–12% protein and have a slightly higher UNR than 
soft white wheat. Barley typically has a higher straw-to-grain ratio than 
wheat, which can enhance soil health and carbon sequestration.

Currently there are no price premiums for high protein barley. However, 
in response to market interest in the food quality barley niche, Rey et al. 
(2009) looked into the feasibility of producing high beta-glucan, no-till 
barley at Moro and Pendleton. Results showed that the high beta-glucan, 
waxy, hulled varieties ‘Salute’ and BZ 502-563 performed competitively 
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with the commonly grown feed barleys ‘Baronesse’ and ‘Camas’ at both 
sites, and are a good alternative for dryland cereal producers in the inland 
PNW. p ¢

Integrating Alternate Winter Cereals and Improved Fallow 
Practices

Alternate winter cereals, such as winter triticale, hard red winter wheat, 
and facultative wheat and barley, add diversity to traditional soft white 
winter wheat acreage and are adaptable to the warmer, drier summers 
predicted for the PNW. Winter crops benefit from a longer growing season, 
deeper rooting and more efficient utilization of winter precipitation, and 
earlier grain fill (Pakish et al. 2015; Schillinger et al. 2010). Autumn-sown 
grains protect soils during winter precipitation and have a higher grain 
and straw yield potential than their spring counterparts; earlier maturity 
avoids drought and heat later in the growing season.

Winter triticale

Winter triticale is highly promising as an alternative crop to diversify 
the Grain-Fallow AEC and is adapted to late-planted, no-till systems. 
Production may increase the opportunity for adoption of no-till systems 
in the WW-F region where inadequate seed zone moisture in early fall 
limits success. Low prices and lack of insurance have limited grower 
adoption; triticale crop insurance is expected to be available beginning 
in 2017. 

Ritzville, studies found that early-planted winter triticale out-yielded 
early-planted winter wheat 22% over 6 years (2011–2016); average 
yields were 5,005 lb/acre and 4,085 lb/acre, respectively (Figure 5-5). 
Late-planted winter triticale yield (3,735 lb/acre) was similar to early-
planted winter wheat (Schillinger, unpublished data, with permission). 
p ¢ Late-planted winter triticale has better yield potential compared to 
winter wheat, which can suffer 36% yield reduction over early-planted 
wheat. The crop can be grown with the same equipment and inputs as 
wheat, and in-crop grass weed herbicides are available for use. Winter 
triticale produces larger amounts of residue than wheat, has a root mass 
that is double that of most other cereals, can enhance soil quality and 
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carbon sequestration, and provide erosion protection. Winter triticale 
has low susceptibility to insect pest and disease problems and good weed 
competition due to vigorous growth habits, leafiness, and height. Low 
feed grain prices have limited interest in triticale production in this area 
in the past, but improved prices support economic opportunity. Triticale 
can outperform wheat in marginal conditions, produce more biomass, 
potentially sequestering additional carbon, and is more tolerant of low 
soil pH and several soilborne pathogens and nematodes. Winter triticale’s 
extensive root mass is effective against erosion (Schillinger et al. 2012; 
2015).

Hard red winter wheat

Hard red winter wheat has been an attractive alternative in the Grain-
Fallow AEC where yield potential is just marginally less than for soft white 
winter wheat and growers can more economically achieve the high protein 

Figure 5-5. Early-seeded winter triticale (right) out-yields early-seeded winter wheat (left) at Ritzville, 
WA. (Photo by Bill Schillinger.)
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percentage required to garner market premiums. Additional needed N 
inputs are low due to water stress and lower yield potential in this region. 
Initially, hard red winter wheat was best adapted to the driest production 
regions (<9” MAP). However, improved hard red winter wheat varieties 
with greater yield potential, disease or herbicide resistance may lead to 
increased production in higher precipitation areas. Depending on relative 
prices, returns on lower yielding hard red winter wheat can be similar to 
soft white winter wheat returns (Esser et al. 2008). Adoption of no-till 
hard red winter wheat is limited in the Grain-Fallow AEC as late planting 
reduces yield potential. However, no-till studies in Morrow Co. Oregon 
(4–6’ soil depth and 7.2–9.4” MAP) found that late-planted AgriPro 
‘Paladin’ and ‘Norwest 553’ hard red winter wheat cultivars performed 
well in late-planted situations and yielded similarly to ‘Tubbs’ soft white 
winter wheat, ranging from 33.6 to 35.4 bu/acre. Recently released 
cultivars such as ‘Farnum’ have not yet been evaluated for performance in 
low precipitation, no-till systems. Fallow area producers will benefit from 
continued development of varieties that perform well under late-planted, 
no-till systems (Lutcher et al. 2012). p ¢

Facultative wheat and barley

Facultative wheat or barley show potential as a replacement for winter wheat 
in no-till cropping systems where late-planting of winter wheat and annual 
spring cropping are not feasible. No-till fallow practices can reduce seed 
zone moisture, delaying winter wheat planting and reducing yield potential 
compared to conventional till WW-F systems. Facultative cereals can be 
planted later than winter wheat, thus are better adapted to no-till chemical 
fallow systems such as FW-ChF or FW-SW-ChF, reducing erosion and 
enhancing soil health in the Grain-Fallow AEC. Late-planted facultative 
wheat generally out-yields spring wheat and provides winter cover; facultative 
wheat is more competitive with summer annual weeds, and appears to be less 
susceptible to stripe rust and root disease pathogens than spring wheat.

Results from long-term studies at Ralston, showed that a no-till FW-ChF 
sequence had less yield variability than reduced-till WW-F, but had lower 
yields and net returns. Facultative wheat is more susceptible to winter 
damage and provides less winter cover than winter wheat, but begins 
spring growth and flowering earlier than true winter wheat, potentially 



206

Advances in Dryland Farming in the Inland Pacific Northwest

avoiding late-season heat and drought stressors. Researchers concluded 
that FW-ChF shows potential for no-till late planting purposes, but that 
conservation cost-share incentives would likely be needed for growers to 
adopt this system, and that further research would be useful (Bewick et 
al. 2008; Sullivan et al. 2013). p ¢

Tall stubble no-till and undercutter tillage systems

No-till fallow systems generally reduce yield potential in the Grain-
Fallow AEC due to delayed fall planting in response to excess evaporation 
from the seed zone compared to conventional tillage. However, studies 
at Ralston show that replacing semi-dwarf cultivars with tall, high 
residue winter wheat or triticale and harvesting with a stripper header 
can support timely fall planting in no-till systems. Tall, standing stubble, 
and heavy residue, protects the soil surface, reducing wind speed and 
surface temperature, and conserving seed zone moisture. These improved 
seeding conditions lead to better establishment of fall-seeded crops; 
Young et al. (2016a) found that this no-till system improved winter canola 
establishment 35–40% over reduced-till fallow. p ¢

Studies at the Jirava farm (Ritzville) found that seed zone moisture is 
generally better with undercutter tillage fallow than for standard no-till 
fallow systems. At Lind (9” MAP), winter wheat yields in a WW-UTF 
system were 35% greater than yields in the late-planted, no-till winter 
wheat system. In addition, the undercutter method can reduce blowing 
dust 70% (Schillinger 2016; Schillinger et al. 2016). p ¢

Integrating Flex Cropping

Flex cropping practices provide producers with options to reduce fallow, 
gain production opportunities, and increase crop biomass, carbon 
sequestration, and soil surface cover. Adequate moisture, favorable crop 
prices, and low weed and disease pressures help determine profitability 
of flex crop options. Growers can assess yield potential for a spring 
or fall flex crop using soil water content prior to planting, historic 
precipitation values, and site-specific yield history. Growers may be able 
to take advantage of late-summer rains to support recrop winter wheat or 
alternate crops such as winter canola or peas following wheat harvest, or 
to plant a spring crop during a traditional fallow sequence. 
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Available soil water and expected crop season precipitation can be useful 
in determining profitability prior to planting a crop. Schillinger et al. 
(2012) calculated that wheat requires 2.3” of available water for vegetative 
growth with an average 5.8 bu/acre production with each additional inch 
of available water, including stored soil water and spring precipitation. 
Winter wheat yields following summer fallow increased 7.3 bu/acre with 
each additional inch of water compared to 5.4 bu/acre for recrop spring 
wheat. Growers can use this tool to predict wheat yields after summer 
fallow or recrop spring wheat using the following equations and site or 
region-specific real-time and historical moisture values:

WW after SF: Yield = 6.7 SFW + 7.9 OWG + 4.4 A + 7.6 M + 12.2 J – 16.4

Recrop SW: Yield  = 5.4 OWG + 1.4 A + 6.4 M + 5.7 J – 10.6

Where Yield is grain yield in bu/acre, SFW is summer fallow available soil 
water in inches, OWG is net over-winter soil water gain in inches, A is 
April rain, M is May rain, and J is June rain in inches.

Lutcher et al. (2013) provide excellent guidelines for optional fall or 
spring flex planting decisions based on soil depth, crop choice, MAP, 
effective rooting depth of crop, and total plant-available soil water content 
at planting time. Table 5-11 illustrates the minimum plant-available soil 
water content needed for successful cropping.

Table 5-11. Recommended minimum plant-available soil water content needed for fall and spring planting.

Average annual 
precipitation (in)

Minimum plant-available soil water content (in)*
Fall planting Spring planting

<10 3.5 4.5
10 to 12 3.0 4.0
12 to 14 2.5 3.5
14 to 16 2.0 3.0
16 to 18 1.5 2.5
>18 1.0 2.0

Source: Lutcher et al. 2013 Note: Values listed in this table are guidelines only. *Effective 
rooting depth. Decisions to plant may be based solely on the anticipated quantity and timing of 
precipitation later in the growing season.
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Integrating Cover Crops

Cover crops are “close growing crops such as grasses or legumes that are 
used primarily to provide seasonal protection against soil erosion and 
for soil improvement” (Unger et al. 2006). Historically, growers in the 
inland PNW used green manure cover crops to supplement N before 
the introduction of chemical fertilizer, as well as to control erosion 
and provide forage and hay for livestock. Cover crop benefits include 
maintaining soil organic matter; fixing N, reducing soil evaporation; 
increasing infiltration; suppressing weed, disease, and pest pressure; 
improving soil structure; providing soil erosion protection; and 
promoting cash crop productivity (Snapp et al. 2005). 

There is renewed interest in cover cropping to enhance crop diversification 
and improve soil quality in PNW dryland cereal production systems. 
Researchers and growers are evaluating cover crop plant biomass 
production, soil fertility, soil moisture dynamics, and other factors 
that affect production and profitability of the following cash crop 
(e.g., winter wheat) and soil quality indicators. Cover crops can offer 
positive on-farm benefits, but there are major challenges to successful 
integration in dryland cropping systems including establishment, weed 
competition, water demand, and effect on yield of subsequent cash crops. 
Preliminary research results have shown that establishing mixed cover 
crops after cash crop harvest may be impractical due to soil moisture 
deficits (Thompson and Carter 2014). Similarly, Roberts et al. (2016) 
indicated that cover crop mixtures pose a high risk; cover crops may 
extract excessive water, limiting the available water for the following 
season’s cash crop. Growers may also be reluctant to take on additional 
labor and operation costs such as seeds, tillage, weed control, and 
cover crop termination. With no immediate cash return to producers, 
cover crops need to be further evaluated for intermediate- and long-
term economic and cropping system benefits. Research with single and 
multiple cover crop species are ongoing in various precipitation regions 
of southeastern Washington and in Pendleton, Oregon. Cover crop 
mixes that contain cruciferous crop seeds (e.g., mustard, canola, radish) 
are a potential source of black leg disease caused by the fungal pathogen 
Phoma lingam. Growers should only plant seed that has been tested and 
certified to be black leg-free.
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Research efforts are focused on finding beneficial ways to include cover 
crops in dryland systems that will complement cash crop production. 
Some potential cover cropping options in the PNW follow:

1. Companion cover crop grown for a short period with a cash crop.
2. Added biomass can reduce erosion, provide protection from 

winter freeze, and improve soil organic matter (e.g., seeding low 
rates of faba bean, radish, and buckwheat with the standard rate 
of winter wheat; Roberts et al. 2016). 

3. Cover crop in reduced or no-till systems. Minimizing tillage intensity 
can improve water infiltration and reduce evaporative losses, which 
can counterbalance the moisture utilized by a cover crop.

4. Cover crop as forage.
5. Cover crop mixes and cattle grazing were integrated into small 

grain and oilseed rotation in a high precipitation region in north-
central Idaho (Finkelnburg et al. 2016). The three-year study 
demonstrated a gain in heifer body weight and winter wheat yield.

6. Plant cover crop in “prevented planting” acreage.
7. Climate change is expected to increase spring precipitation. 

Excess soil moisture can lead to more frequent delayed or 
prevented planting acreage; planting a cover crop in lieu of leaving 
the ground fallow can reduce erosion and improve soil quality 
without negative financial impact (Steury 2014).

The USDA Natural Resource Conservation Service (NRCS) has recently 
developed the PNW Cover Crop Selection Tool to help growers and 
conservation planners select cover crop species adapted to their climate, 
soils, and intended purposes. More information on the tool and its 
use can be found in http://www.nrcs.usda.gov/wps/portal/nrcs/detail/
plantmaterials/technical/toolsdata/plant/?cid=nrcseprd894840.

Measuring Economic Impacts of Diversification on a 
Rotational Basis

There are both short- and long-term economic impacts of rotational 
diversification, and measuring long-term impacts may be difficult. 
However, longer term impacts, such as increased soil organic matter 
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and therefore increased water holding capacity, may provide a stronger 
incentive for changing farming practices. This section discusses short- 
and long-term costs and benefits of diversifying your cropping system. 

Short run costs of changing cropping systems will typically involve 
some management challenges:

• Growers will need to evaluate potential alternative crops and 
varieties, along with accompanying changes in pest control, 
marketing, and other factors.

• A new crop or management practice may require either adapting 
current machinery or purchasing new machinery.

• A new crop or management practice will involve some increase 
in risk as well as additional management.

Short run benefits of changing your cropping system might include:
• Reduced weed, disease, or insect problems 
• Modified spring or fall workload 
• Ability to take advantage of strong market prices, or avoid weak 

market prices

Long run benefits of changing your typical cropping system may include:
• Reduced erosion
• Improved soil health
• Reduced risk associated with a more diverse portfolio of potential 

crops
• Increased returns due to increased flexibility with respect to 

timing of fallow operations 

Several farmers in the region who converted to no-till many years ago 
are finding that their soils are able to support a more diverse crop mix 
today due to improved soil health. The rotational diversity they use today 
would not have been possible without earlier efforts to improve their soil. 
In grain-fallow areas where no-till may result in excessive evaporation 
of seed zone moisture, improved fallow practices and flex cropping can 
support diversification. Grower case studies are available online at http://
pnwsteep.wsu.edu/dscases and https://www.reacchpna.org/case_studies.
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Enterprise budgets and worksheets for each rainfall zone are available 
to compare annual profitability by cropping system and are referenced 
below. Measuring average annual profitability for diverse rotations 
allows economic comparisons across rotations with varying lengths. 
Adjusting budgets to reflect rotational impacts can be done by changing 
crop yields, prices, herbicide use and other assumptions in specific 
worksheets. Many different rotational scenarios can be created, and the 
resulting comparisons will be calculated automatically in the summary 
tab of the worksheet. The following sections discuss budget scenarios 
comparing profitability for each dryland AEC (Painter 2016a; 2016b; 
2016c). Since the relative economics of crop choices vary each year, 
all examples use 5-year average prices (2011–2015) received by PNW 
farmers. 

In a detailed economic analysis of net returns by crop under conventional 
tillage for the Annual Crop AEC, (Painter 2016a; 2016d), assuming 
typical yields and prices as stated in Table 5-12, soft white winter wheat, 
chickpea, and hard red spring wheat were the most profitable crops, 
averaging $60/acre or more net returns over total costs. Austrian winter 
pea, soft white spring wheat, and lentil averaged $32, $27, and $18/
acre, respectively, whereas net returns were negative for pea and spring 
barley at –$7 and –$24/acre, respectively, and lowest for spring canola 
at –$35/acre, based on the assumptions and underlying budget values in 
the Painter (2016a) worksheet. �

However, on any one piece of land, average net returns over time need 
to be calculated on a rotational basis. Farmers rotate crops for many 
reasons, including reducing disease and pest issues, and to improve 
overall soil health and crop yields. Average net returns by rotation are 
calculated as a simple average of net returns by crop (Figures 5-6, 5-7, 
and 5-8) and may reflect rotation benefits to subsequent crops. In the 
Annual AEC, net returns were highest for a rotation of soft white winter 
wheat, hard red spring wheat, and chickpea, averaging $62 per rotational 
acre per year, and lowest for a rotation of winter wheat, spring barley, 
and spring canola, at $2/acre/year (Painter 2016a). 

On a crop-by-crop basis, choices such as peas, barley, or canola appear 
unprofitable, but from a rotational or longer term standpoint, these 
crops may improve overall profitability. For example, research shows 
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Table 5-12. Crop yield and price assumptions and net returns over total costs by crop for the Annual 
Crop agroecological class, 2011–2015 average farmgate prices. �

Annual Crop � Unit Yield
unit/ac

Price
$/unit

Net Return
$/ac/yr1

Soft White Winter Wheat bu 80 $6.44 $64
Soft White Spring Wheat bu 58 $6.44 $27
Hard Red Spring Wheat bu 58 $8.41 $60
Spring Barley ton 1.5 $188.00 –$18
Pea lb 1700 $0.19 –$7
Lentil lb 1100 $0.30 $18
Chickpea lb 1200 $0.34 $63
Spring Canola lb 1500 $0.21 –$35
Austrian Winter Pea lb 2000 $0.22 $32

1Net returns over total costs using 2013 input costs.

Figure 5-6. Average annual profitability, expressed as net returns over total costs (TC), for the Annual 
Crop agroecological class, 2011–2015 average farmgate crop prices. �



213

Chapter 5: Rotational Diversification and Intensification

a yield increase in wheat following peas and canola of 19% and 15%, 
respectively (Guy and Karow 2009); or, use of an herbicide-tolerant 
canola crop can reduce persistent annual grass weeds, increasing 
subsequent crop yields and reducing herbicide costs.

Detailed enterprise budgets and worksheets for low rainfall (Connolly 
et al. 2015a; 2015b) and intermediate rainfall (Connolly et al. 2016a; 
2016b) regions, include an oilseed rotation and a grain rotation and 
separate wheat budgets for each. These budgets were adapted to reflect 
2011–2015 average farmgate crop prices in the following profitability 
scenarios (see Painter 2016b; 2016c). 

In the Transition AEC example, net returns over total costs were highest 
for a 45-bushel hard red spring wheat crop, averaging $47/acre (Table 
5-13). Net returns for an 86-bushel winter wheat crop in the oilseed 
rotation (F-SWWW-SC) were $58/acre, but this included the costs of 
the preceding fallow year, so it is a 2-year return (Painter 2016b). p

The predominant crop sequence in the Transition AEC is a 3-year 
F-SWWW-SWSW rotation. Diversifying from this rotation to include 
an oilseed such as spring canola (F-SWWW-SC) can provide many 
rotational benefits, from reducing disease and weed pressure to breaking 
up hardpan layers and improving nutrient cycling. Assuming a 10% 
yield advantage for winter wheat in the oilseed rotation, and replacing 
the spring wheat crop with a spring canola crop, net returns for the 
3-year period average $19/acre/year, compared to $16/acre/year in the 
F-SWWW-SWSW rotation, or $25/acre for F-SWWW-HRSW (Figure 
5-7). Thus, the oilseed rotation is competitive with the grain rotation 
under the assumption of a 10% yield advantage for soft white winter 
wheat.

In the Grain-Fallow AEC example, net returns over total costs for 2011–
2015 using five-year average prices for PNW farmers were greatest 
($16/acre over a 2-year period) for soft white winter wheat preceded by 
summer fallow in a 4-year oilseed rotation (F-WC-F-SWWW), which 
assumes a 10% yield advantage for winter wheat (Table 5-14; Painter 
2016c). The standard 2-year (F-SWWW) cropping system showed net 
returns over total costs of –$6/acre over a 2-year period (–$3/acre/year), 
which is not an economically sustainable system. For winter canola 



214

Advances in Dryland Farming in the Inland Pacific Northwest

Table 5-13. Crop yield and price assumptions and net return over total costs by crop for the Transition 
agroecological class, 2011–2015 average farmgate prices. p

Transition p Rotation1 Unit Yield
unit/ac

Price
$/unit

Net Return
$/ac2

Soft White 
Winter Wheat OR bu 86 $6.44 $58

Spring Canola OR lb 1500 $0.21 –$2
Soft White 
Winter Wheat GR bu 78 $6.44 $30

Soft White 
Spring Wheat GR bu 50 $6.44 $18

Hard Red Spring 
Wheat GR bu 45 $8.41 $47

Spring Barley GR ton 1.5 $188.00 $4
1OR = oilseed rotation with canola (F-WW-SC); GR = grain rotation (F-WW-SW or SB)
2Net returns over costs using 2013 input costs.

Figure 5-7. Average annual profitability, expressed as net returns over total costs (TC), for the Transi-
tion agroecological class, 2011–2015 average farmgate prices. p
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preceded by summer fallow (F-WC), average returns over total costs 
were even less profitable at –$22/acre over a 2-year period. ¢

For the 4-year oilseed rotation (F-SWWW-F-WC), average net returns 
over total costs were –$1/acre/year (Figure 5-8), assuming the 10% 
average yield advantage for soft white winter wheat, compared to –$3/
acre/year for the standard cropping system of F-SWWW. The 10% yield 
advantage for winter wheat in the oilseed rotation is attributed to a more 
diversified rotation, particularly beneficial in the presence of problems 
such as persistent grass weeds or wheat disease. Lack of profitability in 
both of these systems highlights the production challenges in the Grain-
Fallow AEC.

Obviously, economic feasibility is critical to sustainability. Growers 
are not motivated to plant spring and winter canola if estimated net 
returns over total costs are negative. When spring canola prices were 
rising between 2008 and 2012 (Figure 5-9), planted acreage of this crop 
responded, just as chickpea acreage expanded in response to the high 
relative expected returns from this crop. However, annual production of 
winter wheat across all AECs typically occurs on more than 40% of the 
total acreage. Continuous cropping of small grains results in yield decline 
and decreased returns. Relatively small gains in yields or cost savings can 
make diversification into alternative crops economically advantageous. 
Producers may be willing to grow a less profitable crop in the current 
year to increase resiliency and economic returns in subsequent years, 
particularly if they can use tools such as these budget worksheets to 
estimate impacts under different assumptions. Quantifying the potential 
risks and benefits associated with new crops or rotations may be an 
important step in convincing growers, bankers, landlords, and other 
farming partners to try new practices for enhancing overall sustainability.
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Table 5-14. Crop yield and price assumptions and net returns (2-year) over total costs for the Grain-
Fallow agroecological class, 2011–2015 average farmgate prices. ¢

Grain-Fallow ¢ Rotation1 Unit Yield
unit/ac

Price
$/unit

Net Return
$/ac2

Winter Canola OR lb 1500 $0.21 -$22
Soft White 
Winter Wheat OR bu 50 $6.44 $16

Soft White 
Winter Wheat GR bu 45 $6.44 -$6

1OR = oilseed rotation with canola; GR = grain rotation
2Net returns over costs ($/acre, 2-year crop-fallow cycle) using 2013 input costs.

Figure 5-8. Average annual profitability, expressed as net returns over total costs (TC), for the 
Grain-Fallow agroecological class, 2011–2015 average farmgate prices. ¢
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Figure 5-9. Prices received by growers for alternate crops in the PNW (NASS data).

Grower Resources

Oregon State University AgBiz Logic Website

http://www.agbizlogic.com/

Oregon State University Wheat Research Website

http://cropandsoil.oregonstate.edu/group/wheat

REACCH Farm Enterprise Budgets

https://www.reacchpna.org/farm-enterprise-budgets

REACCH Grower Case Studies

https://www.reacchpna.org/case_studies

STEEP Grower Case Studies

http://pnwsteep.wsu.edu/dscases/
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University of Idaho Brassica Breeding and Research Website

http://www.cals.uidaho.edu/brassica/index.asp

University of Idaho AgBiz Website

http://www.uidaho.edu/cals/idaho-agbiz

STEEP Grower Case Studies

http://pnwsteep.wsu.edu/dscases/

Washington State University Washington Oilseed Cropping 
Systems Website 

http://css.wsu.edu/biofuels/

Washington State University Small Grains Website

http://smallgrains.wsu.edu/
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Table 5-A1. Potential alternative crops for direct seeding in the inland Pacific Northwest by 
agroecological class.

Annual Crop � Transition p Grain-Fallow ¢
Winter cereals
Oats 5 3 2
Triticale 5 5 5
Winter broadleaf
Faba bean 3 2 2
Flax 4 3 3
Lentil 4 4 3
Lupine 3 3 3
Pea 4 3 3
Canola/rapeseed 5 5 5
Cool season spring cereals
Oats 5 3 2
Triticale 5 5 5
Cool season spring broadleaf
Chickpea 5 3 2
Crambe 5 4 3
Dry pea 5 3 2
Faba bean 3 2 1
Flax 4 3 3
Lentils 5 4 3
Lupine 4 4 3
Mustard 5 5 4
Canola/rapeseed 5 4 3
Warm season summer grasses
Corn 4 3 3
Millet 4 4 3
Sorghum 4 4 3
Warm season summer broadleaf
Buckwheat 4 3 1
Dry beans 5 3 1
Safflower 4 3 2
Soybean 3 2 1
Sunflower 4 2 2

1 = definitely not; 3 = possibly; 5 = definitely. Adapted from Guy and Karow (2009).
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Table 5-A3. Typical nitrogen (N) requirements and relative water use.

UNR 
lb N/bu

UNR
lb N/100 lb Relative Water Use2,3

Soft white wheat1 2.7–3.6 4.5–6.0 Winter wheat, 
winter triticale, 
winter canola

Sunflower, 
safflower, chickpea

Spring cereal, 
spring mustard, 

canola, and 
camelina

Lentil

Pea

Highest

i

i

i

Lowest

Hard red wheat2 3.0–3.7 5.0–6.2
Feed barley2 2 4.1
Malt barley2 3 6.2
Triticale3 similar to 

SWWW
—

Broadleaf
Canola4 — 7  

(6.0–10.7)
Camelina5 — 5–6
Safflower6 — 5
Yellow mustard7 — 8–12

1Koenig et al. 2005. 
2Wysocki et al. 2006. 
3Schillinger pers. comm. 
4Koenig et al. 2011; Karow 2014. 
5Hulbert et al. 2012. 
6Armah-Agyeman et al. 2002. 
7J. Brown et al. 2005; Davis and Wysocki 2010.
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Soil Fertility Management
Kristy Borrelli, Pennsylvania State University (formerly of University of Idaho)

Tai Maaz, Washington State University
William Pan, Washington State University
Paul Carter, Washington State University
Haiying Tao, Washington State University

Abstract

The inland Pacific Northwest’s (PNW) warm, dry climate and deep soils 
make it ideal for producing high yields of high-quality wheat. Wheat can 
grow in some of the region’s driest areas where other crops cannot. However, 
drastic topography and precipitation gradients result in variable growing 
conditions that impact crop yield and complicate nutrient management 
strategies. Interrelated climate, water, and nutrient dynamics drive 
wheat development, growth, and associated fertility recommendations; 
understanding these complex relationships will become increasingly 
important under changing climate conditions. Concerns related to 
nitrogen losses, soil erosion and nutrient runoff, and decreasing soil 
pH can result from improper use of fertilizers and further complicate 
management strategies. Farm-specific management approaches, regular 
soil testing, and detailed recordkeeping can help producers improve 
nutrient use, minimize nutrient losses and environmental degradation, 
and maintain high yields and quality.

Key Points
• Climate, weather, topography, and soil drive wheat productivity and 

soil fertility management strategies in the inland PNW.
• Variable landscapes and rainfall gradients affect crop fertilizer 

accessibility, nutrient use efficiencies, and crop growth. Inland PNW 
producers can achieve the best growing conditions for wheat by 
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tailoring management strategies to their specific field and within-
field locations.

• Practices that maximize nitrogen use efficiency include fertilizer 
placement, fertilizer source, timing of application, and rates that 
match crop species’ and varietal nitrogen needs.

• Over-use of fertilizers can result in harmful effects on air, water, 
and soil quality and negatively affect a producer’s bottom line. 
Appropriate management strategies and regular soil testing can 
reduce nutrient loss and improve overall farm gains.

• Conserving soil water is imperative in dryland agricultural 
regions since available soil water directly drives wheat yields 
and nutrient availability. Increased water stress is likely under 
predicted climate scenarios. Management strategies that build 
up soil organic matter and improve soil health can buffer against 
crop nutrient and water loss.

Introduction

Maintaining soil fertility in wheat-based cropping systems is necessary to 
achieve satisfactory growth and yields, as well as protein and other quality 
factors in wheat. Complex interactions among multiple climate, weather, 
soil, and plant factors in the inland PNW can impact crop productivity 
and affect soil fertility management strategies across locations and within 
farms. Precipitation and temperature directly influence crop yields, the 
foundation for all fertilizer application rate recommendations, while the 
soil itself can affect nutrient availability, retention, and cycling. Plant 
nutrients are removed from the plant-soil system in the crop at harvest 
each year (Table 6-1), making it necessary to add many of them back at 
the beginning of each growing season to ensure marketable wheat yields 
and protein levels. Typically, wheat producers supply nutrients to their 
cropping systems by applying commercial fertilizers, and incorporating 
legumes into their rotations. On occasion, they might supply wheat with 
nutrients from organic fertilizer sources, although this is a relatively 
uncommon practice due to the distance of animal production in relation 
to wheat farms and the large quantities of amendments needed to supply 
adequate fertility to wheat and other cereal crops. An important concept 
to understand is that managing soil nutrients is more than simply 



239

Chapter 6: Soil Fertility Management

considering how much fertilizer a crop needs to grow. It is a process that 
requires controlling a variety of fertility sources over time in complex 
and dynamic cycles. The challenge is meeting the overall need of the crop 
and applying nutrients at peak crop demand while continuing to sustain 
healthy soils and associated natural resources.

The goal of this chapter is to summarize the main factors that impact 
nutrient requirements and drive associated soil fertility management 
decisions for wheat-based cropping systems in the inland PNW. A more 
thorough understanding of how these factors interact and affect wheat 
yield and quality will help prepare producers and service providers to 
address regional soil fertility concerns, reduce negative effects to the 
environment, and achieve high yielding and quality wheat production.

Grower Considerations

Nitrogen Management

Nitrogen (N) is the nutrient that producers supply in the largest quantities 
each year in wheat-based cropping systems due to the high demand of N 

Table 6-1. Nutrient supply and removal in harvested grain* across the main wheat-producing counties 
of the inland PNW.

Nutrient Source N P2O5 K2O
ton/yr

commercial** 143,570 41,439 30,172
recovered manure*** 1,377 2,013 6,242
biologically fixed by legumes*** 25,322   
total nutrient supply 170,269 43,452 36,414
crop removed*** 171,203 63,331 102,602
balance (supply - removed) –934 –19,879 –66,188
removal ratio (removal/supply) 1.01 1.46 2.82

*Methods described in IPNI (2012). N = nitrogen; P2O5 = phosphorus; K2O = potassium. 
**1997, 2002, 2007, 2010-12 County level data interpolated and summarized by International 
Plant Nutrition Institute (IPNI) from fertilizer sales data collected by the Association of 
American Plant Food Control Officials (AAPFCO). 
***Farm census data from USDA National Agricultural Statistical Service (USDA-NASS) Census 
of Agriculture, summarized by IPNI. 
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by cereal crops. Nitrogen is also the most deficient nutrient for all non-
legume crops in the inland PNW, and wheat yields respond to additions of 
N fertilizer in most precipitation zones when N supplied by the soil is low 
(Rasmussen 1996). Therefore, N is a major focus of nutrient management 
plans and field recommendations (Pan et al. 1997). Although several forms 
of N exist in nature, nitrate-N (NO3-N) and ammonium-N (NH4-N) are 
the forms available to plants. The primary determinants of plant-available 
N are (1) release from soil organic matter by microbes (referred to as 
mineralization), (2) contributions from organic and inorganic N fertilizer 
sources, and (3) losses from the plant-available N pool (Figure 6-1) (Cassman 
et al. 2002). Nitrogen, a dynamic nutrient that is altered by biological soil 
processes as well as exposure to water and air, is particularly complicated to 
manage compared to nutrients that are less subject to transformations and 
losses. Nitrogen availability is influenced by precipitation, soil water, and 
field variability more than most nutrients as a result of its association with 

Figure 6-1. Nitrogen cycle diagram. Nitrogen (N) transformations occur as a result of associations with 
biological organisms, and N cycling processes are greatly impacted by temperature, heat, and other 
environmental conditions that affect biological metabolic activity. Plant-available N forms, nitrate-N 
(NO3-N) and ammonium-N (NH4-N), can be derived from inorganic fertilizers and organic sources. It is 
important to consider the complete N cycle to understand plant N uptake abilities as well as potentials 
for N loss. (Figure created by Nick Kennedy.)
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biological organisms. Because climate and topographical factors impact N 
cycling and crop availability in the inland PNW (Pan et al. 1997), they are 
presented here with the best options for efficiently using N relative to the 
region’s specific concerns.

Meeting nitrogen use efficiency – matching N availability with crop 
needs

In general, an efficient system is one that maximizes its outputs relative 
to its use of inputs, and efficient N use by a wheat crop means that the 
majority of N available throughout the growing season can be accounted 
for in the grain at harvest. If N is not taken up by the crop, it remains 
in the root zone of the soil. Nitrogen use efficiency (NUE) of an entire 
cropping system can be considered as the proportion of all N inputs that 
are (1) removed in harvested crop biomass, (2) contained in recycled 
crop residues, and (3) incorporated into residual soil N pools (organic 
and inorganic sources) (Cassman et al. 2002). All of these components 
are considered in nutrient management plans (Pan et al. 1997). 

Nitrogen use efficiency can be partitioned into soil and plant processes 
governing nitrogen uptake efficiency (how efficiently the plant obtains 
N from the soil) and nitrogen utilization efficiency (how efficiently 
N is metabolized inside the plant) (Huggins and Pan 1993; Moll et al. 
1982). Because NUE is the product of uptake and utilization efficiencies, 
inefficient use of N can occur because of low uptake of N by the plant, 
poor utilization by the plant to produce grain, or a combination of both.

Factors that reduce NUE include over-fertilization (too much N supplied 
for plant needs), sub-optimal yields (too little plant uptake of available 
N), and N losses (applied N not being used by the plant) (Sowers et al. 
1994). Environmental factors that impact these variables can also reduce 
NUE. For instance, drought conditions can reduce yields, restrict the 
uptake of N by crops, and shorten the grain-filling period of crops (Maaz 
et al. 2016; Pan et al. 2007). Dry conditions impair root activity near the 
surface of the soil, thereby increasing the amount of soil N “stranded” 
and decreasing the uptake of available N. Nitrogen use efficiency can 
also be diminished with increasing annual precipitation, as N retention 
is reduced by denitrification and nitrate-N leaching from the root zone, 
particularly in shallow soils. 
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The best approach for maximizing NUE at economically optimal yields 
is to match fertilizer rates based on soil tests, as well as the timing of 
application with crop uptake needs, which can be difficult. Understanding 
current practices for applying fertilizers is necessary for knowing how to 
better meet NUE goals and addressing challenges.

Factors driving current nitrogen management strategies

Field and regional variability impacts on water and nitrogen relationships

Soil and climatic features across the region (e.g., precipitation gradient) 
as well as within fields (e.g., slope position), greatly impact N cycling 
dynamics and requirements that affect crop performance and yield 
potential (Pan et al. 1997). The topography of the inland PNW is quite 
diverse compared to many other regions (Mulla 1986; Rasumssen 
1996), and most of the wheat production acreage is located on steep 
hillslopes (Busacca et al. 1985) (see Chapter 8: Precision Agriculture). 
Wheat productivity is determined largely by plant-available water and 

Figure 6-2. Grain yield versus nitrogen (N) supply (residual N plus mineralization plus fertilizer N) at 
different points along a hillslope at Farmington and Pullman, Washington, in 1990 and 1991. (Used 
with permission from Fiez et al. 1994b.)



243

Chapter 6: Soil Fertility Management

Table 6-2. Yearly variation in the rate of nitrogen (N) producing the optimum grain yield of winter 
wheat, in a winter wheat-fallow rotation in Pendleton, Oregon, from 1963 to 1987. 

N Rate (lb/ac)
Year 0 40 80 120 143

 Grain Yield (bu/ac)
1963 36 62 55 42 37
1965 62 64 71 71 68
1967 42 61 54 45 39
1969 54 55 54 45 43
1971 51 79 85 77 67
1973 48 55 49 42 42
1975 51 67 59 57 57
1977 48 54 49 46 45
1979 42 57 55 45 49
1981 55 89 100 104 100
1983 42 62 86 97 92
1985 48 51 57 57 57
1987 57 79 83 74 71

1Grain yields in bold are at the N rate providing optimum yields.
Adapted from Rasmussen (1996).

the manner in which water, nutrients, and other crop growth factors are 
distributed across the landscape (Long et al. 2015). Specifically, water-
holding capacity and rooting depth is often limited on eroded hilltops, 
and N losses and transformations can occur differently depending on 
field location (Fiez et al. 1994a; Long et al. 2015; Pan et al. 1997).

Especially notable in the hilly Palouse region of the inland PNW, 
differences in climate and soil productivity at different slope locations 
contributes to variations in wheat yield and protein levels across fields 
(Figure 6-2) (Fiez et al. 1994a; Fiez et al. 1995; Mulla 1992; Yang et al. 
1998). As a result, there is high annual variability in the amount of N 
needed to attain optimal yields (Table 6-2) (Pan et al. 1997).

Relationships among precipitation, soils, fertilizers, and wheat yields have 
been integral to N recommendations since the adoption of commercial N 
fertilizers in the 1950s (Pan et al. 2007). In fact, quantitative relationships 
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among water, N, and wheat yield in the inland PNW were determined 
through extensive field experimentation in the 1950s (Jacquot 1953; 
Leggett 1959) and have been used ever since to estimate regional wheat 
yield potentials and soil fertility recommendations. Regional and annual 
variations increase the challenge for the inland PNW’s producers to make 
appropriate N management decisions on their farms, which can be some 
of the most important and costly farm management decisions.

Precipitation and soil water

Wheat’s responses to nutrients are especially sensitive to the amount of 
precipitation received during the growing season. Precipitation and soil 
water accumulated during the growing season influence soil nutrients 
and plant nutrition directly by (1) increasing crop yield potentials and 
(2) improving nutrient mobility and transformations in the soil. Wheat 
yields and total plant-available N are impacted by water availability, 
making weather-driven N recommendations necessary for dryland wheat 
production (Pan et al. 2007). Plant-available water also determines wheat 
protein content (Baker et al. 2004) in dryland environments. Nitrogen 
management affects the end-use quality of grain (Brown et al. 2005; 
Miller and Pan n.d.).

Nitrogen recommendations

The amount of N required to achieve wheat yield and protein goals is 
mainly dependent on the crop’s yield potential and the class of wheat 
being produced. Nitrogen budget-based fertilizer guides are available 
to help producers estimate these values and develop a specific nutrient 
management plan for their own dryland wheat production systems in 
Washington (Koenig 2005), Oregon (Lutcher et al. 2005), and Idaho 
(Mahler 2007). (Various nutrient management guides exist for producing 
wheat in Oregon under different precipitation zones. Producers in 
Southern Idaho should also refer to the Southern Idaho Dryland Winter 
Wheat Production Guide. All guides are listed under Grower Resources 
later in this chapter.) Although they have been developed for different 
states, the basic recommendations and guidelines are similar for all three 
states. The standard components for calculating annual N fertilizer rates 
are the N supply needed based on (1) wheat yield potential of a specific 
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site, (2) the amount of N required to achieve yield and protein goals for a 
desired wheat class, and (3) an inventory of soil N contributions (Figure 
6-3).

Figure 6-3. Basic nitrogen (N) fertilizer rate calculation steps. Simplified calculations were developed 
from nutrient management guides (Koenig 2005; Lutcher et al. 2005; Mahler 2007).

Step 1: The amount of N fertilizer needed per acre of wheat can be 
calculated by multiplying the anticipated yield goal by the unit N 
required (UNR) for soft white winter or club wheat (2.7 lb N/bu) or 
hard red and white wheat varieties (3.0 lb N/bu). Yield goals and 
UNRs already account for plant available moisture and grain protein, 
respectively.

Yield Goal (bu/acre) x UNR (lb N/bu) = N fertilizer required                         
(lb N/ acre)

Step 2: Account for residual soil N contributions in the soil profile to a 
depth of 4 to 5 feet. Residual N can be measured with soil tests and 
should be calculated prior to applying fertilizer.  

Lbs. N fertilizer required per acre (from Step 1) – Residual Soil N            
(lb N/acre) = N fertilizer recommendation (lb N/acre)

1. Wheat yield potential. Wheat yield varies in response to weather, 
crop rotations, and other management variables. Wheat yields 
can vary from 25 to over 110 bushels per acre across the region. 
Correlations between available water and wheat grain yield have 
been measured extensively throughout the inland PNW and have 
been used to estimate yield potential in dryland wheat systems 
(Mahler 2007; Pan et al. 2007; Robertson et al. 2004). Yield goals 
can be estimated based on a producer’s experience, from historical 
averages, or they can be calculated using pre-plant soil water and 
expected precipitation during the growing season (Koenig 2005). 
Estimated water use efficiencies (WUEs) for wheat are 7 bushels 
of soft white winter wheat per acre per inch of available water, 
and 6 bushels of wheat per acre per inch of available water (for 
all other wheat classes). Modern semi-dwarf wheat cultivars and 
improved agronomics have increased yields and therefore the 
WUE of wheat (Figure 6-4).
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2. Wheat class and protein. Optimum grain protein levels range from 
9% to 10% for soft white wheat and 11% to 14% for hard wheat 
classes (Brown et al. 2005; Koenig 2005; Lutcher et al. 2005). 
More specifically, market protein goals for hard wheat classes are 
11.5% for hard red winter wheat, 12.5% for hard white wheat, and 
14% for hard red spring wheat (Washington Wheat Commission 
Guides for Hard White Winter, Hard Red Spring, and Hard Red 
Winter Wheat). Meeting these protein values is critical to produce 
high-quality wheat and to avoid dockage and price reductions for 
grain at the elevator.

3. Soil contributions of N. Residual soil N in the rooting zone can 
come from both organic and inorganic sources and is one of the 
most complicated factors to predict and manage (see Chapter 4: 
Crop Residue Management and Chapter 7: Soil Amendments). 
Despite similar soil types, climatic conditions, and management 

Figure 6-4. The relationship between available water in the soil profile plus spring precipitation and grain 
yield of dryland wheat in eastern Washington. Data were collected from 1953 to 1957 (dotted line, open 
triangles) and from 1993 to 2005 (solid line, filled circles). Grain yield data are from a combination of 
winter and spring wheat. The minimum threshold of available water required for wheat germination has 
decreased from 5.9 inches in 1953 to 1957 to 2.3 inches in the recent study (1993 to 2005) as a result of 
improved water use efficiency in newer cultivars of wheat. (From Schillinger et al. 2012.)
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practices, residual soil N varies over time and location since 
plant-available forms of N are influenced by soil temperature, 
water content, and management practices. For example, flushes 
of N mineralization may occur after soil tillage, soil rewetting, or 
during freeze-thaw cycles.

Practices that promote soil health and increase soil organic matter (e.g., 
incorporating crop residues, manure, or compost) are going to have 
the greatest influence on supplying N from the soil. The amount of N 
released from organic sources like crop residues and manure depends on 
the amount of N they contain and rates of N mineralization. Nitrogen 
is released from organic compounds over a longer period of time than 
it is from inorganic sources since mineralization must occur. However, 
supplies of organic residues not only provide a slow-release source of N, 
but they also help build soil structure and retain water in the rooting zone 
(see Chapter 2: Soil Health). Improved soil water holding capacity can 
expedite mineralization and nutrient cycling in addition to remediating 
water stress that crops experience during dry and hot growing conditions.

It is important to consider N released from decomposing legume or other 
low carbon-to-nitrogen (C:N) ratio residues and other sources of soil 
organic matter. Koenig (2005) estimates that peas can contribute 10 to 20 
pounds of N per acre (amounts vary based on pea biomass yield), lentils 
can contribute 10 pounds of N per acre when biomass is greater than 
1,000 pounds per acre, and alfalfa can contribute as high as 50 pounds of 
N per acre (Table 6-3). These sources of N as well as soil organic matter 
are considered credits in the N fertilizer calculation (Koenig 2005). It is 
recommended to credit 20 pounds of N per acre for each 1% of organic 
matter under conventional tillage and 17 pounds of N per acre for each 
1% up to 3% of organic matter under direct seeding systems. 

Most inorganic N fertilizers enter the plant-available N pool rapidly since 
they are predominantly composed of simpler, plant-available nitrate-N, 
ammonium-N, or both. Using plant-available N sources, however, does 
not guarantee that N will not accumulate in the soil profile. It is possible 
to have elevated levels of residual N at harvest if inorganic fertilization 
additions exceed the annual yield requirements for that site. While 
residual fertilizer N can be recycled in subsequent seasons in inland PNW 
cropping systems (Maaz and Pan n.d.), over-fertilization can become 
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particularly problematic when fertilizer N rates consistently exceed the 
amount of N exported in the grain, especially in landscape positions that 
are vulnerable to N losses. 

Residual plant-available soil N, as the sum of nitrate-N and ammonium-N, 
should be accounted for in soil tests (0 to 5 feet deep or to a restricting 
layer). When crediting soil N sources, it is important to consider when the 
soil samples are collected. If soil samples are taken in the spring, up to half 
of the N released from soil organic matter annually has already occurred. 
Also, knowledge of crop rotation is important. Immobilization or N tie-up 
can occur when high amounts of cereal straw residues, with wide C:N ratios, 
are left on the field. Immobilization acts as a debit in fertilizer calculations. 
No debit is taken after summer fallow, but if wheat was the preceding crop, 
debits of 35 pounds of N per acre (winter wheat), 30 pounds of N per acre 
(spring wheat), and 25 pounds of N per acre (barley) should be taken.

Despite its complex nature and variability, residual soil N contributions are 
important to account for when making nutrient management decisions 
since inorganic N and N mineralization contributed to the majority of grain 
N at maturity (Sowers et al. 1994). Failing to account for plant-available N 
in the soil matrix can lead to over-fertilization and nutrient losses.

Factors that impact NUE

Timing application with growth

Crop management, such as residue retention, crop rotation, residual 
fertilizer from the previous crop, and fertilizer timing, placement, and 

Table 6-3. Nitrogen (N) contributions from previous grain and forage legume crops. 

Preceding Crop Preceding Crop Yield 
(lb/ac)

N Credit 
(lb N/ac)

Peas >2500 20
Peas 1500 to 2500 15
Peas <1500 10

Lentils >1000 10
Alfalfa Any 50

Adapted from Koenig (2005).
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source all affect NUE (Cassman et al. 2002; Dawson et al. 2008; Lea 
and Azevedo 2006; Maaz and Pan n.d.; Raun and Johnson 1999). To 
help producers manage N more effectively in their fields, researchers 
encourage them to make nutrient management decisions based on the 
unit nitrogen requirement (UNR) and NUE at economically optimal 
yield for each specific field and crop. Ideally, wheat producers want to 
identify the lowest UNRs to attain economically optimal yields.

Unit nitrogen requirements

The N requirement or the amount of N needed to produce 1 bushel of 
wheat is based on a grain protein goal in combination with plant-available 
soil water and N factors. This amount of N is also referred to as the UNR 
and is measured in pounds of N needed for each expected bushel of 
wheat. The UNR is the inverse of NUE (UNR = 1 ÷ NUE) at economically 
optimal yields (Fiez et al. 1994b). Once the UNR value is identified, it 
is multiplied by the expected yield (bushels per acre) to provide an N 
fertilizer application rate recommendation in pounds of N per acre (Step 
1 in Figure 6-3). Recommended UNRs are typically 2.7 pounds of N per 
bushel for soft white winter and club wheat and 3 pounds of N per bushel 
for hard red or white varieties of wheat (Leggett 1959). 

It is important to recognize that these UNR determinations were regionally 
averaged over different Washington wheat-growing areas (Hergert et al. 
1997), and the data was typically produced from experiments conducted 
on gentle sloped or flat landscape positions for maximizing yield potential 
and for ease and accessibility for research plot equipment (F.E. Koehler, 
personal communication). In actuality, agricultural field landscapes 
exhibit differences in multiple factors that influence N supply, protein-
yield relationships, and yield potential (Figure 6-2). Although current 
guidelines for nutrient management depend on these values, one should 
recognize that UNRs are variable among years and across landscape 
positions, ranging from as low as 2 pounds of N per bushel to as high 
as 3.5 pounds of N per bushel (Koenig 2005; Lutcher et al. 2005; Mahler 
2007). Furthermore, these landscape differences do not always repeat 
their patterns with variable weather, which can result in variable UNRs 
over landscapes and years. For example, UNR values ranged from 1.8 to 
3.9 pounds of N per bushel in a study conducted by Fiez et al. (1994b). 
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This strongly suggests that site-specific N recommendations cannot be 
extrapolated from regionally developed recommendation models (Pan et 
al. 1997).

In the inland PNW, the Extension nutrient management guides mostly 
take a “Liebig” approach to soft white winter wheat N recommendations 
(Figure 6-5), which assume that NUE is constant across a large range 
of yield potentials (Pan et al. 2016). Therefore, the main reason that 
inefficiencies in N use by wheat occur in the inland PNW is that fertilizer 
recommendations are calculated based on estimated UNR values as 
standards as opposed to actual field values. As a result, too little or too 
much fertilizer gets applied and the wheat plant either experiences N 
deficiency symptoms (e.g., poor growth and development or inadequate 
protein levels) or does not use all available N, making it susceptible to 
volatilization, runoff, or leaching loss. In contrast, a classic “Mitscherlich” 
approach (Figure 6-5) assumes that the NUE varies greatly across the 
range of yield potentials observed in the inland PNW, which may or may 
not be correct for a given crop, region, or farm. An alternative strategy is 
to integrate effects of yield potential and available water on the response 
of winter wheat to N, which combines the “Liebig” and “Mitscherlich” 
approaches. This integrated approach is currently being used to better 

Figure 6-5. A classic Mitscherlich approach to nitrogen (N) recommendations assumes that nitrogen use 
efficiency (NUE) varies greatly across the range of yield potentials, whereas a Liebig approach assumes 
NUE is constant across a large range of yield potentials. An integrated approach between the two could 
improve accuracy in estimating N recommendations. (Adapted from Pan et al. 2016 and Pan 2015.)
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understand changes in UNR across the region, and it has indicated 
that UNR decreased as precipitation increased along the 12 to 20 inch 
precipitation gradient (Maaz and Pan n.d.). However, additional studies 
are needed to characterize the potential decrease in NUE as precipitation 
exceeds 20 inches and the risk of soil N losses increase.

Accurately estimating UNR across fields is an ongoing concern and 
challenge (Fiez et al. 1994a; 1994b) due to landscape variability as well as 
an unrealistic requirement to sample a field as intensively as necessary for 
obtaining actual values. Fortunately, several strategies exist that can help 
improve N management and NUE, such as split application, nitrification 
inhibitors, and variable rate N applications. Variable N rate practices and 
technologies have been evolving as computer technologies have been 
incorporated with agricultural machinery, while remote sensing is a 
promising tool to delineate management zones based on crop performance 
indicators (Song et al. 2009). High-tech machines and software packages 
offer producers more opportunities to increase NUEs on their farms by 
using site-specific management (see Chapter 8: Precision Agriculture).

However, even without the use of high-tech farming equipment several 
strategies exist that can help improve N management strategies and NUE. 
Approaches to increasing NUE should integrate many known components 
of wheat production into one system (Raun and Johnson 1999). The 
following strategies can help improve NUE in most cropping systems.

Strategies that improve NUE

Fertilizer placement

Early season N availability is critical for yield and a moderate level of 
grain protein (Washington Wheat Commission Guide Hard Red Winter 
Wheat). Nitrogen must be available for plants to take up by the three-leaf 
stage (Figure 6-6) since the bud for the first tiller forms at this point and 
N is critical to support tiller formation from the very beginning (Waldren 
and Flowerday 1979). Most of the N required by wheat is taken up during 
vegetative growth and used to establish the yield potential (number of 
heads and kernels per head) (Washington Wheat Commission Guide 
Hard Red Winter Wheat). Vegetative N is later transported to the kernels 
to form protein during grain fill in mid to late summer.
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Splitting N fertilizer applications between fall and spring allows producers 
to conservatively apply smaller amounts of N early in the growing season 
and then adjust rates and add additional fertilizer in the spring, only if 
the precipitation outlook is favorable for high wheat yields. Split (fall-
spring) applications of N fertilizer are recommended in areas receiving 
approximately 21 inches of annual precipitation, whereas areas that 
experience heavy winter precipitation (greater than 24 inches) or have 
sandy soils might benefit from spring applications only (Mahler 2007). 
In higher precipitation areas, over 70% of the required fertilizer should 
be applied in spring (Mahler 2007). Lower NUE associated with all-fall N 
fertilizer application on winter wheat was associated with N loss, whereas 
spring-only and split (fall-spring) applications improved NUE as a result 
of N availability prior to the period of rapid plant uptake of N, which 
resulted in greater fertilizer recovery (Sowers et al. 1994). The efficient 
recovery of fertilizer applied in spring during this accelerated phase of N 
uptake suggests that there was intensive root activity in the surface soil 
between stem elongation and boot stage (Sowers et al. 1994). Mahler et 
al. (1994) found both winter wheat grain yield and NUE were greatest 
when applications were split between fall and spring compared to spring-

Figure 6-6. Nitrogen uptake by wheat. The total accumulated uptake of nitrogen by wheat estimated 
by growth stage. Timing of N application should occur earlier in the season when N uptake by the 
crop is high. As wheat matures, N uptake slows down as the crop metabolizes N to produce grain and 
protein. (Adapted with permission from Waldren and Flowerday 1979.)
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only or fall-only applications. Under drier growing conditions, it is not 
necessary to split N applications, and full N rates can be applied in fall for 
both winter and spring wheat since leaching is less of a concern (Mahler 
2007). In dry conditions, NUE is improved by earlier N application that 
allows fall and winter precipitation to move N lower into the crop root 
zone and reduces the likelihood of it getting stranded in dry soil. 

Grain yield and NUE were not impacted by N source and placement 
(Mahler et al. 1994). Sowers et al. (1994) also did not see a difference 
in NUE when spring fertilizers were top-dressed or point-injected. Band 
application of N fertilizer increased wheat growth, N uptake, and yield 
in wheat in addition to reducing populations of wild oats (Koehler et al. 
1987). Banding of N fertilizer is especially important for spring wheat 
since there is often not enough precipitation after seeding to move the 
fertilizer to the root zone (Koehler et al. 1987).

Wheat cultivar yield

Fertilizing with high rates of N to control grain protein is relatively 
inefficient as NUE decreases with increasing N levels, especially in dry 
soil conditions (Raun and Johnson 1999). Low crop vigor also decreases 
NUE. High crop yields help improve NUE because fast growing plants 
have root systems that more effectively utilize available soil N (Cassman 
et al. 2002; Pan et al. 2016). Modern wheat cultivars can have increased 
vigor and increased stress tolerance, as well as improved efficiencies for 
taking up water and nutrients. Schillinger et al. (2012) found that semi-
dwarf varieties of wheat were able to begin grain production with less 
available water than taller varieties of wheat that were grown prior to 1960 
(Figure 6-4). In relation, all aspects that impact crop health, and therefore 
growth, can also impact NUE, such as insect and weed management, 
water and temperature regimes, supplies of other nutrients, and use of 
the best-adapted cultivar (Cassman et al. 2002).

Crop rotations

The sequence and intensity of crops in rotation can influence N supply, 
NUE, and WUE. More intensive rotations, meaning growing more crops 
in a given period of time, can improve NUE by increasing WUE and 
maintaining soil health (Raun and Johnson 1999), especially in dryland 
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systems like those found in the inland PNW. Nitrogen use efficiency can 
also increase when wheat follows legumes rather than when following 
fallow or continuous wheat (Baudaruddin and Meyer 1994). For instance, 
in the inland PNW, the yield potential of winter wheat was greater 
following spring peas rather than wheat, and winter wheat yields and 
protein levels were higher for a given amount of fertilizer due to a greater 
N supply and N uptake efficiency (Maaz and Pan n.d.).

Nitrogen loss and environmental impacts

Leaching

Nitrate-N leaching is a major pathway of N loss in wheat-based cropping 
systems in the inland PNW. Because it has a negative charge, nitrate-N 
does not adsorb to negatively charged particles in the same way that 
positively charged plant nutrients do (Havlin et al. 2005). Nitrate-N is 
also highly water soluble. As a result, nitrate-N can be lost to leaching 
when water filters through the soil profile. Wet soils with high residual 
soil N levels are especially susceptible to leaching losses. In addition, 
heavy precipitation immediately after urea fertilizer applications will 
cause substantial amounts of urea leaching loss.

Factors that affect leaching

Both annual and individual precipitation events greatly impact nitrate-N 
leaching. The risk of leaching from wheat fields in the inland PNW is 
greatest during winter and early spring when plant uptake of nitrate-N 
is low and precipitation is high. Leaching is greater when N fertilizer is 
applied in fall compared to spring (Cameron et al. 2013; Kyveryga et al. 
2013). When nitrate-N accumulates in dry soil during the growing season, 
it can slowly leach down the soil profile following subsequent wet seasons 
(Cameron et al. 2013). It is therefore important to account for soil N that 
has been redistributed deep into the rooting zone when determining N 
fertilizer application rates in order to improve NUE. Leaching risks can 
also be high on coarse or sandy soils since nitrate-N can easily be lost 
through large soil pores. Improving soil health by increasing soil organic 
matter content (see Chapter 2: Soil Health) has the potential to reduce the 
risk of leaching by improving the soil’s water holding capacity, aggregate 



255

Chapter 6: Soil Fertility Management

stability, and nutrient adsorption capacity. Nitrate-N leaching can also be 
reduced by matching crop N needs with soil type, N supply, and timing of 
application (e.g., avoiding periods of heavy precipitation).

Environmental impact of leaching

High levels of nitrate-N can be a source of water contamination in 
surface and groundwater (Schepers et al. 1991). Leaching or surface 
runoff of nitrate-N from soils to surface water can pollute water bodies 
through a process called eutrophication. Eutrophication results in high 
amounts of algal growth and depleted sources of oxygen in the water 
that can be deadly to fish and other aquatic organisms. Eutrophication 
is a devastating concern to many salt and fresh water sources across the 
globe, and these polluted areas or “dead zones” mainly occur downstream 
from areas that experience heavy agricultural production and over-
use of fertilizers. Additionally, leaching or surface runoff of nitrate-N 
to drinking water sources can cause human and animal health issues. 
The US Environmental Protection Agency (EPA) has set the maximum 
contaminant level of nitrate-N at 10 ppm for the safety of drinking water 
(EPA 2016a). Drinking water exceeding this level has the potential to 
negatively impact health (Cameron et al. 2013).

Volatilization

Volatilization is the loss of ammonia-N (NH3-N) gas to the atmosphere 
from soil. All ammonium and ammonia-based fertilizers, including 
manure, anhydrous ammonia (AA), aqua ammonia, urea, and urea 
ammonium nitrate (UAN) have the potential for volatilization (Jones et 
al. 2013).

Factors that affect volatilization

Water is necessary for transporting N fertilizer into the soil. When fertilizer 
has been surface- applied and precipitation is minimal, volatilization 
typically occurs during the first two to three weeks following application 
(Jones et al. 2007; Turner et al. 2012). High temperatures and high wind 
can exacerbate volatilization (Havlin et al. 2005; Jones et al. 2013) by 
drying out surface soils. Typically the risk of volatilization is greater on 
sandy soils, even with low fertilizer application rates and deep injection. 
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However, there is little loss from deep-injected fertilizers, particularly 
AA, to loamy soils (Mullen et al. 2000). Top-dressed urea fertilizers 
generally have the greatest potential for volatilization (Jones et al. 2007). 
One half-inch of precipitation or greater within the first 24 hours after 
surface application of urea or UAN can significantly reduce volatilization 
(Jones et al. 2013) by moving the fertilizer into the profile and reducing 
its contact with air. 

Volatilization is also greater when N fertilizer is broadcast than when it 
is banded, and injecting or incorporating N fertilizer immediately after 
application can reduce volatilization. Shank banding AA fertilizer is 
the most common N fertilizer application before winter wheat seeding 
in the inland PNW to minimize volatilization losses (Pan et al. 1997). 
Because AA is often injected into dry soils, drought-prone field positions 
may exhibit greater ammonia loss than wetter zones, particularly when 
soil compaction prevents deep shanking (Pan et al. 1997). Other factors 
that increase the risk of volatilization include high concentrations of soil 
organic matter and crop residues as well as high soil pH and temperatures 
that increase soil ammonium-N content in dissolved soil water (Jones 
et al. 2007). Enhanced efficiency fertilizers, controlled-release products, 
and volatilization inhibitors can also be applied to fields to reduce the loss 
of ammonia-N (Jones et al. 2013).

Environmental impact of volatilization

Although the gaseous form of ammonia-N is not a greenhouse gas (GHG), 
it is an environmental concern because the deposition of ammonia-N 
plays a significant role in the formation of atmospheric particulate matter 
(PM2.5) that can reduce visibility and lead to atmospheric deposition of 
N in sensitive ecosystems. In the atmosphere, ammonia-N reacts rapidly 
with both sulfuric and nitric acids to form fine particles (NOAA 2000; 
Behera et al. 2013). According to the EPA National Air Pollution Trends 
Update in 1997, agriculture contributed 85% of US emissions, about 1/3 
of which resulted from fertilizer applications.

Denitrification

Denitrification is a process mediated by soil microorganisms that 
converts nitrate-N to gaseous forms of N. Denitrification is controlled 
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by oxygen concentration and available carbon and is highly variable in 
space and time (Pan et al. 1997). In particular, nitrous oxide (N2O) can be 
lost to the atmosphere and act as a powerful GHG when denitrification 
converts N present in agricultural soils. Nitrous oxide has approximately 
300 times the global warming potential of carbon dioxide (CO2) for a 
100-year timescale, and it accounted for approximately 6% of US GHG 
emissions (EPA 2016b). Seventy-nine percent of these emissions were 
from agricultural soil N fertilizer application and other management 
activities. Denitrification occurs under anaerobic conditions and is more 
likely to occur when soils high in residual N are saturated, since microbes 
actively convert nitrate-N to nitrous oxide under these conditions.

Factors that affect denitrification

Denitrification potential is high in anaerobic conditions when soil is 
saturated. In the inland PNW, the risk of denitrification is particularly 
high when surface soils remain saturated especially during snowmelt 
events, in spring or after heavy precipitation (especially on toeslopes), 
during frequent freeze and thaw events, or when tillage pans impede 
percolation. Denitrification is negligible when pH is lower than 5 but 
when pH levels near 6 to 6.5, nitrous oxide presents more than half of 
the N emissions. Denitrification increases rapidly when temperature is 
greater than 35°F and is highest at 77 to 95°F (Havlin et al. 2005). The 
presence of high amounts of residues with low C:N ratios (e.g., legume 
residues) and other sources of residual soil N can increase nitrous oxide 
emissions (Baggs et al. 2000) under certain conditions since this material 
is high in N and serves as a microbial food source.

Nitrate-N leaching, ammonia-N volatilization, and denitrification losses 
can influence crop N recovery, fertilizer N responses, and NUE. A more 
thorough overview of N cycling processes and the risk of losses in relation 
to climate change is available through the Regional Approaches to Climate 
Change (REACCH) PNW Agriculture and Climate Change Webinar 
Series available at https://www.reacchpna.org/seminars-nitrogen-series.

Sulfur Management

Sulfur (S) is the second most deficient nutrient in crops after N. Similar to N 
reactions, biological transformations drive S cycles, which are dominated 
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by organic and microbial soil processes. Due to its relationship with 
microorganisms, S has reactions that are regulated by soil, precipitation, 
and temperature. Plant roots absorb S in its oxidized form (SO4-S) where 
it is synthesized into an essential component of protein. Although wheat 
only requires approximately a tenth as much S as it does N (Lutcher et al. 
2005), S impacts crop yield and is necessary for producing high-quality 
baking flour and must be added when soil supplies are insufficient for 
meeting a crop’s nutrient requirements.

Soil tests can help determine if S levels are deficient, but soil tests are less 
reliable for S than they are for other nutrients (Koenig 2005; Lutcher et al. 
2005). In the top foot, Mahler (2007) recommends applying 20 pounds of 
S per acre for winter wheat when soil tests estimate SO4-S levels are lower 
than 10 ppm. Others recommend more conservative application rates for 
winter wheat ranging from 10 to 15 pounds of SO4-S per acre for the top 
foot (Lutcher et al. 2005) or 10 to 20 pounds of SO4-S per acre for the top 
two feet (Koenig et al. 2005) when plant-available SO4-S is between 0 and 
8 ppm. For hard red wheat, 1 pound of SO4-S is applied for each 5 pounds 
of N applied, up to 25 pounds SO4-S per acre (Koenig 2005). Lutcher et 
al. (2005) suggest that producers should also consider adding S if winter 
wheat is seeded late in the fall, if the last application of S was more than 5 
years ago, or if straw exists in greater-than-average quantities in the field.

Factors impacting sulfur requirements

Sulfur is most commonly applied as ammonium thiosulfate (ATS) liquid 
or ammonium polysulfide during N application. It can also be applied 
as dry gypsum, ammonium phosphate-sulfate, or ammonium sulfate 
(Rasmussen 1996). Some forms of S fertilizer (especially ATS) can 
damage seedlings when applied with the seed, but this problem can be 
avoided by placing the product adjacent to or below the seed. Wet winter 
conditions can cause leaching that moves SO4-S below the root zone, 
making S deficiencies in winter wheat fairly common in early spring 
following a wet winter. Deficiency symptoms may disappear later in the 
season when root growth extends into the deeper layers and can reach S 
that has migrated. If elemental S fertilizer is used, it is important to know 
that it is not immediately plant-available. Most elemental S will not be 
available until 2 or 3 years after application (Lutcher et al. 2005). Higher 
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rates of S may need to be added when a legume crop is following wheat 
(Koenig 2005). Sulfur fertilizer is also important to supply to canola when 
it is rotated with wheat in cropping systems (Koenig et al. 2011a).

Phosphorus Management

Phosphorus (P) is important for energy transfer in the plant and is 
therefore critical for seed formation and grain production in wheat. 
Plants absorb P as phosphate in the forms H2PO4

- or HPO4
-2. Sufficient 

supplies of P improve overall plant vigor, health, and development. 
Phosphorus is the third most frequently deficient nutrient in the inland 
PNW and its application can increase retention of tillers and accelerate 
crop maturity. Phosphorus deficiency is affected very little by tillage and 
cropping frequency, but becomes more prevalent when higher crop yields 
require more P for growth (Rasmussen and Douglas 1992).

Phosphorus recommendations are based on soil test values from the 
surface one-foot sample. Typically, the Bray or Mehlich method is used 
for testing acidic soils, and alkaline soils are tested using the Sodium 
Bicarbonate (Olsen) method. Testing method will impact fertilizer 
recommendations, and it is important to know which test was used by 
your lab. Also note that fertilizer P is expressed as P2O5. Therefore, P rates 
are generally expressed in pounds of P2O5 per acre. To convert P2O5 to 
elemental P, multiply by 0.44. Because P2O5 rates vary widely based on 
location, it is best to refer to nutrient management guides specific to your 
region for more detailed information. Specific nutrient management 
guides provide recommendations for increasing P rates when wheat is 
produced under reduced tillage (Mahler 2007) or when P fertilizer is 
broadcast (Koenig 2005).

The amount of P available in the soil solution for plant uptake is often very 
low due to its low mobility and high likelihood to become fixed to other 
soil particles. When it is in the form of organic compounds, P can be very 
stable and slow to mineralize, while in the inorganic form, P can form 
insoluble calcium, iron, or aluminum compounds. The greatest degree of 
P fixation occurs at very low and very high soil pH levels. Most P is plant-
available when soil pH values are between 6 and 7. When pH values are 
below 5.5 (acidic soils), P forms compounds with iron and aluminum, 
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and when pH levels are between 7.5 and 8 (alkaline soils), P binds with 
calcium (Havlin et al. 2005). 

Because of its relative immobility in soils, placement of P is critical for 
reducing its sorption to soil colloids and optimizing its availability to 
crops. Banding P is recommended over broadcasting because P easily 
gets tied up by soil minerals and organic compounds, and P should be 
placed so that it can be easily accessed by the roots. It is best to place P 
fertilizer below and to the side of the seed since application of P in the 
seed zone has been associated with early seedling damage and reduced 
plant densities (Rusan and Pan 1998). Shallow placement of P can also 
strand it in dry surface soil, whereas deep placement (14 to 18 inches) of 
P increased its availability and allowed deep roots to access subsoil water 
later in the season, resulting in increased plant growth and grain yield 
(Rusan and Pan 1998). If P fertilizer is placed deeper, as recommended by 
this study, soil samples should be collected 2 feet deep at 1 foot increments 
to capture all residual soil P before making fertilizer recommendations.

Factors impacting phosphorus requirements

Phosphorus availability is greatly affected by soil pH and it becomes less 
accessible to crops as it precipitates with soil minerals at both low and 
high soil pH levels. Lack of soil water can also limit P mobility, especially 
late in the season in arid and semiarid environments. Crop root growth 
and activity are directly influenced by P supply and increased root 
proliferation helps the plant access more water and nutrients deeper 
in the soil profile. Because of these factors, limited P availability has 
negatively impacted wheat growth and yield when it was grown in 
dry soils (Rusan and Pan 1998) or on eroded hilltops (Guettinger and 
Koehler 1967; Pan and Hopkins 1991a), where water availability and 
rooting depth are restricted. Performance of wheat on eroded hilltops 
was improved by using no-till management (Pan and Hopkins 1991b) 
and by inoculating soil with symbiotic mycorrhizal fungi (Mohammad 
et al. 1995), which helped improve P uptake when supplies were low. In a 
late-planted, no-till fallow system, Lutcher et al. (2012) found that adding 
11 and 33 pounds of P2O5 per acre increased overall wheat yields by 4.4% 
and 7.7%, respectively, compared to a control across sites in north-central 
Oregon and east-central Washington. Yield improvements were observed 
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following P application when initial Sodium Bicarbonate soil tests were 
less than 12 ppm (Lutcher et al. 2012). 

In many areas of the US, animal manure provides a source of organic P 
for use on crop fields. However, the geography of the inland PNW often 
separates animal production from the areas where wheat is grown, and 
animal manure is not a readily available fertilizer source for most of the 
wheat or other cereal crops that are produced. South-central Idaho is 
one exception. This region is dominated by dairy farms in combination 
with fields on high plateaus and very short growing seasons. Fertilizer 
costs cannot be recouped by low yield increases at these locations unless 
producers produce organically certified wheat (organic prices are 2 to 3 
times of commodity wheat) and alfalfa hay, which also allows them to 
utilize locally available manure (Lorent et al. 2016). Research findings 
from these locations found that in-season application of 5 dry tons of 
composted dairy manure per acre was optimal to supply adequate P to 
crops (Hunter et al. 2012). 

When applied in excess, P can lead to harmful losses to the environment, 
and similar to nitrate-N, it can lead to eutrophication. However, in 
contrast to nitrate-N, which is lost most commonly through leaching, 
P does not leach and its loss mainly occurs from erosion. Therefore, 
it is important to minimize erosion in order to reduce loss of P. Field 
vulnerability to P loss can be estimated based on site characteristics and 
management strategies using P indexes (field-scale qualitative assessment 
tools). Land managers concerned with P loss can access P indexes for 
agricultural phosphorus management using the Oregon/Washington 
Phosphorus Indexes (Sullivan et al. 2003) specific to sites east and west of 
the Cascade Mountain Range.

Potassium, Chloride, and Micronutrient Management

Although equally as important as N, S, and P for supporting healthy 
wheat growth and development, other nutrients are rarely added as 
fertilizers since their levels in the soil are generally sufficient for meeting 
the nutrient requirements of wheat in the inland PNW. Important aspects 
are mentioned below. However, due to low crop requirements for these 
nutrients, little information is available about them.
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Potassium

Potassium (K) is an important macronutrient influencing plant-water 
relations and is supplied to them in its ionic form, K. Potassium is 
expressed as K2O in fertilizers. To convert K2O to K, multiply by 0.83. 
Silt loam textured soils that make up most of the inland PNW are rich 
in K-bearing minerals and generally test high or very high for available 
K. In general, soil K supplies are adequate across the region (Lutcher 
et al. 2005). Additions of K are typically not recommended for wheat; 
however, Mahler (2007) suggests incorporating K fertilizer into the soil 
during planting on eroded hilltops and knobs when soil tests indicate low 
levels. Applications of 50 to 100 pounds of K2O per acre can be beneficial 
if soil test reports show less than 75 ppm K (sodium acetate test) or 90 
ppm K (bicarbonate extract test) in the surface foot of soil (Koenig 2005). 
Responses to K fertilizers on eroded hilltops may only be obtainable when 
P deficiency is also addressed (Guettinger and Koehler 1967). Potassium 
is mostly contained in the straw and crop residue of wheat. In cropping 
systems where straw is baled and removed, K removal can be as much as 
100 pounds of K2O per ton of residue. Producers should carefully evaluate 
soil test levels of K on sandy textured soils or where straw or forage crops 
are being removed.

Chloride

Chloride (Cl) is important for biochemical processes in plants, and 
although wheat requires minimal amounts of this nutrient, dryland winter 
wheat responds when Cl is applied. On occasion, Cl may increase grain 
yield, test weight, and kernel size (Lutcher et al. 2005). Supplying wheat 
with Cl has also been noted to reduce the incidence of physiological leaf 
spot (PLS) and “take-all” root rot (see Chapter 10: Disease Management 
for Wheat and Barley) in winter wheat (Engle et al. 1997; Karow and 
Smiley 1997; Smiley et al. 1993). Some cultivars of winter wheat are more 
susceptible to PLS; however, if these diseases are a concern and if soil 
tests are low, 10 to 30 pounds of Cl per acre can be supplied to wheat, but 
should not be applied with the seed. Benefits from adding Cl at these rates 
can last for several years (Lutcher et al. 2005). Potassium chloride (KCl) is 
the most available form of Cl.
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Micronutrients

Other micronutrients including Copper (Cu), Iron (Fe), Manganese 
(Mn), Molybdenum (Mo) and Boron (B) have not been found to cause 
responses to wheat in the inland PNW. Zinc (Zn) deficiencies can be found 
on severely eroded hillslopes, but Mahler (2007) and Lutcher et al. (2005) 
have not found additions of Zn to be economical for wheat. However, 
micronutrient status has not been widely investigated throughout the 
inland PNW, and it is likely that micronutrients may be limiting in some 
situations. If producers are applying any of these nutrients, leave untreated 
test strips to evaluate the application.

Soil pH and Liming

Decreasing soil pH (soil acidification) is a growing concern in eastern 
Washington and northern Idaho (Mahler 1985; McFarland and 
Huggins 2015; McFarland et al. 2015) and has serious implications for 
inland PNW cropping systems. Increasing soil acidity is becoming a 
crop production limitation in northern Idaho and other inland PNW 
cropland areas (Veseth 1987). Soil pH values have been measured below 
5.2 throughout the Palouse region (Table 6-4). Aluminum becomes more 
soluble as soil pH declines below 5.2, causing the potential for aluminum 
toxicity in wheat. Acidic soils can also negatively impact wheat indirectly 
by interacting with wheat root diseases (Paulitz and Schroeder 2016) 
or herbicides (Raeder et al. 2016). However, wheat cultivars respond 
differently to acidic soils (Froese et al. 2015).  

Table 6-4. Percentage of fields at different soil pH ranges in 1985 (Mahler 1985) collected in the eastern 
Washington and north Idaho region. Mahler’s data is compared to a 2014 soil survey in Columbia Coun-
ty, Washington, Washington State University variety testing program sites, and other random sample 
sites from the eastern Washington region.

1985 Mahler survey of soil pH 
values surface 12 inches

2014 Columbia County survey of 
soil pH values surface 12 inches

Soil pH % of fields Soil pH % of fields
>6.0 9 >6.0 3

5.6–5.9 38 5.6–5.9 8
5.2–5.4 32 5.2–5.4 66

<5.2 21 <5.2 23
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Soil acidity is a major limitation to soil productivity in much of the world 
and is considered the master variable by soil chemists (McBride 1994). 
Soil pH has a direct impact on many of the chemical and biological 
processes in the soil, causing yield reductions in many crops (Koenig 
et al. 2011b). Soil pH (concentration of hydrogen in solution) is the 
measure of hydrogen (H+) ions (acid soils) or hydroxide (OH-) ions 
(alkaline soils) in the soil solution (Horneck et al. 2007). Regionally, soil 
pH values are declining (becoming more acidic) because of applications 
of N fertilizers, plant nutrient uptake, and precipitation (Mahler 1985; 
McFarland and Huggins 2015; McFarland et al. 2015) with N being the 
largest contributor. The presence of ammonia-N or ammonium-N in 
the soil contributes to the presence of hydrogen ions that result from the 
conversion (nitrification) to nitrate by soil bacteria (Carter 2016). This 
process releases hydrogen ions into the soil. The hydrogen ions replace 
base cations (e.g., K+, Mg+2, Ca+2) from the soil cation exchange capacity 
and lower the soil solution pH. An application of N placed on or in the 
soil normally is within the top 6 inches of the soil profile and often creates 
a stratified layer of acidity (Carter 2016).

Standard soil sampling methodologies (one foot samples) tend to 
overlook the problem of stratified acid soil layers that have developed 
in once neutral pH soils. Reduced tillage may intensify or narrow the 
thickness of layers of stratification compared to inversion tillage systems 
where more soil mixing occurs, diluting the acidity somewhat. Inversion 
tillage systems experience the same rate of acidification, but the soil is 
mixed in a larger volume and may not be as noticeable. Soil sampling 
procedures that collect the top foot of soil in increments of 3 inches or less 
have been adopted to try to identify stratification of acidity and nutrients 
that may have developed (Carter 2016). Soil pH meters have also been 
found to have good results for monitoring soil in the field (Carter 2016).  

Liming of acid soils is a common practice on agriculture soils of the world 
that have low pH. Liming is the application of amendments containing 
calcium carbonate (CaCO3) to react with the hydrogen ions to reduce the 
acidic conditions (Thompson et al. 2016a; 2016b; 2016c). Soil pH is the 
controlling factor in the availability of primary (Table 6-5) and secondary 
(not shown) soil nutrients. Other impacts of soil acidity include poor 
plant root development, herbicide persistence, reduced (or intensified) 
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herbicide activity, reduced crop yield, increased drought stress, aluminum 
toxicity, reduced soil structure, and reduced water infiltration.

Liming applications should be considered whenever soil pH levels drop 
below critical levels, which varies depending on the crop type (Froese 
et al. 2015) and many soil-applied herbicides (Raeder et al. 2016). Some 
soil-applied herbicides require a minimum pH, which can be found listed 
on many herbicide labels.  

As the soil pH continues to decline, larger application rates of lime should 
be applied. The soil pH scale is not a linear relationship; it is logarithmic, 
meaning a change from pH 7 to 6 is a 10× change in acidity, but a change 
from pH 7 to 5 is a 100× change in acidity. The application rate of liming 
products should be considered in the same manner because it will take 
a much larger application rate and more time to correct the lower pH 
(Thompson et al. 2016a; 2016b; 2016c). 

Liming application rates and lime activity depend on the fineness of the 
ground limestone, purity of the product, and the availability of water. Finer 
particles react faster than coarse materials, which will require weathering 
to reach soil solution and neutralize hydrogen ions. Lime effectiveness is 
measured by purity, particle size, and chemical composition relative to 
calcium carbonate equivalency. The Oregon Lime Score is one such rating 
system, and the Calcium Carbonate Equivalent (CCE) scoring method is 
an expression of the acid-neutralizing capacity of a carbonate rock relative 
to that of pure calcium carbonate, expressed as a percentage. These scoring 
systems may not adequately rate some of the newer ultra-fine limestone 

Table 6-5. Fertilizer efficiency and availability at different soil pH levels. 

Soil pH
% Fertilizer Efficiency % Fertilizer 

UnavailableN P K
7.0 100 100 100 0
6.0 89 52 100 20
5.5 77 48 77 33
5.0 53 34 52 54
4.5 30 23 33 71

Modified and used with permission from The Mosaic Crop Nutrition Fertilizer Use Guide (2016).
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products that are available. The finer particles are more mobile in the soil 
and react faster than typical agricultural liming products. 

Soil testing labs will provide lime recommendations relative to the soil 
sample properties. These recommendations indicate the amount of CCE 
needed to raise the soil pH to a certain specified level (6.5) in the plow layer 
or top six inches of soil. Recommendation methods may not be standard 
between labs. If recommendations are large, split applications should be 
considered over multiple years. There are several lime recommendation 
procedures. Since declining pH is a relatively recent concern (e.g., last 30 
years) (Mahler 1985) in the inland PNW, the most reliable procedures 
have yet to be tested or determined. 

As a producer and/or landowner, it is important to monitor soil pH 
levels and make lime applications before pH levels get dangerously low 
in the top 6 inches of soil. Below 5.5 is certainly approaching a level of 
concern and should be considered for a corrective lime application. A 
recommendation might be as high as 4,000 pounds per acre of CCE lime 
to raise the pH to 6.5, but a split application would probably be in order. 

It is more economical and more sustainable to maintain a soil pH of 6.5, 
which will allow more efficient use of fertilizer and soil-applied chemicals, 
healthier plants, better weed control, and optimized crop yields, leading 
to a more sustainable agriculture production system. 

Soil pH can be highly variable across the landscape due to topographic 
and soil conditions. It is likely that most fields in wheat production in 
the inland PNW have variable liming rates to address variable soil pH 
conditions. Additional information about soil acidification in the inland 
PNW can be found at www.smallgrains.wsu.edu, including several 
factsheets and videos also listed in Grower Resources below.

Soil Sampling and Tests

Routine soil testing is an important practice for guiding producers to make 
appropriate soil fertility management decisions. Soil tests can accurately 
estimate factors such as nutrient deficiencies or excesses, nutrient holding 
capacity, soil pH, and organic matter content. Using actual values of available 
soil nutrients to determine fertilizer rates is one of the most important 
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factors for improving nutrient use efficiencies, particularly in non-uniform 
environments like those found throughout much of the inland PNW. 

Soil samples can be collected using composite sampling, grid sampling, 
or management zone sampling. Detailed explanations of these sampling 
procedures can be found in Collins (2012). Composite sampling is 
the least intensive sampling method and likely the most appropriate 
procedure for wheat producers sampling large-scale fields. Soil samples 
should be collected prior to planting and fertilizing the crop. Soil samples 
can be collected in spring or fall. An advantage of collecting soil in fall 
is that fall samples can determine how well the previous crop used the 
fertilizer it was supplied. If substantial nutrients are remaining in the 
soil after harvest, the plant did not use what was available and fertilizer 
rates should be adjusted. Errors of this type could occur if yield potential 
was estimated too high, residual soil contributions were not accurately 
accounted for, or other factors reduced yield and negatively impacted 
nutrient use (Koenig 2005). Post-harvest assessment of crop yield and 
protein performance is also encouraged in relation to N supply to help 
identify site-specific UNRs and improve NUE (Pan et al. 2007).

Soil test recommendations have been developed based on testing the top 
foot of soil with the exception of N and S. Because N and S are mobile 
nutrients, it is recommended to sample 0 to 5 feet, or to a restricting layer, 
for N and 0 to 2 feet for S, in one-foot increments. If practices that involve 
deeper placement of fertilizer are used for any nutrient, for example P, soil 
samples should be collected in one-foot increments up to that depth to 
improve accuracy of fertilizer recommendations. When sampling for pH, 
it is advisable to sample the top foot of soil in 3 or 4 inch increments to 
determine the degree of pH stratification, especially in long-term direct-
seed fields.

Soil tests also help evaluate the long-term effectiveness of nutrient 
management strategies on a farm and detailed recordkeeping is 
encouraged. Carefully track annual fertilizer rates, additions of lime or 
other soil amendments, crop rotations and yields, and soil test data in 
a notebook, spreadsheet, or database. Multi-year records can provide a 
better understanding of nutrient dynamics within fields and can help 
indicate whether application rates and decision drivers, such as yield 
potentials, are accurate or need to be adapted. More in-depth details about 
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appropriate soil sampling methods and test evaluations are provided in 
Soil Sampling (Mahler and Tindall 1997) and Soil Testing: A Diverse 
Guide for Farms with Diverse Vegetable Crops (Collins 2012). Fertilizer 
recommendations based on soil tests are specific to each nutrient, and 
producers should reference nutrient management guides for more 
specific information.

Conclusions

Interactions among climate, water, and nutrient dynamics impact wheat 
development, growth, and associated soil fertility management strategies 
in the inland PNW. Variability among these factors across the region is 
common, and diverse landscapes and local weather conditions complicate 
the choices that producers have to make regarding timing and application 
of nutrients. Environmental concerns associated with N losses, soil 
erosion, nutrient runoff, and soil acidification can result from improper 
use of fertilizers and make inland PNW wheat production systems less 
sustainable over the long-term. Because nutrient cycling is impacted by 
temperature, precipitation, and available soil water, understanding the 
importance of these variables in relation to current nutrient management 
decisions will help prepare producers to adapt to changes associated 
with future climate-related stresses. Practices that improve resource use 
efficiencies (e.g., fertilizers and water), build soil, and reduce pollution 
have the ability to decrease the negative environmental impacts associated 
with over-use of fertilizers while improving the resiliency of the soil and 
wheat production in the inland PNW.

Grower Resources

Nitrogen Management Webinar Series

https://www.reacchpna.org/seminars-nitrogen-series

A series of three, one-hour-long recorded video webinars addressing 
issues related to agricultural N and the environment.

• Nitrogen Cycling and Losses in Agricultural Systems
• Nitrous Oxide Emissions in Inland Pacific Northwest Cropping 

Systems
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• Nitrogen Management and Climate Change Mitigation in Pacific 
Northwest Cropping Systems

Nitrogen and Post-Harvest Calculators

http://smallgrains.wsu.edu/soil-and-water-resources/

Dynamic tools based on the Dryland Winter Wheat Nutrient Management 
Guide that help calculate N supply. 

Soil pH Video Series

http://smallgrains.wsu.edu/soil-and-water-resources/soil-acidification-
in-the-inland-northwest/

A series of three, 6 to 10 minute videos discussing associated concerns 
and treatment of low soil pH.

• Soil pH – What it Looks Like
• Soil pH – How it Happens
• Soil pH – Managing it on the Farm

Extension Management Guides

Regionally specific Extension guides that provide recommendations 
and calculations for determining appropriate soil fertility management 
strategies in wheat-based cropping systems.

Nutrient Management

Dryland Winter Wheat Eastern Washington Nutrient Management 
Guide. 2005. Washington State University Extension Publication EB1987. 

Nitrogen Management for Hard Wheat Protein Enhancement. 2005. 
Pacific Northwest Extension Publication PNW 578.

Northern Idaho Fertilizer Guide Winter Wheat. 2007. University of Idaho 
Extension Publication CIS 453.

Phosphorus Fertilization of Late-Planted Winter Wheat in No-till Fallow. 
2012. Pacific Northwest Extension Publication PNW631.  
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Phosphorus Increases Wheat Yields. 1967. Washington State Cooperative 
Extension Service Publication EM 2940.

Southern Idaho Dryland Winter Wheat Production Guide. 2004. 
University of Idaho Extension Publication BUL0827. 

Winter Wheat in Continuous Cropping Systems (high precipitation 
zone). 2007. Oregon State University Extension Service FG 84-E.

Winter Wheat in Continuous Cropping Systems (Intermediate 
precipitation zone). 2006. Oregon State University Extension Service FG 
83-E.

Winter Wheat and Spring Grains in Continuous Cropping Systems (Low 
precipitation zone). 2006. Oregon State University Extension Service FG 
81-E.

Winter Wheat in Summer-Fallow Systems (Intermediate precipitation 
zone). 2006. Oregon State University Extension Service FG 82-E.

Winter Wheat in Summer-Fallow Systems (Low precipitation zone). 
2005. Oregon State University Extension Service FG 80-E.

Water Availability

Predicting Wheat Grain Yields Based on Available Water. 2012. 
Washington State University Extension Publication EM049E.

Nutrient Losses

Agricultural Phosphorus Management using the Oregon/Washington 
Phosphorus Indexes. 2003. Oregon State University Extension Service 
EM 8848-E. 

Factors Affecting Nitrogen Fertilizer Volatilization. 2013. Montana State 
University Extension Publication EB0208.

Management of Urea Fertilizer to Minimize Volatilization. 2007. Montana 
State University and Washington State University Extension Publication 
EB173.
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Soil pH and Liming

Acid Soils: How Do They Interact with Root Diseases? 2016. Washington 
State University Extension Publication FS195E. 

Acidifying Soil for Crop Production: Inland Pacific Northwest. 2007. 
Pacific Northwest Extension Publication PNW599. 

Agricultural Lime and Liming, Part 1: Introduction Agricultural Lime 
and Liming. 2016. Soil Acidification Series. Washington State University 
Extension Publication FS212E.

Agricultural Lime and Liming, Part 2: Laboratory Testing to Determine 
Lime Requirements. 2016. Soil Acidification Series. Washington State 
University Extension Publication FS217E.

Agricultural Lime and Liming, Part 3: Aglime Product Selection and 
Comparison Calculator User Guide. Soil Acidification Series. Washington 
State University Extension Publication FS213E.

How Soil pH Affects the Activity and Persistence of Herbicides. 2016. Soil 
Acidification Series. Washington State University Extension Publication 
FS189E.

Recommended Crop Species and Wheat Varieties for Acidic Soil. 
2015. Soil Acidification Series. Washington State University Extension 
Publication FS169E. 

Soil Acidity and Aluminum Toxicity in the Palouse Region of the Pacific 
Northwest. 2011. Washington State University Extension Publication FS050E.

Soil pH and Implications for Management: An Introduction. 2015. Soil 
Acidification Series. Washington State University Extension Publication 
FS170E.

Using a pH Meter for In-Field Soil pH Sampling. 2016. Soil Acidification 
Series. Washington State University Extension Publications. FS205E.

Soil Sampling and Testing

Soil Testing: A Diverse Guide for Farms with Diverse Vegetable Crops. 
2012. Washington State University Extension Publication EM050E.
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Soil Sampling. 1997. University of Idaho Extension Bulletin 704.

Other

Organic Small Grain Production in the Inland Pacific Northwest: 
A Collection of Case Studies. 2016. Pacific Northwest Publications 
PNW683. Washington State University.

Canola, Growth, Development, and Fertility. 2011. Washington State 
University Factsheet FS045E. 

Physiological Leaf Spot and Chloride. 1997. Oregon State University 
Extension Service Crop Science Report EXT/CRS 108.
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Abstract

Soil amendments can improve the sustainability of agricultural systems by 
building soil carbon and improving numerous other soil health indicators, 
including soil structure, water infiltration and retention, bulk density, 
nutrient availability, and microbial activity. This chapter covers some 
general considerations relevant to the use of soil amendments followed 
by a discussion of biosolids, animal manures, biochar, and black liquor. 
Topics covered include amendment composition, application rates, yield 
impacts, grain quality impacts, soil health benefits, nutrient loss concerns, 
and potential contaminants.

Key Points
• Although they are only rarely used in the dryland systems of the 

Inland Pacific Northwest, soil amendments can provide a range of 
soil health benefits by building soil carbon, reducing bulk density, 
and improving soil structure, water infiltration and retention, and 
nutrient availability.

Research results are coded by agroecological class, defined in the glossary, as follows:

� Annual Crop     p Annual Crop-Fallow Transition     ¢ Grain-Fallow
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• Biosolids can be used by conventional producers, but not certified 
organic producers, and may be available at relatively low cost, 
though supply is limited. Biosolids applied to agricultural soils 
at agronomic rates and in accordance with current guidelines 
can result in equivalent or greater yields than equivalent use of 
chemical fertilizers.

• Manures can be an important resource for building or maintaining 
soil health for producers in proximity to concentrations of 
livestock. Manures with higher nutrient concentrations may 
provide some nutrients, particularly for certified organic dryland 
producers, though cost can be an issue.

• Biochar has the potential to positively impact pH and other soil 
health indicators, and can also improve productivity. However, 
economics currently limit its use in dryland agriculture. Likewise, 
black liquor has intriguing potential to improve soil health, and 
may become more feasible if paper production facilities are 
established in the inland Pacific Northwest.

Introduction

As discussed in Chapter 2: Soil Health, historical soil carbon (C) losses under 
agricultural cultivation in the inland Pacific Northwest (PNW) have been 
severe. At the Columbia Basin Agriculture Research Center (CBARC) near 
Pendleton, Oregon, conventional winter wheat-summer fallow depleted 
soil organic C by approximately 35% in the first 50 years after cultivation 
began, and up to 63% over 80 years of cultivation (Rasmussen et al. 1998; 
Ghimire et al. 2015). ¢ Similar patterns of C loss contribute to reduced soil 
health across the dryland region (Brown and Huggins 2012). 

Soil amendments, when economically and practically viable, could play a 
powerful role in slowing C losses and rebuilding soil C. In Douglas County, 
Washington, long-term biosolids applications every four years at any of three 
rates increased total soil C (Figure 7-1). These results are particularly striking 
in light of the fact that in the grain-fallow region, where a crop is only being 
grown every other year (and therefore residues are only being added to the 
soil every other year), soil C levels are unlikely to be maintained, even when 
tillage is reduced or eliminated (Machado 2011; Gollany et al. 2013). ¢
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Beyond C, soil amendments can improve numerous physical, chemical, 
and biological properties of soil, and thus can be an important strategy 
for improving soil health and sustaining agricultural production over the 
long term (Figure 7-2). Amendments can improve soil structure, water 
infiltration and retention, nutrient availability, and microbial activity, 
while reducing bulk density (Brown et al. 2011; Cogger et al. 2013; Reeve 
et al. 2012; Wuest et al. 2005). Additional information on these factors 
can be found in Chapter 2: Soil Health.

Recycling organic C and plant nutrients contained in organic materials can 
also contribute to mitigating climate change (Brown et al. 2010). First, the 
buildup and storage of soil organic matter (SOM) draws carbon dioxide 
out of the atmosphere. Second, amendment-based plant nutrients can 
substitute for synthetic fertilizers, which generate greenhouse gases when 
they are produced. Although amendments often require transport, this 
has a relatively small effect on overall greenhouse gas balances (Brown et 
al. 2010). Meanwhile, impacts of soil amendments on emissions of nitrous 
oxide, a powerful greenhouse gas, from soils are likely to be complex 
when amendments substitute for conventional fertilizers. To date, these 

Figure 7-1. Total soil carbon measured in the top 3.9 inches of soil in a winter wheat-fallow system in 
Douglas County, Washington, after additions of biosolids every four years at a rate of 2.2, 3.1, or 4.0 dry 
tons per acre (green, blue, and purple solid lines). These rates were compared to no nutrient additions 
(red dotted) or addition of anhydrous ammonia at a rate of 50 lb per acre (yellow dashed); N = nitro-
gen. (Data from Pan et al. n.d.) ¢
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Figure 7-2. Improvement in soil health with organic amendments in dryland crop production. EC = 
electrical conductivity; CEC = cation exchange capacity; N = nitrogen; P = phosphorus; K = potassium; 
Zn = zinc; C = carbon. (Adapted from Cogger et al. 2013; Reeve et al. 2012; and Wuest et al. 2005.)

impacts are not well understood. 

This chapter covers some general considerations relevant to use of soil 
amendments and discusses individual amendment products with a goal 
of providing an understanding of the situations in which they are most 
likely to be beneficial, along with some key factors related to their use. 
The chapter also points readers to Extension resources that provide 
more detailed information on biosolids and manures—the amendments 
growers are currently most likely to choose to apply. In addition to 
biosolids and manures, biochar and paper-manufacturing wastes (“black 
liquor”) are briefly described, as these amendments may become relevant 
to some dryland growers in the future given technology advances and 
changing production economics.

Considerations in Using Amendments

Unlike traditional (synthetic) fertilizers, which have a consistent 
formulation and contain only the nutrients spelled out in the product 
description, amendments can be variable in nature and contain a suite 
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of elements. A single amendment type, such as cattle manure, can vary 
substantially in composition, with differences resulting from different 
inputs (e.g., animal diet), differences in processing, and from seasonal 
or other types of variability. This makes testing of amendments using an 
appropriate lab prior to application critical.

In most cases, amendments provide C as well as a suite of plant macro and 
micronutrients. When amendments provide primarily C, with relatively 
low concentrations of nutrients, they should be used as soil conditioners 
to build SOM and improve soil health. In contrast, amendments that have 
adequate amounts of nutrients, in forms that are available to plants and 
with timing that matches crop needs, can also be used as the primary 
nutrient source for a crop. 

The carbon-to-nitrogen (C:N) ratio is an important related factor 
that contributes to determining whether an amendment should be 
used primarily as a nutrient source or as a soil conditioner. Generally, 
amendments with a low C:N ratio (<15:1) decompose quickly and 
release nitrogen (N) rapidly in soil, while the decomposition of high C:N 
materials (>15:1) is slow, with the available N in the amendment and soil 
immobilized by microorganisms for their own needs as they carry out 
decomposition (Gale et al. 2006). Figure 7-3 illustrates that the addition 
of high C:N organic materials can temporarily diminish available N for 
crops due to higher microbial activity and greater assimilation of N by 
microbes for their growth. Later, ongoing scarcity of available N causes 
some soil microbes to die, releasing N. To address N immobilization, 
extra N fertilizer may need to be applied. A list of some common organic 
materials with their rough C:N composition is shown in Table 7-1.

When some amendments are applied to meet crop N needs, they provide 
other nutrients in excess. Therefore, growers applying amendments 
should evaluate the potential for nutrient losses, especially when applying 
amendments repeatedly over time. More information on the pathways 
of phosphorus (P) and N losses to the environment, and the factors 
contributing to risk of such losses, is provided in Chapter 6: Soil Fertility 
Management.

Amendment quality, including the amount of other nutrients, may also 
impact how much C from the amendment is stored in soils. In Pendleton, 
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Figure 7-3: Generalized diagram showing temporary loss of plant-available soil nitrogen upon addition of 
organic materials with a high carbon-to-nitrogen (C:N) ratio. (Used with permission from Glewen 2016.)

Table 7-1. Selected common organic amendments and their approximate carbon-to-nitrogen (C:N) ratios.

Organic amendments C:Na

High in C (relative to N)
 Sawdust 400
 Wheat, oat, or rye straw 80
 Green rye 36
  Dairy separated solids 32
  Alfalfa hay 20
  Dairy solids compost 18
High in N (relative to C)
 Stockpiled dairy manure 15
 Clover and alfalfa (early) 13
  Beef manure compost 11
 Poultry litter 10
 Soil 10–12

aNitrogen is always 1 in the C:N ratio. 
Adapted from Bary et al. 2016; and Magdoff and van Es 2010.
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Oregon, a field experiment comparing different amendments suggested 
that biosolids and un-aged cattle manure were substantially more efficient 
at sequestering C than other amendments, including alfalfa, wood 
sawdust, composted and uncomposted wheat residues, Brassica residues, 
sucrose, and cotton linters (Table 7-2). ¢ Stable soil C gain appeared very 
closely related to the content of P as well as sulfur (S) in the amendments 
(Figure 7-4). Other important mechanisms that have been proposed 
for such differences in carbon storage efficiency include the amount of 
enhancement in primary productivity and the microbial processing that 
amendments have undergone (e.g., for biosolids or composted manures) 
(Brown et al. 2011; Cogger et al. 2013; Pan et al. n.d.).

A variety of other important factors also influence decisions about 
amendment use, including cost, availability, transportation, public 
acceptance, application methods, and the potential for contaminants. 
These vary from amendment to amendment, so are discussed in the 
subsequent sections.

Table 7-2. Effect of amendment type on soil organic carbon (C) accumulation in the surface (0–9.8 
inches) of a silt loam soil near Pendleton, Oregon. Amendments were applied at similar C rates for five 
years and sampled 7 years after final amendment application. ¢ 

Amendment (2230 lb C/ac) Sequestration 
Efficiencya

%
Municipal biosolids 49
Cattle manure (no bedding) 21
Alfalfa feed pellets 14
Wood sawdust 11
Composted wheat residue 11
Brassica residue 10
Wheat residue 9
Sucrose 5
Cotton linters 3

aSequestration efficiency is calculated by increase in soil organic C compared with the treatment 
receiving no amendment, divided by the amount of C applied. 
Adapted from Wuest and Reardon 2016; see also Wuest and Gollany 2012.
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Figure 7-4. Phosphorus (P) applied in the amendment compared to amendment carbon (C) remaining 
in the soil seven years later. Soil C increase was calculated by subtracting soil organic C measured in the 
treatments receiving no amendments and is the average of the main plots treatments (n = 8). Amend-
ments were applied at a rate of 250 g C per m2 each year for five years (total 1250 g C per m2; equivalent 
to 5.6 tons per acre). (Adapted from Wuest and Reardon 2016.)

Biosolids

Biosolids are materials produced by municipal wastewater treatment of 
organic solids, transformed through the treatment process into a product 
that is made up of living and dead wastewater treatment microorganisms, 
small inorganic particles, and insoluble compounds. Although there are 
other possible ways to manage biosolids, the majority are land-applied to 
recycle nutrients.

The biosolids most often used as soil amendments for dryland wheat are Class 
B biosolids (CFR Title 40). These biosolids have been treated to substantially 
reduce the level of biological pathogens and meet Environmental Protection 
Agency (EPA) standards for regulated contaminants including metals, 
some of which are required plant nutrients. Class B biosolids can be applied 
to crops whose edible parts do not make contact with the soil, as long as 



291

Chapter 7: Soil Amendments

the applications are more than 30 days prior to harvest. In contrast, Class 
A biosolids meet more stringent requirements for pathogen reductions and 
can be used more widely, including in garden or landscaping applications 
in residential or commercial areas. 

Grains are among the most common receiving crops for Class B biosolids in 
the inland PNW. Acreage in a grain-fallow rotation is particularly flexible 
for receiving biosolids because of the wide window for application during 
the fallow year (Sullivan et al. 2015). ¢ In 2015, eastern Washington 
croplands received almost 44,000 dry tons of biosolids applied to roughly 
15,500 acres (Peter Severtson, personal communication). Of this, 93% 
was applied to wheat, with the balance applied to grass hay, corn, hops, 
and other crops.

Because biosolids are a byproduct that must be managed by wastewater 
treatment facilities, they may be available at no cost or reduced cost to 
producers. In some cases, municipalities charge a transportation fee, 
application fee, or a fee equal to the N value of the biosolids (Sullivan 
et al. 2015). While permitting is required for all Class B biosolids, this is 
normally taken care of by the wastewater treatment plant or the private 
company that applies the biosolids (Weaver 2013). 

The Extension publication Fertilizing with Biosolids (Sullivan et al. 
2015) covers many practical aspects of biosolids applications, including 
additional information on nutrients, pH, and soil health considerations; 
how to use university fertilizer guides with biosolids application; and 
obtaining needed site approvals.

Composition, Nutrients, and Application Rates

Biosolids supply organic matter, plant macronutrients, and micronutrients, 
including those listed in Table 7-3 as well as copper (Cu), boron (B), 
molybdenum (Mo), zinc (Zn), and iron (Fe). Potassium (K) is notably 
absent. As indicated in Table 7-3, levels of organic matter and nutrients 
can vary considerably. When applied to meet crop N needs, biosolids 
generally provide P in excess of crop needs, though only about 20% to 60% 
of this P is plant-available (Ippolito et al. 2007; Cogger et al. 2013; Sullivan 
et al. 2015). Particularly for one-time applications, P may provide benefits 
to dryland cropping in the inland PNW if soils are deficient. Sulfur, Zn, 
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Fe, and other micronutrients present in biosolids may also be beneficial 
when amounts in soils are below desired levels (Koenig et al. 2011).

Biosolids application rates in the inland PNW are generally based on crop 
N requirements, and typically range from 2.2–3.6 tons per acre of dry 
weight biosolids every 2 to 4 years in wheat-fallow rotations (Cogger et al. 
2013). ¢ Biosolids contain ammonium-N, available to crops immediately 
after application. They also contain organic N, which must be converted 
(mineralized) over time before it is available to plants. Most biosolids do 
not contain nitrate-N (Sullivan et al. 2015). The Worksheet for Calculating 
Biosolids Application Rates in Agriculture (Cogger and Sullivan 2007) 
describes the calculation of agronomic application rates based on biosolids 
analysis, estimates of ammonium-N retained after application, organic N 
mineralized from the current and previous biosolids applications, crop 
N requirements, site information, and regulatory limits for trace element 
application. The values in this worksheet are based on short-term studies 
of biosolids additions in tilled grain-fallow rotations across a range of 
environmental conditions in the PNW (Sullivan et al. 2009; Cogger et 
al. 1998). For no-till systems, rates may need to be adjusted to account 

Table 7-3. Biosolids organic matter and macronutrients (dry weight basis, total elemental). Not all 
elemental content is plant-available. 

Usual Range (%)a

Nutrient Low High
Organic Matter 45 70
Nitrogen (N) 3.0 8.0
Phosphorus (P)b 1.5 3.5
Sulfur (S) 0.6 1.3
Calcium (Ca) 1.0 4.0
Magnesium (Mg) 0.4 0.8
Potassium (K)b 0.1 0.6

aUsual range for freshly digested biosolids. Lagooned biosolids, composted biosolids, and alkaline-
stabilized biosolids typically have lower nutrient concentrations.
bP and K are expressed on an elemental basis. Use the following conversion factors to convert 
to units used for fertilizer marketing: To get P2O5 (phosphate), multiply P by 2.29. To get K2O 
(potash), multiply K by 1.2.
Reproduced with permission from Sullivan et al. 2015.
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for higher rates of ammonia volatilization from unincorporated biosolids 
(Barbarick et al. 2012).

Yield Impacts

Biosolids applications can produce equivalent or better grain yields than 
typical applications of inorganic N in tilled and no-till wheat systems 
(Sullivan et al. 2009; Koenig et al. 2011; Barbarick et al. 2012). Preliminary 
results (4 years) suggest this is also true for biosolids that are applied to 
wheat grown with conservation tillage with an undercutter (Schillinger 
et al. 2015). ¢

When yields are increased for dryland wheat compared to inorganic N, 
this is often attributed to the P or S provided by the biosolids (Koenig et 
al. 2011; Ippolito et al. 2007; Cogger et al. 2013). Other possible factors 
include improved soil physical properties, or the fact that N supplied by 
biosolids is made available gradually and thus may limit vegetative growth, 
reducing the potential for moisture stress and associated reductions in 
grain yield (Koenig et al. 2011).

Meanwhile, higher biosolids rates can lead to yield loss through lodging 
or excessively vigorous vegetative growth that leads to moisture stress 
(Cogger et al. 2013; Mantovi et al. 2005; Cogger et al. 1998). Appli-
cation rates for biosolids take into account the amount of N available 
from all sources, minimizing this risk, though Sullivan et al. (2009) also 
recommend that growers who are applying biosolids choose varieties 
that are resistant to lodging.

Grain Quality Considerations

When making decisions about biosolids use, growers should be aware 
that biosolids applications generally raise grain protein, with a 0–13% 
increase in protein in the first and second crops following biosolids 
application (Cogger et al. 2013; low and medium rates). Practical 
experience across the region suggests that this increase is not generally 
so great that it leads to a negative impact on prices received (Andy Bary, 
personal communication). 

It has also been suggested that biosolids applications might be more 
beneficial for hard red and hard white wheat since greater protein 
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content is valued for these wheat types (Sullivan et al. 2009). While this 
may be true, biosolids should not be assumed to increase grain protein 
concentration for hard wheats when biosolids are applied immediately 
before planting (Koenig et al. 2011). From a grain protein perspective, 
application to hard wheats during the fallow year may be preferred if 
fallow is part of the rotation.

Soil Health Benefits

Biosolids applications can meaningfully increase soil C when used 
over time, and particularly when combined with other strategies such 
as reducing tillage and maximizing residue production and retention. 
Across regional dryland systems, the increase in total soil C after repeated 
biosolids applications has been up to 49–77% of the C added in biosolids, 
larger than most other types of amendments (Wuest and Gollany 2012; 
Wuest and Reardon 2016; Cogger et al. 2013, Pan et al. n.d.). ¢ Factors 
that contribute to the impact of biosolids on long-term C levels likely 
include the balanced nutrients provided, increased primary productivity 
in comparison to conventionally fertilized soils, and the microbial 
processing that biosolids have undergone, as microbial C can be a major 
part of stabilized SOC. Generally speaking, the C benefit may be smaller 
if SOC levels are already high, as a steady state is approached or achieved 
(Lal 2001; Cogger et al. 2013; Brown et al. 2011).

Over the long term, biosolids may decrease bulk density, increase soil 
water holding capacity, and benefit other measures of soil health (Brown 
et al. 2011; Cogger et al. 2013) (Table 7-4). ¢ Although Table 7-4 indicates 
a decrease in pH after biosolids application, soil pH can be increased or 
decreased depending on whether or not alkaline materials are used in the 
biosolids process (Sullivan et al. 2015).

Biosolids also generally increase soil aggregation, and it would generally 
be expected that this would reduce wind erosion (Neilsen et al. 2003; 
Wallace et al. 2009). This question is being explored in existing research 
on biosolids application in Lind, Washington, under both conventional 
tillage and conservation tillage with an undercutter (Sharratt et al. 
2016). ¢
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Nutrient Loss Considerations

Though there are clear potential benefits from biosolids applications, one 
potential concern is whether biosolids applications can increase losses of 
N and P from agricultural systems. There has generally been only a small 
effect on soil nitrate-N after one-time biosolids applications to dryland 
wheat systems (Sullivan et al. 2009; Koenig et al. 2011). A recent analysis 
of N rates associated with repeated applications of biosolids to dryland 
wheat found that roughly 35% of the added N was stored in the top 3.9 
inches of soil, while 24% to 37% was removed in grain (Pan et al. n.d.). 
¢ The remaining 28–41% was assumed to reside in the subsoil of the 
rooting zone as soil N, as root N in biomass, or lost to nitrate leaching or 
N volatilization. Increases in soil N may benefit crops by providing a pool 
of N that can be drawn on in addition to fertilizer N supplies, but can also 
indicate a higher risk of N loss.

Biosolids applications have also led to increases in bicarbonate-extractable 
P, with evidence of limited downward movement of P in both tilled and 
direct seed systems (Cogger et al. 2013; Ippolito et al. 2007; Barbarick et al. 
2012). In areas where P is deficient, P loss is likely a relatively low concern 
for one-time applications at agronomic rates. Those carrying out repeated 
applications should test soil levels regularly and evaluate the potential for 
P loss under their local conditions (Sullivan et al. 2015). Phosphorus loss 
tends to be associated with soil erosion, and is most problematic when 
fields are in proximity to a water body.

Contaminants

Municipal wastewater facilities that produce biosolids treat wastewater 
from household and industrial facilities, which may contain various 
contaminants including metals, pathogens, antibiotics, some industrial 
and household chemicals, odorants, and aerosols. Contaminants that are 
not degraded during the biosolids treatment process are present in the 
resulting biosolids. 

Historically, heavy metals were a concern in biosolids. However, 
concentrations of metals in biosolids have fallen sharply over the last 
40 years since the passage of the Clean Water Act, and are no longer 
present in biosolids at concentrations that could cause human, animal, 
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or environmental health issues (Mitchell et al. 2016; Sullivan et al. 2015). 
Concentrations of these metals in land-applied biosolids are regulated 
and monitored, and concentrations must be below federal limits that are 
set based on risk assessments.

Meanwhile, study of other known and emerging contaminants is ongoing, 
but the current available evidence suggests that biosolids applied to 
agricultural soils at agronomic rates and in accordance with current 
guidelines present low to minimal levels of risk from pathogens, antibiotics, 
industrial and household chemicals, and pharmaceuticals (Mitchell et al. 
2016). The Extension publication Guide to Biosolids Quality (Mitchell et 
al. 2016) reviews the literature on potential contaminants in biosolids in 
more detail.

Manures

An increasing interest in improving soil health, the rise of fertilizer costs, 
and the unique nutrient needs of organic producers have all contributed 
to renewed interest in manure amendments in dryland systems. 
Meanwhile, applying manure to agricultural lands that are in need of 
nutrients or organic matter could help reduce nutrient overloading 
concerns for dairies, feedlots, and poultry operations. Across the main 
wheat-producing counties of the inland PNW, an estimated 1,377 tons 
of N, 2,013 tons of phosphate (P2O5), and 6,242 tons of potash (K2O) is 
available in recovered manures (IPNI 2012). 

However, economics currently prevents widespread use of manure in 
dryland agriculture. Manure is heavy relative to its nutrient content, and 
therefore relatively expensive to transport. Across the inland PNW, animal 
production is often practiced in concentrated areas, far from where the 
bulk of the dryland wheat is grown. South central Idaho is one exception. 
This region is dominated by dairy farms in combination with dryland 
fields on high plateaus. Production of organically certified wheat (with 
prices that are 2 to 3 times those of commodity wheat) and alfalfa hay 
in these areas allows for utilization of locally available manure. Further 
information about certified organic wheat practices in the inland PNW 
can be found in Organic Small Grain Production in the Inland Pacific 
Northwest: A Collection of Case Studies (Lorent et al. 2016).
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Two other related practices are also receiving some interest, driven in 
part by these barriers to manure use. Particularly in wetter areas of the 
region, there is re-emerging interest in grazing cover crops or residues, a 
process that contributes to nutrient cycling through manure deposition 
by grazing animals. Meanwhile, some dryland organic producers use 
crop rotation with N-fixing crops such as alfalfa or pulses as the primary 
means to add N to their soils rather than manures (Lorent et al. 2016). 
For more information, see Chapter 5: Rotational Diversification and 
Intensification.

Manure can be applied in raw or aged form, or can be processed before 
land application. Potential treatments include primary and secondary 
solids separation, anaerobic digestion, composting, and nutrient 
recovery. Treatments result in products that may be quite different than 
raw manure. Sometimes more than one treatment process is used in 
sequence; for example, anaerobic digestion followed by separation of fiber 
and separation of fine solids. Some of these processes are active areas of 
research and commercial development. 

Composting is the most common manure treatment. When manure 
is composted, it is managed in a way that allows microorganisms to 
decompose manure and bedding in the presence of air. Composts used 
in organic production need to be produced following the rules of the 
National Organic Program that specify, among other things, initial C:N 
ratios, time, and temperature requirements that must be achieved during 
composting. Composts can be applied to food crops without restriction. 

Separated dairy solids (primary separation) are generated on many 
regional dairies by utilizing screens and rotary and screw presses to 
separate out easily settled fibrous solids (Ma et al. n.d.). Primary separated 
solids may be composted after separation. Meanwhile, secondary solids 
separation, in the early stages of commercialization in 2016, can be used 
following primary solids separation, with or without anaerobic digestion. 
This secondary process focuses on very fine, suspended solids that are 
clay-like in nature.

The Extension publication Fertilizing with Manure and Other Organic 
Amendments (Bary et al. 2016) covers a range of practical topics of interest 
to dryland producers considering manure use, including composition 
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of different types of manures, manure testing, calculating application 
rates, applying manure, manure storage, and long-term effects of manure 
application. For those growing dryland forage crops, see also Manure 
Application Rates for Forage Production (Downing et al. 2007).

Composition, Nutrients, and Application Rates 

Manures contain N, P, K, and other plant nutrients. Nutrient content 
of manures and manure-based products can vary widely, depending 
on the type of animal, diet, manure handling and storage, treatments 
applied, and other factors. Typical values for some of the more common 
uncomposted manure types are provided in Table 7-5, but these values 
should be used with caution. Testing following established methods is 
critical. While some manures have enough N (generally more than 2% 
N on a dry weight basis) to be used primarily as fertilizers to meet crop 
nutrient needs, others have less concentrated nutrients and should be 
primarily seen as soil builders (Bary et al. 2016). For example, separated 
dairy solids with total N of 1.4% and a C:N ratio of 32 are mainly soil 
builders.

When nutrients are the main goal, understanding the forms of N in 
manure is important to choosing appropriate application rates and 
methods. When excreted, somewhere in the range of 50% of dairy 
or beef manure N may be in the form of ammonium (Ketterings et al. 
2005). Ammonium can be lost through volatilization when manure is 
exposed to air, including during storage, and after land application, if not 
immediately incorporated into the soil. Ammonium can also be taken up 
by crops, either directly or after conversion to nitrate in the soil. Because 
of these dynamics, N contribution is generally greater for manures that 
are tilled-in compared to those left on the surface. Manure also contains 
organic N. Some forms of organic N break down quickly, while stable 
organic N compounds in manure can take as long as 5 years or longer 
to mineralize into the ammonium and nitrate forms that are available to 
plants (Russelle et al. 2016; Moore and Ippolito 2009). 

The Manure Management Planner (http://www.purdue.edu/agsoftware/
mmp/), developed by Purdue University, may be helpful for calculating 
uncomposted manure application rates to meet crop needs while protecting 
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surface and ground water quality. The tool uses existing state-specific 
fertilizer recommendations and information for estimating manure 
N availability from Extension and National Resources Conservation 
Service. While the tool can use standard manure production and nutrient 
values, supplying the tested nutrient content and volume will greatly 
improve accuracy. The tool provides suggested application rates, as well 
as a P index and N leaching index to give insight about the risk of nutrient 
losses to the environment.

In comparison to most raw manures, composted manures have less plant-
available N (Table 7-6), as most of the easily mineralizable forms of N are 
converted to more stable organic forms or lost as ammonia gas during 
the composting process. Generally speaking, this means that composts 
are better used to build SOM and improve tilth, rather than as organic 
fertilizers (Gale et al. 2006; Bary et al. 2016). Composting also increases 
the amount of stabilized C, and makes the amendment more uniform and 
easier to apply.

In contrast to primary separated solids, secondary solids have a clay-like 
nature with smaller particle size and higher nutrient content, particularly 
P (Table 7-7). Research to date has focused on applications that provide P 
at agronomic rates to cropping systems such as potatoes that have high P 
requirements (e.g., Collins et al. 2016). Note that fine solids generated with 
systems utilizing polymers such as polyacrylamide may be incompatible 
with organic certification, though there is ongoing investigation regarding 
the use of natural polymers (Mehta et al. 2015).

Grain Quality Considerations

In irrigated systems in southern Idaho, excessive applications of manure 
elevated protein levels beyond desirable amounts for soft white wheat and 
barley, and also caused lodging (Moore 2016).

Soil Health Benefits

Manure applications are better able to maintain and increase SOM than 
crop residues, both regionally (Machado et al. 2011; Wuest and Gollany 
2012; Wuest and Reardon 2016) and globally (Edmeades 2003). Elsewhere 
in the western US, one-time applications of composted manure have also 
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raised SOC, with effects lasting at least 16 years after application (Reeve et 
al. 2012). Beyond improved SOM, manure applications have been shown 
to increase soil water infiltration and stability of soil compared to synthetic 
N fertilizer, with an associated increase in earthworm and mycorrhizal 
fungi activity (as measured by glomalin, a fungal glycoprotein) (Wuest et 
al. 2005) (Table 7-8). ¢ 

Table 7-8. Effect of 70 years of organic amendments compared to synthetic nitrogen (N) fertilizers 
on soil properties of the surface soil (0–5.9 inches) in a winter wheat-summer fallow rotation near 
Pendleton, Oregon. ¢ Differences between chemical fertilizer and manure and pea vine treatments 
were highly significant for all soil parameters shown here except earthworm counts.

Soil Parameters
Organic Amendments Synthetic N 

Fertilizer
No 

FertilizerManure Pea Vines 
100 lb N/aca 30 lb N/ac 80 lb N/ac 0 lb N/ac

Total carbon (C) (%) 1.590 1.260 1.170 1.090
Total N (%) 0.135 0.103 0.092 0.088
Wet Soil Stability
 Whole soil 
(proportion) 0.48 0.41 0.35 0.30

 1–2 mm aggregates 
(proportion) 0.83 0.69 0.65 0.56

Water Infiltration
Percolation (cubic 
inches per hour) 1.06 0.95 0.84 0.73

Ponded infiltration 
(inches per hour) 5.53 4.09 1.49 1.46

Total glomalinb (%) 0.259 0.235 0.214 0.213
Earthworm count 
(per square meter, 
sampled 9.8 inches 
deep) 

107 120 60 67

aPounds of N shown is on a per-crop cycle basis for all treatments.
bGlomalin is a glycoprotein produced by arbuscular mycorrhizal fungi. Its concentration has been 
associated with the abundance of water-stable aggregates, and it incorporates potentially large 
pools of soil C and N.
Adapted from Wuest et al. 2005; this table is also Table 2-3.
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In the inland PNW, Cox et al. (2001) used compost (85% by volume 
animal manure and bedding, along with 10% coal ash and 5% food 
and landscaping waste) to restore eroded Palouse hilltops. Composts 
benefitted bulk density in some years, reduced soil impedance (low soil 
impedance is associated with improved root growth), increased water-
stable aggregates, and increased total soil C. Compost also increased 
extractable P and available K, two nutrients that are usually less available 
on eroded hilltops (Pan and Hopkins 1991). After N immobilization 
was overcome, yields improved compared to untreated controls, likely 
through improvements in soil fertility, soil structure, and perhaps water 
infiltration. �

Nutrient Loss Considerations

When manures are applied to crops to meet N needs, P is typically applied 
at rates 3 to 6 times greater than the crop can use (Moore and Ippolito 
2009), while K is also usually in excess of plant needs. Loss of P and K will 
likely not be an issue if these nutrients are deficient in soils or for single 
applications, but soil levels should be monitored every three to five years, 
especially if applications are repeated over time (Bary et al. 2016). 

Excess P and K can be managed in some cases through the inclusion of 
dryland forage crops, such as alfalfa, in the rotation. Forage plants can 
take up additional K as soil concentrations increase, benefitting soil 
nutrient balances—and alfalfa also has high P requirements. However, 
growers should note that excess K concentrations in forage can cause 
health problems for cattle, with suggested limits of 2% on a dry weight 
basis (Moore and Ippolito 2009). 

Contaminants

Pathogens can be a concern with manures, though composting or 
anaerobic digestion can reduce (but do not eliminate) these concerns. 
As of late 2016, The Food and Drug Administration (FDA), as part of 
the Food Safety Modernization Act, which applies to produce normally 
eaten raw, was conducting a risk assessment and extensive research on 
the number of days needed between applications of raw manure as a soil 
amendment and harvesting to minimize the risk of contamination (FDA 
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2015). While the Food Safety Modernization Act specifically applies to 
fruits and vegetables normally eaten raw, it is possible that this guidance, 
when published, may also have spillover impacts on other crops. In the 
meantime, the FDA stated that it did not object to farmers complying 
with the USDA National Organic Program standards. Meanwhile, the 
National Organic Program standards, which would apply to organic 
dryland producers, requires a 90-day interval between the application of 
raw manure for crops that are produced for human consumption and 
whose edible parts do not come in contact with the soil (CFR Title 7). (A 
120-day interval is required for crops whose edible parts come in contact 
with the soil.)

The Food Safety Modernization Act also addresses compost production, 
establishing limits on detectable amounts of bacteria (including Listeria 
monocytogenes, Salmonella spp., fecal coliforms, and Escherichia coli “E. 
coli” 0157:H7) for processes used to treat biological soil amendments, 
including manure (FDA 2015). Stabilized compost prepared using 
approved methods that conform to these standards can be applied 
without a specified waiting period before harvest, but must be applied in 
a manner that minimizes the potential for contact with produce during 
and after application.

Weed seed is another contaminant of concern, as weed seeds can remain 
viable after passing through an animal’s digestive tract. Composting 
manure at sufficiently high temperatures will kill weed seeds, but quality 
control must be sufficient to ensure that all the manure is exposed to 
these conditions. 

Manures can also contain antibiotics that may persist during manure 
storage and even after land application (Kuchta and Cessna 2009; Aga et 
al. 2005; Schlusener et al. 2003). However, concentrations are generally 
low, and the potential for environmental impacts is not well understood. 
Composting and anaerobic digestion effectively lower concentrations of 
some but not all antibiotics (Ramaswamy et al. 2010; Kim et al. 2012; 
Mitchell et al. 2013; Mohring et al. 2009).

Growers who are carrying out repeated applications of dairy manure 
over time should be aware of a low risk of copper toxicity. Copper sulfate 
(CuSO4) from cattle foot baths is washed out of dairy barns along with 
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manure and into wastewater lagoons. Moore and Ippolito (2009) suggest 
testing soils every 2 to 3 years if dairy manure applications are ongoing, 
and ceasing copper additions if soils tests indicate greater than 50 ppm 
DTPA-extractable copper.

Biochar

Biochar is charcoal-like material that is generated when organic materials 
are heated in oxygen-limited environments (Ronsse et al. 2013). Biochar 
has been receiving growing attention as a C-rich soil amendment that can 
improve measures of soil health. Recent meta-analyses of worldwide data 
from field experiments indicate that benefits exist under at least some 
agricultural conditions, with suggestions that important mechanisms that 
may include a liming effect, improved ability to retain nutrients, improved 
soil water holding capacity, and perhaps improved soil structure (Jeffery 
et al. 2011; Biederman and Harpole 2013; Liu et al. 2013). As of late 2016, 
biochar was available in limited commercial quantities from suppliers 
across the PNW (Tom Miles, personal communication).

Biochar can be made from a wide range of biomass feedstocks, with 
lignocellulosic materials such as forestry or agricultural residues among 
the most common choices (Suliman 2015). The physical and chemical 
characteristics of biochar depend on the feedstocks used, the temperature 
and other conditions under which the biochar is produced, and the pre-
treatments and post-treatments applied (Zhao et al. 2013; Ronsse et al. 2013; 
Suliman et al. 2017) (Table 7-9). Variations in performance depending on 
feedstock and soil type have been seen in greenhouse studies using biochar 
from the Palouse region of eastern Washington (Naff silt loam, Palouse silt 
loam, and Thatuna silt loam) (Streubel et al. 2011).

Application of biochar derived from forest wastes has benefitted pH and 
wheat yields under dryland wheat cropping in the inland PNW (Machado 
and Pritchett 2014) (Figure 7-5). At this site, applications of 10 tons per 
acre or more of biochar increased grain yield by 26% to 33%. Application 
above 10 tons per acre did not result in any additional significant yield 
increases, and biochar application did not influence test weight. Applying 
this alkaline biochar (pH 10.6) increased soil pH by a factor of 0.21 at 
the highest rate. p While these results are encouraging, separate analysis 
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Figure 7-5. Biochar effects on soil pH and winter wheat yield in Athena, Oregon. (Adapted from 
Machado et al. unpublished; this figure is also Figure 2-10). p

suggests that biochar is not economical if only the liming impacts are 
considered (Granatstein et al. 2009; Galinato et al. 2011). �

Ongoing research efforts are investigating whether biochars can be 
engineered to improve agronomic performance and economics. For 
example, biochar can be “charged” with nutrients (e.g., by absorbing 
manure effluent and associated nutrients) or oxidized (made to lose 
electrons). Recent laboratory studies have indicated that Quincy sandy 
soils from the irrigated region of Washington amended with biochar that 
had been oxidized by exposure to air held significantly more water than 
soils amended with non-oxidized biochar, with both out-performing 
non-amended soils (Suliman et al. 2017).

Paper Manufacturing Wastes

Among other uses, residues from cereal and grass seed systems can be 
used for papermaking. (See Chapter 4: Crop Residue Management.) 
Straw fibers are typically pulped with sodium hydroxide (NaOH) under 
pressure, a process that produces a large quantity of “black liquor,” an 
organic byproduct that has traditionally been discharged into waterways 
where it can contribute to pollution. Possible alternative uses for the waste 
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include as a soil amendment and K source. Greenhouse and field studies 
in irrigated corn in Washington state suggested that black liquor could 
be an effective fluid liming material and could increase soil biological 
activity as well as wet stable aggregates (Xiao et al. 2006; Xiao et al. 2007).

Conclusion

Soil amendments, when economically and practically viable, could play an 
important role in improving soil health in dryland systems by increasing 
soil C, reducing bulk density, and improving nutrient availability, soil 
structure, water infiltration and retention, and microbial activity. 

Among amendments, biosolids applications can produce equivalent or 
better grain yields than typical applications of inorganic N in tilled and no-
till wheat systems. When applied to meet the N needs of crops, biosolids 
also provide organic matter, P, S, Zn, Fe, and other micronutrients that 
may be beneficial to wheat when amounts in soils are below desired levels. 
Biosolids can be a relatively low-cost amendment because some costs are 
generally borne by the biosolids producers—though the supply of biosolids 
is limited because they are the byproduct of waste treatment. Those applying 
biosolids to wheat should be aware that application during the fallow year 
may increase protein levels compared to conventional fertilizers. 

Manures are also effective soil amendments, though producers should 
carefully distinguish between manures with high enough N content 
to be used to provide nutrients to crops, and those that act mainly as 
a soil conditioner, building SOM. In comparison to most raw manures, 
composted manures have less plant-available N, and thus should be used 
as a soil conditioner. Nutrient content of uncomposted and composted 
manures can vary widely, depending on the type of animal, diet, manure 
handling and storage, treatments applied, and other factors.

When biosolids or manures are applied at agronomic rates for N, excess 
P is normally applied (for both biosolids and manures) and excess K is 
applied (for manures). This is usually a relatively low concern for one-
time applications to dryland soils, but producers carrying out repeated 
applications should regularly test soil levels. Likewise, although concerns 
about contaminants such as pathogens and weed seeds exist, these can 
usually be managed.
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Two other amendments, while not currently practical, may be of 
increasing interest in the future. Biochar, a charcoal-like material, has 
been receiving some attention as an amendment that could improve soil 
health through a liming effect, nutrient retention, water holding capacity, 
and enhanced soil structure. Application of biochar derived from forest 
wastes has benefitted pH and wheat yields under dryland wheat cropping 
in the PNW, though cost remains a barrier to use. Meanwhile, black 
liquor is another organic waste that may be used as a soil amendment to 
improve physical soil structure, raise pH, and provide K.

Resources and Further Reading

Bary, A., C. Cogger, and D. Sullivan. 2016. Fertilizing with Manure 
and Other Organic Amendments. Pacific Northwest Extension 
Publication PNW0533. Washington State University. Cogger, C.G., 
and D.M. Sullivan. 2007. Worksheet for Calculating Biosolids 
Application Rates in Agriculture. Pacific Northwest Extension 
Publication PNW0511e. Oregon State University.

Lorent, L., D. Roberts, and I. Burke. 2016. Organic Small Grain 
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Abstract

Precision agriculture, or site-specific farming, is a management approach 
that addresses farm- and field-scale variability in order to improve crop 
production by efficiently matching resource inputs with crop needs. 
Advances in satellite and computer technologies provide producers with 
many opportunities to observe, measure, and respond to the needs of 
their crops by addressing site-specific problems in their fields. In the 
inland Pacific Northwest (PNW), dryland cereal producers use precision 
management in many ways, such as section control to reduce herbicide 
application and Global Positioning Systems (GPS) for reducing overlap. 
The use of these technologies is relatively straightforward and the payoffs 
are clear. In this chapter, we primarily focus on a more complex precision 
management strategy: variable application of nitrogen (N) fertilizer, 
because N is a main limiting factor in cereal production systems in the 
inland PNW. The region’s climate and topography cause variation in wheat 
yields within and across fields and therefore in N fertilizer requirements. 
Synchronizing N supply with crop N demand is a major challenge for 
improving fertilizer use efficiencies and reducing N losses, which makes 
it a critical priority for the global research agenda. Precision agriculture 
technologies provide opportunities to manage complex N, water, and crop 

Research results are coded by agroecological class, defined in the glossary, as follows:

� Annual Crop     p Annual Crop-Fallow Transition     ¢ Grain-Fallow
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interactions. This chapter presents information on the principles and 
assumptions behind precision agriculture, types of precision agriculture 
tools and equipment available, steps involved in implementing variable 
rate N application, and sources of support for making decisions about 
managing variability.

Key Points
•  Precision agriculture is a site-specific management approach that 

uses technology to manage field variability and achieve specific 
goals such as crop yield, percentage of protein, and nitrogen use 
efficiency.

•  Precision agriculture assumes that variability in the major factors 
that affect crop yield and quality can be accurately measured at scales 
relevant to farm management and that the resulting information 
can be used to improve the efficiency of crop input use.

• If the above assumptions are met, precision agriculture strategies 
might result in a win-win-win scenario with improved crop 
yields and quality, higher economic returns, and decreased 
environmental impacts from excessive inputs.

• Precision agriculture technologies provide the ability to monitor 
crop and field variability and help diagnose agronomic problems 
that occur across fields and years.

•  Decisions about adoption of precision agriculture involve the 
consideration of economic, agronomic, technical, environmental, 
and social factors.

• Additional research is needed to evaluate the combined effects of 
precision agriculture on productivity, profit, and environmental 
quality.

Introduction

What is Precision Agriculture?

Precision agriculture is the management of farm- and field-scale 
variability to achieve explicit goals such as improved crop yield, grain 
quality, and nitrogen use efficiency (NUE) by more accurately matching 
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crop needs with specific input requirements. Dryland cereal producers use 
precision management in many ways, such as section control to reduce 
herbicide application and Global Positioning Systems (GPS) for reducing 
overlap. This strategy utilizes data from information technologies with 
high spatial and temporal resolution, combined with grower knowledge, 
to inform management decisions that take into account the high degree 
of variability associated with agricultural production (National Research 
Council 1997). Precision agriculture has been described as the use of the 
right input in the right amount at the right time and in the right location 
(Mulla 2013). These concepts (also known as the 4 Rs) can be used alone 
or in combination. Improved precision agriculture technologies allow 
producers to measure multiple interacting variables and to potentially 
use this information to maximize their profits, use resources efficiently, 
and minimize environmental damage. 

Precision agriculture is a multi-step process that involves: (1) gathering 
information on spatial and temporal cropland variability, (2) applying 
that information to develop site-specific management strategies that use 
precise techniques to match fertilizer, pesticide, or water inputs to crop 
needs, (3) assessing the resulting benefits and costs, and (4) repeating and/
or adjusting management on the basis of lessons learned. Initial mapping 
provides information on spatial variation, whereas the comparison 
of multi-year sequences of data provides information on changes over 
time, which is becoming increasingly important in responding to climate 
change. (For more information on climate change, see Chapter 1: Climate 
Considerations.)

History of Precision Agriculture

The concept of tailoring management to spatial variation in soil and other 
environmental conditions was introduced in the 1920s (Linsley and Bauer 
1929), but at that time technology for implementing this approach was not 
available. By the 1980s, the typical farm size had increased in the inland 
PNW (Duffin 2007; Jennings et al. 1990) and farms encompassed more 
within-farm variability. Increased awareness of high spatial and temporal 
variability in crop performance on large-scale farms continues to heighten 
the importance of precision agriculture. Ecological, economic, and social 
factors all contribute to high levels of interest in precision agriculture, 
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especially in the developed world. (For information on federal policies 
that promote precision agriculture, see Chapter 12: Farm Policies and the 
Role for Decision Support Tools.) 

Variation in geology, soil, terrain, water availability, microclimate, and 
biota is high across landscapes in the inland PNW. In addition, variability 
within fields is high. This variation, combined with diverse management 
legacies and inconsistent weather patterns, creates heterogeneous 
growing conditions. In the inland PNW, conversion of conventional 
tillage systems to direct seeding has further increased variability due to 
tillage management impacts on soil properties, pests, rotations, and crop 
performance (Huggins 2004).

The global need to increase food production without increasing negative 
environmental impacts from agriculture is another reason why interest 
in precision agriculture continues to increase (Cassman et al. 2002; 
Tilman et al. 2011). More precise and efficient farming of land that is 
already in production is critical. By matching inputs such as fertilizers 
and pesticides to site-specific conditions that regulate crop demand, 
precision agriculture has the potential to help producers improve crop 
productivity and economic returns. Applying resources when and where 
they are needed can also reduce negative environmental effects (National 
Research Council 1997) by improving efficient use of these resources.

Relationship of N Fertilizer to Climate Change

Excessive use of N fertilizer can increase the risk of losses of N as nitrous 
oxide and result in accelerated rates of reactive N entering and cycling 
through ecosystems. The agricultural sector is the largest contributor to 
rising nitrous oxide emissions in the US, and nitrous oxide emissions 
from agricultural soil management are the largest source of agricultural 
greenhouse gas emissions (EPA 2013).

The Need to Address Field-Scale Variability

In order to precisely match agricultural inputs to crop needs, it is essential 
to understand the impact of variability in factors that influence crop 
growth and development. Soil and crop properties that vary over time as 
well as across space are especially difficult to diagnose (Huggins 2004). 
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Present-day soils result from natural processes of soil formation as 
well as the effects of land use and management practices (Busacca and 
Montgomery 1992). Geographic diversity in terrain, soil, and climate 
across the inland PNW results in different dryland cereal production 
systems that are mapped as agroecological classes (AECs). (See Chapter 
1: Climate Considerations for details on AECs.) Effective soil depth can be 
limited by soil profile layers with high clay content and low permeability 
(Pan and Hopkins 1991). In the driest, westernmost parts of the region, 
calcic horizons and duripans rich in lime and silica limit productivity. 
In areas with intermediate precipitation, impermeable clay-rich horizons 
are limiting; and in the easternmost part of the inland PNW, seasonally 
perched water tables overlying clay-rich horizons limit rooting depth and 
cause lateral water flow (Figure 8-1) (Busacca and Montgomery 1992). 
In the Annual Crop AEC, steep topography creates varied microclimates 
that affect both the need for and response to nutrients (Fiez et al. 1994a; 
1994b). (See Chapter 6: Soil Fertility Management.) For example, north-
facing slopes in the Annual Crop AEC are wetter and have seasonally 
perched water with subsurface lateral flow (Brooks et al. 2012). �

Landscape-specific processes affect local environmental conditions such as 
slope, soil depth, and the presence of an impermeable layer of soil (Figure 
8-2). For example, across a single hill, variations in slope, aspect, and soil 

Figure 8-1. Lateral water movement on a hillside near Troy, Idaho. (Photo: Erin Brooks, with permission.) 
�
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texture affect a suite of interrelated variables including microclimate, snow 
accumulation, runoff, erosion, ponding, soil water holding capacity, and 
evaporation. In addition, management decisions about tillage, fertilization, 
rotations, and residue treatment affect soil properties such as nutrient 
availability and uptake efficiency, soil organic matter accumulation and 

Figure 8-2. Schematic cross-sections of a hill in the Grain-Fallow agroecological class of the inland PNW. 
Note that different scales are used for horizontal distance, elevation, and subsurface depth. (A) Soil 
profiles at different terrain positions; (B) Amount of calcium carbonate and organic carbon in the top 4 
inches of soil at selected points, indicated by vertical lines, across the same hill. (Adapted from Busacca 
and Montgomery 1992.) ¢

A

B
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decomposition, soil bulk density, pH, and crop rooting depth. (See Chapter 
6: Soil Fertility Management for a more detailed discussion of factors that 
affect productivity.) The result is a complex within-farm mosaic of areas 
differing in yield potential (Busacca et al. 1985; Ibrahim and Huggins 
2011; Mulla 1986; Rodman 1988). (See Chapter 2: Soil Health; Chapter 
4: Crop Residue Management; Chapter 5: Rotational Diversification and 
Intensification; and Chapter 6: Soil Fertility Management.)

Considerable variability within fields and across years has been reported by 
researchers and farmers in the inland PNW. Some of this variation can be 
inferred from county soil surveys, but the coarse scale (1:20,000) of these 
maps obscures the fine scale heterogeneity of multiple characteristics. 
Figure 8-3 compares a Whitman County soil survey map of a field at the 
Washington State University Cook Agronomy Farm to a soil survey and a 
soil organic carbon map of the same field using finer resolution. Detailed 
field-scale maps reveal more variability and are therefore more useful for 
identifying spatial patterns and prescribing site-specific management. 
Year-to-year and within-field variability continue to generate interest in 
site-specific rather than uniform rates of agricultural inputs (Huggins 
2010; Huggins and Pan 1993). Precision agriculture in the inland PNW 
can potentially address constraints on agricultural productivity due to 
the impacts of landscape variation and management, such as soil texture, 
compaction, effective rooting depth, drainage, acidification, and erosion. 
(More information can be found in Chapter 6: Soil Fertility Management; 
Chapter 2: Soil Health; and Chapter 3: Conservation Tillage Systems.)

Steps in the Process of Site-Specific Management

Precision management involves the following steps carried out by 
growers in consultation with industry, research, and Extension advisors 
as necessary (Figure 8-4):
� Specify goals (e.g., grain yield or protein concentration) of the 

operation. It is important to match the scales of measurement and 
management as closely as possible for crops, soils, and terrain. For 
instance, it is inefficient to collect data on a scale that is finer than 
what is treatable by available equipment. If an input can be applied 
only on a scale of feet, then it is wasteful to measure it on a scale 
of inches (Pierce and Nowak 1999). 
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Figure 8-3. Maps of (A) soil series, (B) field soil map units, and (C) soil organic carbon (SOC; at 0–60 
inches) for the 92-acre Washington State University Cook Agronomy Farm. Data for B and C were 
obtained by sampling alternating points from a systematic, non-aligned grid of 369 geo-referenced 
sample locations at a resolution of ±10 feet. (Source: Huggins and Uberaga 2010.) 
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� Obtain accurate, fine-scale data on within-field variability that 
influences desired outcomes.

� Use the resulting data to generate multi-layer maps that illustrate 
factors influencing crop yield. 

� Use the information from the preceding step to diagnose crop 
needs and develop prescription maps using computer software. 
These maps prescribe site-specific management zones (SSMZs) 
or areas that are relatively homogeneous with regard to yield-
controlling attributes (Table 8-1). Management zones should 
not be confused with the much larger agronomic zones defined 
by Douglas et al. (1992). Collectively, SSMZs form the basis of 
a precise management plan (Corwin 2013). Decisions about 
how many SSMZs should be recognized are crucial. If too few 
zones are prescribed, areas that are substantially different will be 
grouped together and variable management will not address site-
specific variability effectively. If too many zones are designated, 
areas that differ only slightly will receive different treatments, 
and management will be more complicated and expensive than 
necessary, or controllers will not be able to react to the small 
distances or time units that are specified. The challenge associated 
with making this decision is one reason why producers who are 

Figure 8-4. Key elements of precision agriculture. (Adapted from Huggins 2015.)
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developing prescription maps for variable application often seek 
decision support from a precision agriculture consultant.

� Implement the plan during the growing season by applying 
inputs at the variable rates and locations specified in the precision 
management plan. Application rates can be fine-tuned using 
information from field scouting and ongoing data analysis. 

� During harvest, use yield monitors to collect information about 
crop quantity and quality (e.g., grain protein concentration). 

� After one year of using precision agriculture, evaluate how 
well management goals were met. Modify management plan if 
necessary using the results from the first year’s trial to inform this 
decision. Evaluating the response of areas managed with precision 
agriculture may require a check strip (not managed with precision 
agriculture) for comparison.

Table 8-1. Examples of crop inputs that are commonly applied to site-specific management zones using 
variable rate technology. 

Crop inputs applied 
to site-specific 

management zones
Sources of information for zone delineation

Gypsum Grower knowledge, yield patterns, ECa maps, soil 
tests for pH and Na

K Topography, grid or directed soil sampling, soil 
survey maps, ECa maps

Lime pH, soil texture

Manure Soil texture, organic matter, yield patterns, bare soil 
photos, nitrate nitrogen, crop canopy reflectance

N Soil texture, organic matter, yield patterns, bare soil 
photos, nitrate nitrogen, crop canopy reflectance

P Topography, grid or directed soil sampling, soil 
survey maps, ECa maps

Herbicide Weed maps, soil organic matter, soil texture

Irrigation Soil texture, topography, yield zones, ECa-directed 
soil sampling

Seeds Historical yield maps and topsoil depth
Note: K = potassium; N = nitrogen; P = phosphorus; ECa = apparent soil electrical conductivity.  
Adapted from Corwin 2013.
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� Repeat the above steps as many times as necessary to achieve 
desired site-specific results. Remember that throughout this 
process equipment suppliers and researchers are available to 
provide decision support. 

Research on Site-Specific N Management

Importance of Site-Specific N Management

Nitrogen is typically the most limiting nutrient in crop production. 
Nitrogen supply and demand are affected by soil chemical, physical, and 
biological processes. Nitrogen requirements are affected by crop N need 
and the amount of N supplied from soil and crop residues. Worldwide 
recovery of N in harvested cereal crops is estimated to be only 33% of 
total N applied (Raun and Johnson 1999). Poor N recovery is due to 
multiple factors that can include biological N immobilization, losses 
occurring from leaching and volatilization, and inefficient crop uptake 
and utilization. Improving the efficiency of N utilization is of concern 
because movement of N beyond agroecosystem boundaries contributes 
to degradation of air and water and because growers seek to reduce costs 
from wasteful inputs. (See Chapter 6: Soil Fertility Management.)

Management strategies that increase NUE can mitigate greenhouse gas 
emissions. (See Chapter 4: Crop Residue Management and Chapter 6: 
Soil Fertility Management.) The potential for site-specific N application 
to reduce nitrous oxide emissions has been experimentally demonstrated 
in the field (Sehy et al. 2003). The significance of reductions in applied 
N is controversial because several interacting factors influence N 
transformations in soil (Venterea et al. 2012). However, recent analyses 
and field work have suggested that emissions of nitrous oxide increase 
exponentially with N input (Hoben et al. 2011; Shcherbak et al. 2014) 
rather than linearly. For dryland farmers of the inland PNW, precision 
agriculture is an important strategy for climate change mitigation. 
Agricultural N management practices that reduce N fertilizer application 
rates without reducing crop yields could potentially reduce agricultural 
nitrous oxide emissions, generate greenhouse gas offsets, and enhance 
overall environmental quality. 



330

Advances in Dryland Farming in the Inland Pacific Northwest

Under current greenhouse gas offset programs, emission offset credits 
generated by agricultural N management actions are based on reducing 
annual N fertilizer application rates for a given crop without reducing yield. 
Because reductions in N fertilizer entail economic risk for producers due 
to possible yield depression from under-applied N, economic incentives 
are important. Programs that offer incentives for N emission reductions 
are a promising strategy for reducing regional emissions (Brown 2015; 
Ward 2015); however, in interviews of 33 growers from across inland 
PNW drylands, insufficient financial incentives and excessive paperwork 
were commonly cited as barriers to involvement in nutrient management 
plans (Ward 2015).

Principles of Precision N Management

Precision management of N fertilizer means synchronizing N application 
with variability in crop N demand. To do this, it is necessary to understand 
crop requirements for N (Fiez et al. 1995) and crop response to applied N 
(Huggins and Pan 1993). Fiez et al. (1995) concluded that recommended 
N application rates on north-facing backslopes at a study site in the 
Annual Crop AEC were excessive because of low fertilizer uptake and 
high losses of N. However, landscape position alone was not the best 
predictor of site-specific N fertilizer needs in this study. �

Regional fertility guides (Koenig 2005; Mahler 2007) are not appropriate 
for developing site-specific N management prescriptions because they 
do not account for variability in crop unit nitrogen requirement and 
N supply (Pan et al. 1997). Some landscape positions have high soil 
N supply but low yield potential and low response to N fertilizers, 
while other areas have high yield potential, lower N supply, and good 
response to applied N. In addition to landscape position, yield and crop 
performance are influenced by interacting effects of soil, water, weather, 
nutrient availability, crop variety, and management (Mulla et al. 1992; 
Pan and Hopkins 1991). (See Chapter 6: Soil Fertility Management for a 
discussion of processes that affect N availability.)

Patterns in Site-Specific Yield Responses to N Management

In a 2007 on-farm study near Colfax, Washington, in the Annual Crop 
AEC, Huggins (2010) compared yield benefits from variable rate nitrogen 
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(VRN) applications to uniform N rates at different landscape positions. 
The farmer identified low- and high-yielding areas of the field, and 
uniform and variable urea fertilizer N inputs were compared at selected 
geo-referenced locations across the field. Positive yield response to VRN 
application tended to be most pronounced in the low-yielding areas, 
which was likely due to relatively shallow soils and low potential to store 
soil water (Figure 8-5). Reducing the N fertilizer rate by 40% in the lower 
yielding areas increased hard red spring wheat yield by 25% compared to 
uniform N application. Previous application of excessive N in such areas 
may have increased soil water consumption during vegetative growth and 
left less water available during grain filling. Conversely, increasing N rates 
in higher yielding areas by 63% increased hard red spring wheat yields by 
12% compared to uniform N application. Areas with relatively high yields 
tended to occur on relatively flat uplands, which likely had deep soil and 
high water holding capacity (Huggins 2010). �

In this example, two N application rates, one for low-yielding areas and 
one for high-yielding areas, were adequate to improve efficiency compared 
to a single application rate. On the basis of this study, reducing N rates 
leading to increasing yields on low-yielding locations would be expected 
to result in greater economic returns. The economic effects of increasing 
N inputs on higher yielding areas is less clear and would probably depend 
on additional factors such as wheat and N prices. The results of this on-
farm research trial suggest that site-specific characteristics such as slope 
and soil type combined with grower knowledge have potential as decision 
aids for precision N applications, especially because the required data can 
be generated by growers with just a yield and protein monitor, GPS, and 
VRN technologies. 

Refining Predictions of Site-Specific Responses to N 
Management

Although insight into these landscape patterns in response to N application 
are useful, producers need tools with a higher degree of site-specificity 
for predicting responses to VRN. Developing grower-oriented, field-scale 
decision support tools to evaluate spatial variability in crop performance 
and assess site-specific management strategies is an emerging focus of 
research in the inland PNW. Brown (2015), Huggins et al. (2010), and 



332

Advances in Dryland Farming in the Inland Pacific Northwest

Figure 8-5. Field elevation, slope, and combine yield monitor data for hard red spring wheat at a farm 
near Colfax, Washington. (Dem = digital elevation model; Source: Huggins 2010.)

Taylor (2016) have developed tools for identifying crop performance 
with regard to increasing productivity as well as NUE (Table 8-2).

For example, using the key developed by Brown (2015) winter wheat can 
be separated into five performance classes (Figure 8-6). This classification 
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allows for post-harvest interpretation of crop performance that diagnoses 
limitations to N supply or crop uptake. In addition, the information can be 
used to guide future site-specific N management decisions for optimizing 
yield, yield quality, and efficient use of N supply.

Available Technology

Remote Sensing

Remote sensors of soil or crop properties may be proximal (hand-held 
or tractor-mounted sensors), aerial (mounted on airplanes or unmanned 
aerial vehicles), or satellite-mounted. Remote sensing uses interactions 
between electromagnetic energy and soil or plant material. Applications 
of electromagnetic radiation in remote sensing involve non-contact 
measurement of reflected electromagnetic radiation. Precision agriculture 
systems use primarily visible, near infrared (NIR), infrared, and thermal 
sensor data (Figure 8-7A). Plant pigments absorb visible light of specific 
wavelengths and reflect radiation that is not absorbed. Measuring light 
absorption at different wavelengths enables detection of active crop 
growth (i.e., chlorophyll a and chlorophyll b activity). 

Spectral indices use ratios of plant reflectance in the visible and NIR 
regions to assess characteristics of plant canopies and soils. For example, in 
a study near Adams, Oregon, of the effects of the number of yellow flowers 
per unit area and leaf area index (LAI) on canopy spectral reflectance of 

Table 8-2. Performance criteria for assessing wheat responses to variable application of nitrogen in the 
Annual Crop agroecological class. �

Criteria Crop Location
GPC, N uptake efficiency,  

N retention efficiency
Hard red spring 

wheat CAF, near Pullman

Yield, GPC, NUE Soft white winter 
wheat CAF, near Pullman

Protein, N balance index 
(Ng/Nf)

Soft white winter 
wheat

Near Walla Walla;
CAF, near Pullman

GPC = grain protein concentration; NUE = nitrogen use efficiency; Ng = grain N; Nf = N 
fertilizer application rate; CAF = Cook Agronomy Farm. All locations are in Washington. 
Adapted from Brown 2015, Huggins et al. 2010, and Taylor 2016.
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spring canola, the ratio of NIR and blue light was suitable for estimating 
LAI during flowering (Sulik and Long 2015). (For information on the use 
of spectral indices to predict crop residue cover and density, see Chapter 
4: Crop Residue Management.)

Green vegetation absorbs most colors of visible light (except green) and 
reflects a large portion of incoming NIR wavelengths. Consequently, 
senesced, diseased, or sparse vegetation reflects more visible light and less 
NIR radiation (Figure 8-7B). The normalized difference vegetation index 

Figure 8-7. (A) The electromagnetic spectrum. (B) Differences in reflectance of near infrared and visible 
light by green and unhealthy or senesced vegetation. Note that the green foliage reflects less visible 
light than the yellowish-brown leaves. (Sources: NASA 2016a; 2016b. Illustration by Robert Simmon.)

A

B
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(NDVI) uses a ratio of red and NIR spectral absorption to assess spatial 
and temporal variability patterns in photosynthetic activity. The NDVI 
and other spectral indices are used to study crop density, development, 
and reproductive capacity during the growing season.

Hyperspectral remote sensing collects reflectance data over a wide 
spectral range at small increments. Because hyperspectral imaging can be 
collected across a large range of wavelengths and at fine spatial resolution, 
it is useful for understanding spatial and spectral variability in reflectance 
for bare or vegetated ground (Mulla 2013).

Electrical conductivity (EC) sensors measure the electromagnetic energy 
of soil (the ability of soil to conduct an electrical current), which depends 
on total solute concentration (salinity) (Rhoades et al. 1989). EC is one of 
the measurements used most frequently in precision agriculture research 
to characterize spatial and temporal variation in properties that often affect 
crop yield. Sensors for continuous, real-time proximal sensing of soil EC 
have been used for mapping spatial patterns in soil clay content, salinity, 
soil moisture, and cation exchange capacity (Corwin and Lesch 2005). 
The EC of bulk soil, referred to as apparent soil electrical conductivity 
(ECa), has three components (Figure 8-8). 

Figure 8-8. Three pathways for measuring apparent electrical conductivity of soil. (1) Solid-liquid 
phase, (2) liquid phase, and (3) solid phase. (Source: Corwin and Lesch 2005.)
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Remote sensing of thermal radiation emitted by leaves and canopies has 
been used to estimate water stress (Cohen et al. 2005). This is done using 
canopy temperature as an indicator of water status.

Geospatial Referencing

A geographic information system (GIS) uses computer software and 
hardware to capture, store, manipulate, manage, and display geographically 
referenced information. When a GIS database is referenced to a base map 
or base data layer, geographic data can be projected onto a flat paper 
or screen. Data from many sources can be used, including soil or crop 
sampling, topographic surveys, digitized maps or photographs, and 
information from sensors. 

Most GIS uses either vector or raster spatial data. Vector data uses 
coordinates to represent point, line, or polygon features on maps. Raster 
data are displayed as discrete picture elements termed pixels and can 
include any information displayed and stored as pixels, including aerial 
photography and scanned images. 

The USDA Farm Service Agency provides growers with hard or soft copies 
of GIS imagery. Farmers can also obtain GIS data from some agricultural 
supply companies or build their own GIS project using software, such as 
Farm Works or SMS, and tractor or combine data collected during field 
operations. Some basic GIS software is free, but the cost of advanced GIS 
software may be substantial. Because of the technical complexity of some 
GIS applications, decision support personnel often play an important role 
in interpreting, displaying, and archiving of GIS data.

The Global Positioning System, or GPS, is a network (termed Navstar) of 
satellites put in orbit by the US Department of Defense. As of September, 
2016, there were 31 active satellites (http://www.gps.gov/systems/gps/
space/) transmitting one-way radio signals giving satellite position 
(latitude, longitude, and elevation) and time to users. GPS receiver 
equipment receives signals from the satellites and uses this information 
to calculate the user’s three-dimensional position. The use of GPS in 
conjunction with GIS allows real-time data to be combined with accurate 
position information. This enables manipulation and analysis of large 
amounts of geospatial data.
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Models

Models make it possible to analyze large data sets and make projections 
about outcomes if specific assumptions are met. It is important to keep 
in mind, however, that the projections of a model are not the same as 
experimentally demonstrated results. The more a model’s assumptions 
are tested and supported by test results, the more robust we can consider 
the model.

Use of Precision Agriculture Technology in the Inland 
PNW

Precision Farm Equipment

A variety of products that use precision agriculture technology are 
available to producers. Some of the most common types are listed below. 
For more information, see Yorgey et al. (2016).
� Combine monitors consist of sensors connected to GPS 

receivers. This equipment typically monitors yield at different 
locations within a field. With several years’ data, the accumulated 
information can be used to generate prescription maps that divide 
fields into different zones for variable management. In addition to 
yield, combine sensors can monitor other variables, such as grain 
moisture content, protein content, and straw yield (Reyns et al. 
2002). 

� Aerial infrared crop images are another tool that can be used to 
develop prescription maps for fertilizer application. On infrared 
images, dense and vigorous vegetation is bright red, whereas less 
vigorous plants are lighter red or grey. Photos taken during crop 
growth can thus be used to delineate zones of higher and lower 
potential yield or plant biomass. 

� Spatial soil mapping using measurements of soil ECa can also 
be used to develop prescription maps. For example, ground 
conductivity meters developed by Geonics, Ltd. contain a 
transmitting coil and a receiving coil. The meter is placed directly 
on the ground where the transmitting coil generates small currents 
that are sensed by the receiver coil (McNeill 1980). A meter can 
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be coupled with GPS and with appropriate software to generate 
spatially specific data about ECa. 

� Variable rate fertilizer applicator systems use information 
corresponding to a sensed position to adjust fertilizer application 
rates as the applicator system moves across a field (Stombaugh 
and Shearer 2000). A variable rate applicator adjusts the rate of 
fertilizer that is delivered, using specifications from a zone map and 
a management plan. This technology is suited to fields with a wide 
range of yield potentials or fields with variation in residual levels 
of nutrients. Nitrogen is the nutrient most commonly applied at 
variable rates, but phosphorus, sulfur, and other nutrients can also 
be applied at variable rates.

� Auto-steer systems use the Differential Global Positioning System 
(DGPS), a highly accurate satellite system (http://www.gps.gov/
systems/augmentations/) to detect the location of equipment and 
steer it across the field in a way that reduces overlap in passes 
across the field. Auto-steer systems can generally be retrofitted 
onto existing equipment. 

� Section controllers improve the efficiency of input application 
by automatically shutting down operations (often a section of a 
piece of equipment) at locations (such as field edges and areas 
that overlap with previously covered ground) where additional 
application would be wasteful. Applications such as seed, fertilizer, 
and herbicide can be fine-tuned in this way. Section controllers 
can be retrofitted onto existing equipment. 

Adoption of Precision Agriculture Technology

The benefits and risks associated with precision agriculture adoption 
depend on a variety of technical, geographic, economic, social, and 
cultural factors. Many growers use some precision agriculture technology 
but have not delineated SSMZs. For example, auto-steer was one of the 
first precision agriculture technologies to be adopted in the inland PNW 
and remains popular (Table 8-3). This technology has been shown to pay 
for itself rather quickly in dryland regions because it reduces overlap in 
input applications and requires little or no decision support or system 
component integration (McBratney et al. 2005).
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On the other hand, adoption of VRN technology requires a greater 
commitment. Since N fertilizer is the most expensive variable input cost for 
growers, a reduction in N application could increase gross returns. Ward 
(2015) estimated a 1.72 lb per acre reduction in N loss could be achieved 
under a precision N management plan based on a crop model simulation 
that compared variable and uniform N fertilizer application. Yet, other 
economic analyses of variable rate application of plant nutrients to small 
grains in inland PNW drylands have produced mixed results. Several 
studies reported that VRN increased profitability in some situations but 
not in others. In a hypothetical case analysis in the Annual Crop AEC 
near Farmington and Pullman, Washington (Fiez et al. 1994a), use of 
experimentally determined unit N requirements increased net returns from 
winter wheat by as much as $14.80 per acre, but Taylor (2016) reported that 
at three sites in the Annual Crop AEC of eastern Washington the economic 
benefits of VRN management depended on yield potential. � Reducing 
N rates in low-yielding field locations resulted in N fertilizer savings with 
VRN management, whereas increasing N rates in high-yielding zones 
resulted in no yield benefit but decreased NUE and economic returns. In 
addition to the cost of precision agriculture technology, the price of wheat 
and fertilizer as well as the likelihood of realizing a yield increase should be 
regularly evaluated to gain insight into how VRN might provide the least 
economic risk in high-yielding zones.

Mahler et al. (2014) summarized University of Idaho surveys of grower 
adoption of precision agriculture technology over three decades. The 
surveys, conducted in 1981, 1996, and 2011, showed that adoption increased 
markedly between 1996, when use of these technologies was estimated at 
10%, and 2011. Mahler et al. (2014) concluded that variable rate systems 
were more popular in drier areas, and that younger farmers and farmers 
on relatively large farms were most likely to adopt new technologies. In 
2012, the University of Idaho’s Social Science Research Unit surveyed 
a representative sample of producers in dryland farming counties of 
northern Idaho, eastern Washington, and northeastern Oregon about their 
use of technology (Gantla et al. 2015). Responses from the 2011 and 2012 
surveys are summarized in Table 8-3. The proportion of farmers using GPS 
guidance increased markedly between 2011 (47%) and 2012 (66%). In 2012, 
over one-third of respondents reported having and using variable fertilizer 
applicator and yield monitoring technology. Few producers (less than 
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5% for each of seven technologies) reported having precision agriculture 
technology and not using it, but more than two-thirds of respondents did 
not have technology for spatial soil mapping, aerial crop imagery, variable 
seeding equipment, and precision agriculture software. Among growers 
who said they did not have precision agriculture technology, the most 
commonly selected reasons cited were that equipment was “too expensive” 
(62%) and/or “not cost-effective for my operation” (59.9%). In addition, 
about one-quarter of respondents indicated the technologies were “not 
worth the investment of new capital” and that they were “difficult to learn 
to operate and maintain” (Gantla et al. 2015).

Things to Consider when Making Decisions about 
Precision Agriculture

When making decisions about whether to add precision agriculture 
equipment and technology to a farming operation, it is important to 
consider several questions. This is true whether the producer is a novice 
or has already experimented with precision agriculture and is considering 
further changes. Most growers will want to give some thought to the 
following interacting issues:

Impacts on your finances. How much will the initial investment in 
precision agriculture technology cost? Will financial support be available? 
What are the projected maintenance costs? How long will it take for 
projected reductions in input costs to offset initial costs? Will there be 
costs associated with getting help from experts? How will fuel costs and 
other farm costs such as fertilizer inputs change when the new technology 
is implemented? Will improvements in grain yield and quality boost your 
farm’s income?

Impacts on your agroecosystem. What specific factors limit productivity 
on your farm? Can the limiting factor(s) be measured accurately and 
treated effectively? Which factors can you control and which ones do you 
have to live with?

Impacts on labor and time. How much time will be required to install 
new equipment? How long will it take to gather the data needed for 
making management decisions? How long will it take to gain the expertise 
needed to use precision technology? Once the system is up and running, 
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will implementation save time? If you participate in a financial assistance 
program, will the associated paperwork be time-consuming?

Impacts on grower knowledge. How many people on your farm will 
need to gain the knowledge necessary to use precision agriculture? How 
difficult or time-consuming will it be to acquire this knowledge?

Impacts on the environment. How will site-specific management affect 
off-site flows of fertilizer, insecticides, herbicides, and/or water? How 
will precision agriculture adoption affect on-farm vehicular passes and 
related soil compaction and water movement? Will long-term, site-
specific management improve the quality of your soil?

Impacts on society. What effects would widespread adoption of precision 
agriculture be likely to have on your community? What about the long-
term stability of your farm? Will adoption of precision agriculture affect 
whether younger generations decide to stay on the family farm or leave 
home to look for work elsewhere? 

Because precision agriculture is based on site-specific practices, field 
results at one locale may not apply to other sites, even within the same 
AEC. The same is true for growers: what works for one person won’t 
necessarily work for another. Grower intuition, skills, and priorities are 
important for evaluating whether to adopt precision agriculture. 

Conclusions: Challenges and Future Directions

Precision agriculture technology and practices are rapidly developing. 
Spatial resolution, return frequency, and spectral resolution have 
improved dramatically in the past 25 years (Mulla 2013), as have data 
storage and analysis capabilities. But complex, highly precise technology 
does not always translate to appropriate management. 

In the inland PNW, research on N dynamics has led to improved 
understanding of the effects of site-specific spatial and temporal variability 
on crop growth and development. This information has been used to 
develop criteria to rank wheat into performance classes that can be used to 
predict response to applied N (Figure 8-6). Research on regional hydrology 
has clarified vertical and horizontal movement of water, nutrients, and soil. 
Such information forms the basis for site-specific diagnosis and treatment 
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of constraints on crop yield and quality. This foundation sets the stage for 
further research on how to match inputs to crop needs.

In particular, additional research on the following agronomic issues has 
the potential to increase scientific understanding of precision agriculture 
in the inland PNW:
� Additional field testing of performance classes for wheat response 

to applied N.

Farmer-to-Farmer Case Study Series
Ron Jirava, farms near Ritzville, Washington, in the Grain-Fallow 
AEC where he receives about 11.5 inches of annual precipitation. 
Jirava prefers not to invest heavily in variable rate technology 
because he hasn’t “been convinced that, in an area where 
moisture’s the limiting factor,” precise mapping would be worth the 
economic investment (Mallory et al. 2000; https://www.youtube.
com/watch?v=z2fdxvANWsA&list=UUO_J3MbC2_x772upBPM-
CvQ&index=29). ¢

Eric Odberg, who farms near Genesee, Idaho, in the Annual Crop AEC 
where annual precipitation is about 22 inches, has been using VRN for 
several years and is pleased with the results (Yorgey et al. 2016; http://
cru.cahe.wsu.edu/CEPublications/PNW691/PNW691.pdf). With VRN, 
Odberg says, “You’re applying less nitrogen out there, which is better 
for the environment. You’re not putting on excess, which would just 
go into the groundwater and into our rivers and streams.”

Odberg had two things working in his favor as he transitioned to 
VRN technology. First, he was able to reduce some initial equipment 
costs by participating in cost-share programs such as USDA-NRCS’s 
Environmental Quality Incentives Program and the Conservation 
Security Program. Using auto-steer with a 90 lb per acre application 
saved Odberg $3.97 per acre, while varying his application rate 
saved an additional $4.54 per acre. Second, Odberg sought help 
from experts. He cautions other growers against being intimidated 
by precision agriculture technology. On the other hand, because his 
system is complex and requires a skilled operator, Odberg feels he 
needs to be the one to operate the machinery. Thus, his benefits in 
precision and cost savings come with a cost in lost flexibility. �

The Farmer-to-Farmer Case Study Series can be accessed at https://
www.reacchpna.org/case_studies.
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� Site-specific approaches to addressing limiting factors other than 
N (such as P, S, pH, pests, and pathogens).

� Research on the challenges of using precision agriculture in the 
Annual Crop-Fallow Transition and Grain-Fallow AECs. p ¢

Currently agronomic research on precision agriculture in the inland 
PNW is ahead of evaluation. Additional research assessing the impacts 
of precision management on society and the environment is needed. For 
example, attention to these areas would increase our understanding of 
the wider context of precision agriculture:
� Additional economic analyses of specific conditions under which 

precision agriculture improves net returns to producers.
� Studies of the environmental effects of precision agriculture in the 

inland PNW (e.g., does nitrate loss to the environment decrease 
with precision agriculture management?).

� Studies of the interactions between agronomic, environmental, 
economic, and social effects of precision agriculture in the inland 
PNW (i.e., can precision agriculture result in win-win-win 
scenarios, and, if so, under what circumstances?).

Finally, programs that continue to promote communication among 
growers as well as between growers and support personnel are essential 
for promoting appropriate and effective precision agriculture in the 
inland PNW.

Resources

AgBiz Logic: Farm Decision Tools for Changing Climates

https://www.reacchpna.org/sites/default/files/tagged_docs/6b.2.pdf

AgWeatherNet

http://www.weather.wsu.edu

GeoCommunity Sources for GIS and Mapping Software

http://software.geocomm.com/viewers/
http://spatialnews.geocomm.com/features/viewers2002/
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Geospatial Data Gateway

https://gdg.sc.egov.usda.gov/

National Coordination Office for Space-Based Positioning, 
Navigation, and Timing, 2016. The Global Positioning System.

http://www.gps.gov/systems/gps/

REACCH Precision Agriculture Resources for Farmers

https://www.reacchpna.org/Precision_Agriculture_Resources_for_
Farmers

REACCH Nitrogen Management Webinar Series

https://www.reacchpna.org/seminars-nitrogen-series

REACCH Farmer-to-Farmer Case Studies

https://www.reacchpna.org/case_studies

US Global Positioning System Agriculture Applications

http://www.gps.gov/applications/agriculture/

USDA Aerial Photography Field Office

http://www.apfo.usda.gov

USDA Natural Resources and Conservation Service: Incentive 
Programs and Assistance for Producers

http://www.nrcs.usda.gov/wps/portal/nrcs/detail/national/
climatechange/resources/?cid=stelprdb1043608

WSU Extension Learning Library

http://extension.wsu.edu/learn/?keyword=precision+ag&posts_per_
page=6
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Abstract

Integrated weed management (IWM) strategies are critical for effective 
long-term management of weeds in the agroecosystem. Knowledge of 
weed biology is critical for successful long-term IWM, as is integration of 
multiple methods of weed management. Methods of weed management 
include preventative, mechanical, cultural, and chemical inputs. 
Weed managers should develop a management plan that incorporates 
knowledge of weed biology, consideration of inputs, and effective 
method evaluation. A good competitive crop will always be the best weed 
management practice, and a sequence of successful crop rotations are 
critical for managing weeds in the inland Pacific Northwest (PNW).

Key Points
• An IWM approach depends on knowledge and application 

of ecological principles, an understanding of plant 
interference and weed-crop competition, and the appropriate 

Research results are coded by agroecological class, defined in the glossary, as follows:

� Annual Crop     p Annual Crop-Fallow Transition     ¢ Grain-Fallow
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use of preventative, cultural, mechanical, and chemical weed 
management strategies.

• Herbicides are an effective tool for managing weeds in inland 
PNW grain production, but they should be used judiciously and 
in combination with other strategies in order to implement a weed 
management program that is effective, economical, and prevents 
the development or spread of herbicide-resistant weed biotypes.

• Examples of IWM strategies for problematic weeds of inland 
PNW grain production are presented for downy brome, Russian 
thistle, jointed goatgrass, and Italian ryegrass.

• Anticipated climate change may impact weed management through 
earlier maturity of weed species, variation in environmental 
conditions affecting weed-crop competition, shifting ranges of 
weed species, and indirectly through changes in cultural practices 
and cropping systems.

Introduction

Effective weed management is achieved by manipulating the crop-weed 
relationship so that crop growth is maximized while weed growth is 
minimized or prevented. Weed control tactics are often applied singly 
without purposeful consideration of the elements of crop production 
contributing to weed control. IWM is a decision support system for 
assisting a grower in identification, selection, and use of weed control 
tactics singly or integrated into a management strategy. An IWM system 
typically consists of four components: (1) knowledge and application of 
ecological principles, (2) knowledge of plant interference and crop-weed 
competition, (3) use of thresholds, (4) integration of several weed control 
techniques, including selective herbicides (Zimdahl 2013). 

Weeds are fundamentally different pests than insects or diseases. 
Integrated pest management approaches for insects and diseases 
often include development of host plant resistance or fundamental 
understanding of beneficial predator-prey relationships. No such efforts 
have yielded success for weed management in crop production—crop 
breeders do not specifically focus on improving crop competitiveness 
with weeds nor have we discovered ways to efficiently capitalize on plant 
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defense mechanisms with weeds, such as allelopathy. Instead, growers 
have primarily relied on synthetic chemical weed management inputs 
and tillage to manage weeds on a broad basis, resulting in widespread 
herbicide resistance and soil erosion problems.

IWM systems include not only chemical inputs but also cultural and 
mechanical inputs (Figure 9-1). An IWM system considers the biology 
of the weed and crop, informing both short- and long-term management 
plans based on weed life cycle or seed longevity, for instance. IWM 
systems also consider the broader impacts of weeds on crop production—
an integrated management strategy should include cost-benefit analyses 
that take into account not only the interests of and impacts on growers, 
but also on society and the environment (Norris et al. 2003). Such a 
system is not possible based on the available information and inputs, but 
rather represents an objective to aspire to. The objective of this chapter is 
to review the major components of an IWM system for the inland PNW 
small grains production region.

Knowledge and Application of Ecological Principles

Importance of Weed Ecology for Weed Management

Ecology is the study of the interactions between organisms and their 
environment. Weed ecology gives special emphasis to the adaptive 
mechanism that enables weeds to survive and prosper under conditions 
of extreme disturbance, ideally with the goal of identifying specific 
characteristics or traits targetable for management decisions. The most 
successful weed management programs are developed on a foundation 
of understanding weed ecology. Fundamental aspects of weed ecology 
that lend themselves to management include, but are not limited to, 
weed response to climate, weed life cycles, weed seed biology, and seed 
dispersal (Table 9-1). 

Knowledge of weed ecology and life cycles enables managers to exploit 
vulnerable stages of a weed’s life cycle and to use targeted control methods 
during those life stages. For instance, common lambsquarters cannot 
recover from mowing when they are small, but later in their life cycle they 
can resprout from the base after a mowing. Additionally, root reserves of 
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perennial weeds can be depleted via multiple, repeated tillage or mowing 
operations during a season.

Weeds and Climate

Weed seed germination and plant development are strongly dictated by 
climate. The presence of soil moisture and sufficient diurnal fluctuation 
of soil temperature stimulate seed germination of many weed species. 
During vegetative growth, plants use temperature and day length as cues 
to begin the reproduction cycle. Seasonal variation in climate drives 
variation in weed management input timing in the same way it drives 
crop production inputs. Climate variability can be a contributing factor 
to seasonal successes and failures in weed management. Weed species 
express a large amount of phenotypic plasticity and are usually adaptable 
to a wide range of climates. Adaptation to climate likely occurs on a local 
level, including at the field scale.

Weed Life Cycles

Plant life cycles are classified into three types: annuals that reproduce by 
seed in a single calendar year, biennials that reproduce by seed in more 
than one calendar year, and perennials that live three or more years and 
reproduce by seed or perennial survival structures. Knowledge of weed 
life cycles facilitates identification of the approach and assessment of the 
commitment required to manage them. Annuals and biennials require 
fundamentally different approaches than perennial weeds because of 
their respective life strategies. Perennial weeds typically produce a lower 
quantity of seed, or sometimes none at all, relying on the perennial 
survival structures. Annuals, by contrast, reproduce strictly by seed. Seed 
management approaches can be quite different from perennial propagule 
management approaches.

Weed Reproduction and Dispersal

Weed species reproduce and disperse by seeds, with the exception of 
perennial weeds like field bindweed and Canada thistle. Weeds are 
capable of producing a vast quantity of seed. One of the most prolific seed 
producer in inland PNW agronomic systems is common lambsquarters, 
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which is capable of producing up to 176,000 seeds per plant (common 
lambsquarters plants average far less when growing in competition with 
a crop, though). Grass weeds generally produce less seeds per plant, but 
often occur in high enough densities to produce very high seed loads per 
unit area. In agronomic settings where weeds are growing in competition 
with crops, weed seed production tends to be much lower, but still 
significant. 

In addition to producing large amounts of seed, newly produced weed 
seed are usually initially dormant. Seed dormancy is essentially seed 
dispersal through time. Dormant seed, when presented with conditions for 
germination, do not germinate. The consequence of weed seed dormancy 
is that a grower is often managing weeds arising from seed set in multiple 
previous years. There are three primary types of dormancy: physiological, 
physical, and developmental. Weed seed with physiological dormancy 
require light to germinate. Physical dormancy is conferred through a 
hard seed coat that is largely impervious to moisture. Developmental 
dormancy, most common in grasses, is dormancy conferred when 
weed seeds are not fully developed when they are shed. Combinations 
of two or even all three can be found in plants. Managing weed seed 
with consideration of seed dormancy and seed numbers often involves 
thoughtful application of tillage to place seed where it cannot germinate, 
or to stimulate germination. For example, tilling at night in the absence 
of light nearly stops the germination of weed seed with physiological 
dormancy. When there is a failure to control weeds and a substantial 
amount of weed seed is deposited in the soil, inversion tillage could be 
used to bury the seed to a depth where it cannot successfully emerge. 
Repeated inversion tillage will bring the seed back to the surface, though. 
Alternately, tillage or irrigation can be used to stimulate germination 
prior to planting.

Finally, many weed seeds typically have specialized dispersal mechanisms 
that enable long-distance movement. Some of our most common weed 
species are tumbleweeds, where the entire plant is adapted for long 
distance dispersal via wind. Weed seed can also be transported by 
humans, particularly as a contaminant in crop seed, hay, and movement 
of implements, livestock, and other agricultural commodities. Some weed 
species, like jointed goatgrass and cereal rye, have seed of similar shape 
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and size as wheat, making it very hard to separate the seed of the two 
species, which facilitates dispersal by growers. Weed seed production, 
dormancy, and dispersal mechanisms are key factors in the development 
of IWM strategies for a given weed species.

The Weed Seedbank

The species composition and density of weed seed in soil, called the weed 
seedbank, varies considerably and are tightly linked to past cropping 
history, seed durability and dormancy. The species found in the weed 
seedbank varies from field to field and even in areas within fields. 
Most weed seedbanks are dominated by a few species and these species 
represent the primary weed pests of the cropping system. A lower fraction 
of the seedbank—as much as 20%—is composed of species that were 
formerly dominant, potentially dominant, or simply adapted to the area 
but not current production practices (Zimdahl 2013). A small fraction of 
the seedbank consists of very old germinable seeds or newly introduced 
seeds, with the balance of the seedbank composed of seed deposited 
in the previous two years. New seeds can enter the seedbank following 
multiple pathways, but most seed is deposited in the weed seedbank 
from weeds producing seed within a field. Weeds growing with crops 
produce far less seed than weeds in open spaces due to crop competition, 
management inputs, and other factors. Although seed production in 
most weeds can be reduced by management inputs, seed production will 
likely remain substantial enough to maintain or increase the seedbank. 
Seed also enter the seedbank from external sources that can include farm 
equipment, contaminated crop seed, or long-distance dispersal by wind, 
animals, and water. Although typically much smaller numbers of seed are 
introduced from external sources, those sources are the way new species 
are introduced. Movement of weed seed by combines and other harvest 
equipment is of particular concern (Currie and Peeper 1988).

The abundance of weed seed in the soil can range widely and is dependent 
on past success or failure to manage weeds (Zimdahl 2013). Weed seed 
abundance can range from 300 to 350,000 seeds per square yard (Koch 
1969), equating to 1.2 million to 1.4 billion seeds per acre. The abundance 
of weeds in the weed seedbank in the PNW are similar in size—densities 
have been reported ranging from ~300 to ~5,000 seeds per square yard in 
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low precipitation zone field sites (Thorne et al. 2007). ¢ As aboveground 
weed productivity increases, the composition of the weed flora and the 
seedbank changes as well. Mayweed chamomile and Italian ryegrass 
densities were as high as 28,274 and 77,547 seeds per square yard in fields 
near Pullman, Washington (Unger et al. 2012). � 

Once in the soil, a host of processes act to reduce the germinable seed 
bank. Not all of the seeds germinate at once. There is a growing list of 
seed predators, including earthworms, some carabid beetles and other 
insects, birds, and small mammals that are known to utilize weed seed 
as a food source. Seeds are also exposed to the same disease pressure 
as crop seed, and soil microbial community activity can play a large 
role in the persistence of certain weeds in the seedbank. Managing for 
weed seed disease and predator pressure can be difficult, is not well 
understood, and is an area of active research. Steep declines are observed 
in seedbank populations when effective integrated management 
strategies are employed. Unfortunately, even a 95% reduction in the 
seedbank results in a germination rate that is still a problem to be 
managed. Furthermore, if there is a single failure to manage a weed 
cohort in a season, the seedbank is effectively replenished from the 
resulting seed production.

Interactions between Weeds and Other Crop Pests

Weeds often act as alternate or reservoir hosts for diseases and insects. 
Management of weeds to facilitate management of diseases and insects 
is critical for a successful integrated pest management program (Cook 
et al. 2000). Consideration for the green bridge effect and weed-pest 
relationships are covered in other chapters of this book. In most cases, 
a good IWM plan, where weeds are effectively managed, will reduce or 
mitigate weeds as alternate hosts for diseases and insects.

Plant Interference and Crop-Weed Competition

Interference is an alteration of crop growth due to the presence of 
another plant. Interference is most commonly a negative effect, but it 
can be a neutral or positive effect in certain situations. Of particular 
concern to growers is the negative interference called competition. 
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Competition is where a weed utilizes water, light, or nutrients to the 
detriment of crop plants. Competition is strongly influenced by crop and 
weed density, but also by relative proportion and spatial arrangement 
of the species in the interaction. Density is the number of individuals 
per unit area, and proportion is the relative ratio or abundance of each 
species in the interaction. Spatial arrangement is usually quite random 
for weeds, but somewhat less so for crops. Competition is strongly 
related to vigor of the species involved and the timing of germination 
and establishment. Manipulating all of these factors purposefully with 
conscious knowledge of the biological relationships forms the basis of 
cultural weed management.

In order to relate the complex interactions associated with competition, 
weed scientists have devised a series of thresholds that relate the density 
of weeds or timing of competition to the crop yield loss that results. As 
weeds increase in density, the proportion of the total biomass production 
is shifted toward weed biomass. The resulting crop yield loss is quantifiable 
and can be assigned a monetary value. The basis for the array of thresholds 
is the law of constant final yield, which states that the biomass production 
of a given area is critically linked to the resources available, and that a 
wide range of plant densities (except for very low densities) will result 
in the same yield of biomass. By understanding and manipulating crop 
density and reducing or eliminating weed growth, crop biomass is the 
only biomass produced in a given area.

Thresholds in Weed Management

There are three primary types of thresholds: damage, period, and 
economic thresholds. Thresholds are expressed in density or weed 
biomass per unit area—in the inland PNW, biomass is often a stronger 
predictor of yield loss than density. Damage thresholds, the simplest type 
of threshold, quantify the weed population when there is a detectable 
negative crop response. Economic thresholds take damage thresholds and 
determine the economic damage that equals the cost of a management 
input. Economic thresholds assist growers in deciding on the return on 
their management input investment. Period thresholds define a time 
span during crop production where crops are susceptible to yield loss (as 
indicated in Figure 9-2, a conceptual period threshold for winter wheat). 
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Thresholds can change considerably from year to year even in the same 
crop as resources and growing conditions vary. Often, damage thresholds 
can be much less than 1 weed per square yard, and in any case, growers 
usually always apply a herbicide at some point during the growing season 
(99% of inland PNW wheat crops are treated with a herbicide during the 
growing season). Consequently, thresholds are seldom employed to make 
herbicide decisions in the inland PNW in the same way that thresholds 
are used to manage insect pests (see Chapter 11: Insect Management 
Strategies). Unlike insects and diseases, weeds always exceed thresholds 
stimulating treatment.

Figure 9-2. The critical period of weed control in winter wheat based on growing degree days, wheat 
growth stages, or calendar months. Year-to-year variation in climate, and climate change in general, can 
alter the relationship significantly. The critical period of weed control often occurs early in crop growth 
and development, and although weeds present in crops after the critical period can cause harvest losses 
and dockage, they won’t reduce yield. The critical period of weed control is based on two components, 
indicated by the pair of solid black lines: the weed-free period (indicated by an increasing yield the 
longer the crop is kept weed-free from planting) and the weed infested period (indicated by diminishing 
yield the longer the crop competes with weeds from planting). (Adapted from Welsh et al. 1999.)
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Weed Management Inputs

Preventative Weed Management Components of IWM

Preventative weed management refers to all activities that will reduce 
or eliminate the opportunity for new species to enter an area or for 
weeds present in an area to persist. Examples of preventative weed 
management include using clean weed seed-free crop seed for planting, 
cleaning harvesters and tillage equipment frequently and particularly 
between fields, and preventing the reproduction of weeds. The most 
recent development in preventative weed management is harvest weed 
seed control. A grower invention, harvest weed seed control involves 
managing seed that has not shattered out of the seed head. A wide range of 
approaches have been developed, largely in Australia, where early efforts 
focused on windrowing and burning chaff. Chaff carts of several different 
types were also developed, and the chaff was then burned. The most 
recent development is a chaff management system paired with a hammer 
mill that pulverizes the weed seed (Harrington and Powles 2012). The 
management of weed seed is an important yet unrealized opportunity for 
IWM systems in the inland PNW.

Cultural Weed Management Components of IWM

Crop rotation

Crop rotation is a critical component of IWM systems. Weeds typically 
associate with certain crops—wild oat or jointed goatgrass in winter 
or spring wheat, for example. Weeds can also adapt to management 
philosophies, like rattail fescue in no-till systems. When the same crop is 
produced repeatedly in the same area, weeds that associate with that crop 
typically increase, as the same environmental and cultural conditions that 
facilitate crop growth facilitate weed success. Over several rotations, the 
population of adapted weeds can become large. 

Intensive crop rotation maximizes opportunities for varying competitive 
attributes among crop species (e.g., growth form and rate, life cycle 
length, water and nutrient use efficiency, and nitrogen fixation) (Buhler 
2002), reducing the ability for weed species to become abundant. A 
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diverse cropping system inherently includes varying seeding dates, crop 
life cycle, herbicide modes of action, herbicide application timing (pre-
plant, postemergence, pre-harvest, or post-harvest), crop residues, and 
soil disturbance, and it provides a means of managing weeds by reducing 
weed densities and reliance on herbicides (Derksen et al. 2002). Extending 
rotations to 4 years or more improves suppression of most common 
weeds (Ogg and Seefeldt 1999; Tautges et al. 2016), particularly if rotation 
includes winter and spring varieties of both cereal and non-cereal crops 
(Blackshaw 1994; Derksen et al. 2002; Moyer et al. 1994). Different crops 
compete differently with weeds: barley, oats, and triticale are the most 
competitive, wheat and canola are marginally less competitive (a spring 
hard red wheat is the least competitive wheat), and pulses are among the 
least competitive crops. The more competitive the crop, the less dependent 
weed management is on other inputs, including herbicides. 

Rotational flexibility is strongly influenced by climate and soil, and the 
climate in the PNW limits rotational opportunities to just a few crops (see 
Chapter 5: Rotational Diversification and Intensification). In the Grain-
Fallow agroecological class (AEC) (a large area of central Washington and 
adjacent north central Oregon), climate (principally annual precipitation) 
limits rotation to primarily a winter wheat-summer fallow sequence 
where the summer fallow functions to facilitate weed management inputs 
and store a portion of the winter precipitation (Schillinger and Papendick 
2008). ¢ IWM approaches in grain-fallow rotations are in many ways 
similar to a more conventional two year rotation. In areas of the inland 
PNW with more precipitation, more intensive and complex rotations are 
practiced. Above ~15 inches of precipitation, a winter wheat-spring cereal 
or spring oilseed-summer fallow rotation is typical (Annual Crop-Fallow 
Transition AEC) p, and above ~18 inches of precipitation, crops are 
grown every year (Annual Crop AEC) � and summer fallow is replaced 
by a spring pulse or spring oilseed rotation. As rotations are intensified 
and diversified, IWM systems become more complex and more effective.

Increasing in-season crop competitiveness

Plant characteristics that generally increase crop competitiveness with 
weeds during early stages of crop growth and development include 
rapid germination, root and early vegetative development and vigor, 
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rapid canopy closure, increased leaf area index (unit leaf area per unit 
ground area), leaf duration, crop canopy height, and allelopathic 
properties (Buhler 2002; Callaway 1992; Pester et al. 1999). Rapid 
shading of the ground and crop resource capture increases early season 
crop competitiveness. Facilitating rapid canopy coverage of the ground 
reduces weed seed germination. Yield loss declines the longer weeds 
are kept from establishing and competing with the crop for resources. 
Increasing the competiveness of the crop is among the least expensive 
IWM inputs. Inputs that increase competitiveness are usually associated 
with “good farming” and are typically activities that would occur in 
the course of crop production. Thinking about how those very simple 
decisions, like choice of cultivar, seeding rate, and placement of fertility 
inputs, affect crop competitiveness and weed management are integral to 
an IWM system.

Competitive cultivars

The choice of crop cultivar can affect the competiveness of the crop. 
Cultivars often vary in early season vigor, leaf growth and size, and crop 
height-even how the leaves of wheat nod can affect competiveness. Plant 
breeders note such information but it is not widely reported, so growers 
are encouraged to explore variety trials not only for highest yield but for 
growth and development throughout the season when selecting crop 
cultivars for competitiveness. Often the highest yielding varieties, where 
the harvest index has been significantly shifted toward seed production, 
are not the most competitive. A competitive cultivar is typically combined 
with other cultural practices to encourage rapid crop emergence and 
canopy cover, ultimately resulting in increased resource capture by crop 
plants over weeds (Andrew et al. 2015; Harker et al. 2011). Sacrificing 
some yield potential by choosing a cultivar with a lower harvest index 
may result in greater yields because of less weed pressure over time.

Seeding rate

Most growers are familiar with the economically optimal population for 
crop production. Essentially, for a given piece of ground there is an ideal 
crop plant population that results in the greatest yield for the minimum 
investment in seed. Plant more seed above that, and a grower incurs 
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greater expense in seed for no increased yield return. Plant below the 
economically optimal population, and yield declines (Schillinger 2005). 
The economically optimal crop population is usually lower than the 
most competitive population, often by 30 to 100%. Although seeding 
rate is usually optimized for wheat, pulse seeding rates are often too low 
for generating competition with weeds (Manuchehri 2012). Planting 
more seed and growing more plants per unit area reduces the space for 
weeds to establish, and intensifies the competition for resources not 
only between crops and weeds, but also among crop plants. Seed rate 
and crop population are among the most inexpensive ways to modify the 
competitiveness of crops with weeds.

Row spacing

Like plant population, optimizing row spacing functions to increase crop 
competitiveness by facilitating rapid canopy development. Row spacing 
is harder to manipulate as growers seldom are interested in purchasing 
multiple seed drills or planters to utilize different row spacing. Row 
spacing is set when the seed drill or planter is set up, usually based on 
experience or local practice, and all crops are planted to that row spacing. 
In the Grain-Fallow AEC, row spacing is wider than 15 inches as a 
moisture conservation tool. ¢ In general, row spacing tends to decline 
as yearly precipitation increases, and the Annual Crop AEC in the inland 
PNW are planted to 7-inch rows or less. �

For wheat, 7-inch row spacing in the high precipitation zone is ideal. 
There is a growing body of evidence that 7-inch rows are too wide for 
pulse production. In work in Australia, lentil yields were optimized and 
competition maximized using 3.5 inch row spacing. Dry pea would likely 
also benefit from planting in row spacing less than 7 inches (Borger et al. 
2016).

Fertilization

Timing and location of fertilizer applications maximize nutrient 
availability to crop plants and reduce nutrient availability to weeds, 
improving the competitiveness of the crop (Buhler 2002). Banding 
fertilizer is the typical method used at the time of planting. Winter wheat 
yields and nitrogen uptake increase when fertilizer is banded 2 inches 
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below seed; weed biomass and nitrogen uptake decrease under banded 
compared to broadcast applications of nitrogen (Cochran et al. 1990; 
Reinertsen et al. 1984; Veseth 1985). An in-depth discussion of fertilizer 
placement for crop production is included in Chapter 6: Soil Fertility 
Management.

Varying seeding dates

Timing of inputs primarily refers to delaying planting dates to manage 
weeds that germinate and emerge in the fall or spring. Delaying the 
planting date allows an application of tillage or herbicides to control 
weeds that emerge before planting the crop. Varying when many of the 
typical inputs occur can have a profound impact on weeds that germinate 
and emerge in a single flush of seedlings, but is less effective for managing 
weeds that germinate and emerge in multiple flushes. The Mediterranean 
climate in the inland PNW also limits the utility of delaying the timing 
of planting for weed management inputs, as a delay in planting usually 
results in yield loss.

Mechanical Weed Management Components of IWM

Mechanical weed management includes the familiar tillage, but also 
includes inputs like flooding and applications of heat. Stubble burning 
is a practice that was once widely applied in both wheat and grass seed 
production in the PNW. Burning stubble was usually applied as a stubble 
management input, but had the positive effect of significantly reducing 
the number of viable seeds. Effectiveness was related to the duration 
and intensity of the burn, but reductions in seed deposition and viability 
could be significant. Jointed goatgrass seed numbers were reduced 43% to 
64% and reduced seed viability by 95% to 100% (Young et al. 1990; Young 
et al. 2010). Fire is widely employed in Australia, where growers windrow 
chaff and then burn it to destroy weed seed. 

Tillage or cultivation of the soil is among the oldest forms of weed 
management. In addition to weed management, cultivation is an 
important input for seedbed preparation, improving soil physical 
conditions, precipitation infiltration, and incorporation of amendments 
like fertilizers or herbicides (Radosevich et al. 2007). Cultivation 
manages weeds by ripping, tearing, or burying them. Small weeds are 
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more susceptible than large weeds, and annuals are usually more easily 
managed by cultivation than perennial weeds. Weather conditions can 
influence the outcome of a tillage input—warm, dry weather is preferable 
to dry the weeds out after cultivation. Tillage is classified into two types: 
primary and secondary.

Primary tillage is used to prepare the soil for planting. The equipment 
used in primary tillage can vary widely from very shallow tillage or 
deep tillage to break a plow pan. Primary tillage implements include the 
moldboard, disk, chisel, or subsoiler. When used properly, moldboard 
and disk plows can reposition weed seed on the surface of the soil to 
the depth of the tilled soil. Secondary tillage is used primarily for weed 
control, and as a consequence, timing of secondary tillage can vary widely. 
Secondary tillage equipment seldom disturbs more than the surface of 
the soil, as deeper tillage would damage crop roots. Tools for secondary 
tillage include different types of harrows, shovels, sweeps, chisels, rotary 
hoes, and rodweeders.

Weed control by cultivation is achieved by burying seedlings and small 
annual weeds with the soil thrown over them through the action of the 
tillage tools and uprooting them, or severing their roots, resulting in death 
by desiccation. Care must be taken in the secondary tillage operation so the 
roots or aboveground parts of the crop plants are not injured. Cultivation 
too late in the season may injure the root system and make the crop more 
susceptible to drought. Finally, cultivation may bring up weed seed in the 
soil profile and place them in a zone conducive to germination.

Secondary tillage has some advantages. In particular, there is a wide 
selection of implements, and large areas can be economically weeded. 
The disadvantage of machine tillage is that it does not control weeds 
growing in the seed row—a problem that may be solved by robotics. 
Weeds in crops planted in wide rows can be controlled reasonably well, 
but weeds within crop drill rows usually require hand hoeing or the use 
of specialized equipment. Depending on how aggressive the secondary 
tillage, it can control many small annual weeds, but does not work well 
on perennial weed species. In practice, the variable topography and 
recommended soil conservation practices (see Chapter 3: Conservation 
Tillage Systems) preclude the use of in-crop cultivation for weeding in 
the inland PNW dryland grain production areas.
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Chemical Weed Management Components of IWM

Herbicides are sometimes erroneously perceived as the only solution to 
managing weeds, leading to the idea that weed management is a simple 
process. Although herbicides are a critical component for a successful 
IWM system, there are many factors that contribute to successful weed 
management, and some successful IWM systems do not use herbicides. 
Often, the element offering the most visible and striking contribution to 
weed control is the herbicide component of the system. However, when 
discussing chemical weed management, it is important to remember 
that many other factors contribute to weed management, including the 
integration of preventative, cultural, and mechanical inputs that have 
been previously discussed. 

Herbicide selection should not be a decision made in haste. Herbicide 
selection should be part of planning for the entire crop production 
process. A major difficulty in selecting herbicides is the focus on 
trade names over active ingredient names. The proliferation of trade 
names—the commercial identifier or trademark designation—causes 
confusion because a single active ingredient can be sold under a variety 
of different trade names. Roundup, for instance, is a ubiquitous trade 
name, but the common name (or active ingredient) is glyphosate. The 
active ingredient is what is responsible for phytotoxicity in a herbicide 
formulation. While trade names can change, the active ingredient in a 
herbicide does not change. Many products are available that contain 
one or more of the same active ingredients for use in wheat. As a 
result, knowing the common name for a herbicide provides a basis 
for assessing products and finding the most cost-effective source of a 
herbicidal active ingredient. 

Herbicides are important inventions with significant positive and 
negative attributes. First and foremost, herbicides facilitate the 
management of weeds in the drill row where mechanical inputs fail to 
reach. Some are selective and, when used appropriately, do not harm 
the crop or other desirable organisms, as crops are herbicide tolerant. 
Herbicides have facilitated the adoption of minimum or no-till systems 
on a regional and national basis. They reduce time and labor and 
facilitate early planting by allowing growers to manage weeds when 
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tillage cannot be performed because of soil moisture. Herbicides have 
dramatically increased the area a single person is able to farm—they are 
highly efficient labor-saving tools. Herbicides have negative attributes 
as well, including the potential to injure the crops in which they are 
used and the potential for off-target injury due to movement away from 
the site of application. Herbicide use can restrict rotational crops, often 
significantly. Herbicides have contaminated ground and surface water 
in areas of the US. Residues of herbicides can remain in and on the 
crops in which they are used. The large majority of pesticides used in 
the US are herbicides, and it is testimony to their safety and efficacy 
that the vast majority of herbicide applications are applied safely and 
effectively.

Herbicides are used primarily as broadcast applications in the inland 
PNW. They are usually applied preplant (before the crop is planted), 
preemergence (after the crop is planted, but before emergence), or 
postemergence (after crop and weed emergence). Spot treatments are also 
common. Less commonly used are band applications (applied over the 
crop row only) or directed applications (applied around the base of the 
crop, where the crop has a woody stem). Postemergence herbicides are 
applied with surfactants, spray additives that facilitate transport across 
the cuticle of weeds. 

Herbicides are classified by their mode of action. Mode of action refers to 
the way a herbicide affects a plant. Inland PNW crop protection systems 
rely on a very narrow subset of the available herbicide modes of action: 
the growth regulators, the amino acid synthesis inhibitors, the fatty acid 
synthesis inhibitors, the photosystem inhibitors, the PROTOX inhibitors, 
and the seedling growth inhibitors. Knowledge of herbicide modes of 
action is useful for managing the risk of developing herbicide resistance 
(see Table 9-2 to assess likelihood of herbicide resistance development on 
a per species basis). Managing herbicide resistance is critically important, 
as no new herbicide modes of action have been discovered since the early 
1990s.

Herbicide resistance testing, and understanding mechanisms of resistance 
to herbicides, will be critical to future weed managers and IWM systems. 
Herbicides are currently applied to entire fields with little knowledge of the 
status of resistance within the fields. Instead, field managers and growers 
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Table 9-2. An assessment matrix for likelihood of herbicide resistance development. To self-assess, it is 
critical to know how many herbicide active ingredients in a mixture have activity on the weed being 
managed, and ultimately how many modes of action are employed for the control of a single species. 

Management 
Option Low Moderate High

Herbicide mix 
or rotation in 
cropping system

>2 modes of 
action

2 modes of 
action

1 mode of action

Weed control in 
cropping system

Cultural, 
mechanical, and 
chemical

Cultural and 
chemical

Chemical alone

Use of same 
mode of action 
per season

Once More than once Many times

Cropping system Full rotation Limited rotation No rotation
Resistance status 
to mode of 
action

Unknown Limited Common

Weed infestation Low Moderate High
Control in last 3 
years

Good Declining Poor

Adapted from Moss 1998.

select herbicides based on cost and on broadly successful treatments. In 
the future, managers will likely be testing for resistance broadly and using 
a range of old and new herbicides based on knowledge of the response 
of different populations within fields. Employing generic inexpensive 
herbicides where they are effective, and doing so with knowledge of 
the resistance status of the weed being managed, has the potential for 
reducing the economic cost of managing weeds.

Societal and Environmental Considerations

Public perceptions and expectations often influence the management 
tactics that are available to growers of a given commodity. For example, 
in the inland PNW, transgenic glyphosate-resistant wheat was discarded 
as a management tactic because of the inability to manage volunteer 
transgenic wheat in rotation. There were also concerns on the part of 
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the primary overseas markets, who indicated that they would not accept 
transgenic wheat. Public policy at multiple levels can also be influenced 
by public perceptions and expectations—sometimes such influence is 
driven by emotion rather than science. Such influence can limit tactics 
available for use in IWM systems. Educating the public on the scientific 
basis of IWM is critical for enabling the greatest possible suite of inputs 
and limiting misdirected public policy (Norris et al. 2003). 

Pesticide use comes with risk. Herbicides are strictly regulated, and the 
herbicide label sets forth directions for use that ensure that residues that 
enter the food system are only present at, or lower than, EPA-mandated 
levels. Although chronic long-term exposure to traces of correctly applied 
pesticides can be of concern, the risk associated with most exposures is 
viewed as very low (Norris et al. 2003). Food-borne diseases, malnutrition, 
non-pesticide related environmental contaminants, and naturally 
occurring toxicants are all considered more important than pesticide 
residues when making a risk versus benefit analysis. Nevertheless, public 
perception of pesticides continues to be negative. It is critical that those 
that use pesticides do so according to label directions. 

Environmental issues in the inland PNW related to IWM are considerable. 
The practice of tillage in the inland PNW directly contributes to the highest 
rates of erosion in the US. As a result of concerns over airborne dust, 
PM10 standards (particulate matter standards that apply to particles 10 
micrometers or less) were developed that regulate the reduction of tillage, 
increasing reliance on herbicides. Herbicide drift is a major concern in 
the inland PNW. As orchard and vineyard acreage increase, limits on the 
application of volatile formulations of herbicides are increasing. Certain 
volatile formulations of 2,4-D are currently prohibited in the state, and 
there are very specific limitations on when less volatile formulations can 
be applied. The burning of agricultural fields, a weed and crop residue 
management practice, has been very tightly regulated, limiting the length 
of grass seed field productivity. When a weed management tactic is lost, 
it often places pressure on alternative tactics, or there is a reduction in 
productivity until effective alternatives are found. Ultimately, social 
concerns have had, and will continue to have, a profound influence on 
IWM systems in the inland PNW.
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Developing an IWM System

A systematic approach to developing a weed management plan should be 
followed to implement an IWM system (Figure 9-1). Steps to developing 
and executing a weed management plan could include (1) problem 
diagnosis, (2) program selection, (3) program execution, and (4) method 
evaluation (Ross and Lembi 1999).

Problem Diagnosis

The first step in designing an IWM system is a systematic review of both 
the problem weeds to manage and the environmental conditions they are 
to be managed in. Although not exhaustive, the list should capture most 
of the important factors for consideration. A practitioner is encouraged 
to identify additional components based on local knowledge.

Weed identification

Identification of the species present in the area to be managed is critical 
for success. As noted previously, knowledge of the biology and ecology 
of the weed species facilitates biologically based management strategies.

Weed abundance

The abundance and economic importance of each species in the 
field, ideally based on economic thresholds, should be determined. 
Identification of both important species with high abundance as well as 
those that are in small areas or in low abundance should be performed. 
Scouting in-season and in the fall is a critical part of the process as weeds 
present at harvest will likely produce seed and thus be problems for at 
least the following season (usually for at least 2 years, and sometimes 
more than 10 years). Scouting also facilitates an early detection rapid 
response approach. Depending on the weed complex and the production 
system, management options may be very limited. Fields usually contain 
a mixture of broadleaf and grass weeds. Interestingly, an effective IWM 
system is often indicated by low populations of a diversity of weed species.

New weeds

Weeds not present in an area or field before must be recognized and 
managed. Small patches of a new species is indicative of an invasion 
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process just beginning. A preventive program is critical to managing 
weed species that could become serious weed problems, such as Italian 
ryegrass, downy brome, jointed goatgrass, prickly lettuce, mayweed 
chamomile, field bindweed, Russian thistle, or common lambsquarters, 
and will be an excellent return on the investment in time and energy if 
these weeds are prevented from invading a non-infested area. Growers 
cannot assume that these weeds will be easily and economically 
controlled with modern herbicides. For example, numerous biotypes of 
Italian ryegrass resistant to both ALS (Group 2/B) and ACCase (Group 
1/A) herbicides occur in the high precipitation zone. Widespread 
resistance to the Group 2/B herbicides also occurs in downy brome. 
Mechanical and cultural methods have to be employed to manage weeds 
resistant to available herbicides.

Soil

Understanding soil chemistry is essential when working with soil-
active herbicides. Additionally, certain weeds associate with specific 
soil environments or soil types—some weeds can tolerate acidic soil 
conditions, for example. Soil texture (% sand, silt, and clay) affects soil 
water holding capacity and, as a consequence, the rate of herbicide and 
water movement. Soil conditions while planting, tilling, and applying 
herbicides can be critical for success of the input. Surface moisture, plant 
residue, and soil surface roughness all affect the outcome of a soil-applied 
herbicide. Different soil types within the same field can result in reduced 
selectivity in areas of the field where the binding of the herbicide to soil 
is weak. Plants under water stress do not respond to herbicides, and 
functional soil drainage in wet areas would be considered an input for 
weed management.

Texture and organic matter

Consider the soil texture and organic matter. Both can impact the safe 
use of soil-applied herbicides, particularly in large fields with variable soil 
found in the PNW. Eliminate those choices that do not fit the soil type 
or types prevalent in a given field. Guidance on use of inputs based on 
texture and organic matter are found on herbicide labels or in Extension 
publications.
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Soil pH

The soil pH determines the chemical charge of some herbicides, and each 
of those herbicides responds to pH in a different way. Soil pH strongly 
affects the amount of dissolved herbicide in the soil water fraction. In 
general, herbicides sensitive to soil pH vary in their solubility, and pH 
can affect the persistence, or lack of persistence, of the herbicide in 
the environment. Although too complex to fully address here, a PNW 
publication is available (Raeder et al. 2015).

Erosion potential

The inland PNW has some of the highest soil erosion rates in the world, 
so systems for maintaining crop residues in place are common. However, 
maintaining crop residues often precludes the use of machine tillage 
inputs, with a few exceptions. Herbicide incorporation by tillage cannot 
be used in no-till production. No-till or minimum tillage systems increase 
dependence on herbicides. Eliminating soil disturbance often changes 
the species of weeds to be managed.

Crop rotation

The previous and planned future crop rotations are critical to consider. 
Integral to any crop rotation is the herbicide use in each rotation, as certain 
herbicides can limit rotational flexibility. Canola is an excellent example 
of a crop that is highly sensitive to certain herbicides. Crop rotation is 
essential for IWM, and growers are encouraged to use methods that allow 
them to be flexible.

Program Selection

Selection of inputs should be based on effectiveness of weed control and 
cost. Rather than relying on a single input like a herbicide, the goal is to 
purposely choose and apply a variety of components (Ross and Lembi 1999). 
Consider the following when selecting elements of an IWM program.

Economic return

The cost of the various inputs should be considered in the context of 
economic return. Using economic thresholds can help assess the return 
on investment of various IWM system components.
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Management system

The input needs to be compatible with the current system, and the 
manager needs to have the capability to execute the input.

Equipment

Equipment needs to be available and of a size that makes the operation 
feasible in a limited time period.

Custom services

Both field managers and consultants need to be reliable.

Time

Can the input be effectively applied over the required area in the window 
of opportunity available?

Operational capability

Can staff accomplish the operation?

Crop and management system

Is the input compatible with the long term rotational plan?

Identification of the problem weeds to be managed the following year 
facilitates a narrowing of management options. For example, the list of 
prospective herbicides for a crop could be narrowed on the basis of available 
herbicides that actually have activity on the weeds present in the field. Charts 
of herbicide efficacy are usually available (see the PNW Weed Handbook 
or the WSU Small Grains website in Additional Resources for such charts). 
Create a list of active ingredients that best fit the weeds to be managed, and 
then identify the herbicide products that contain those active ingredients. 
The herbicides should be selected on a field-by-field basis—not the entire 
farm (in the future it will be on a subfield basis). The use of specific herbicide 
programs for individual fields may not be practical, and growers usually 
group fields with similar weed problems. However, given the size of farms 
in the PNW, the blanket application of a few products to an entire farm is 
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likely wasteful. Modern farm management software should allow growers to 
quickly and easily target problem fields with more expensive herbicides and 
manage less weedy areas with less expensive but equally effective herbicides.

Value of early season programs

Early season programs are critical for spring-sown crops, as weeds 
germinate and emerge at nearly the same time as the crops. Management 
inputs should be planned to keep spring-sown crops weed free for the first 
weeks of growth. Pulses often require a weed-free period of 6 weeks or 
longer. Ideally, the plan should include alternatives in case management 
inputs fail in the first few weeks of crop growth.

Rotation of herbicide modes and sites of action

Use herbicides with different modes and sites of action for weed 
management. There is a growing body of evidence that when using two 
herbicides with different modes of action that have activity on the same 
weed, applying them simultaneously (in the same application) is a more 
proactive resistance management strategy than applying them sequentially 
(rotating between modes of action). Although there are not enough options 
to effect this strategy for grass weed control, it is easily accomplished for 
broadleaf weed control. 

Herbicide resistance is a very complex phenomenon, and rotation of 
herbicide families or modes of action is an oversimplified solution. Many 
herbicides and modes and sites of action are used on more than one crop. 
For example, growing conventional canola and a pulse in rotation is not an 
effective herbicide rotation because the same herbicide mode of action is 
employed to manage grass weeds. Using two herbicide modes of action to 
control each weed species is the ideal approach to manage resistance, but 
such an approach is not possible in some cases. Routine herbicide resistance 
testing is part of the IWM approach for wheat producers in Europe and 
Australia and should be considered essential for PNW growers, too. Testing 
for resistance allows growers to choose herbicides with the knowledge that 
they will be effective.

Herbicide resistance

Managing for herbicide resistance is often only addressed after resistance 
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develops. Resistance to herbicides is a symptom of a flawed IWM system. 
The solution is often a careful evaluation of the system and deployment 
of additional control tactics (e.g., doing what should have been done 
prior to the development of resistance). The list of management inputs to 
choose from does not change once herbicide resistance occurs. Therefore, 
growers are encouraged to be proactive. Develop and execute an IWM 
plan before resistance occurs. A herbicide-resistant weed is a much higher 
priority for management.

Program Execution

Execution is a critical step in an IWM system. Three factors are essential: 
(1) operations must be completed in a timely fashion, (2) the right 
equipment must be used, and (3) equipment must be correctly operated 
(Ross and Lembi 1999).

Appropriate follow-up

Monitoring the outcome of weed management inputs should be planned 
as part of the system. By carefully recording and observing the outcome 
of each management input, growers can assess whether to continue the 
management practice or to alter or forgo it altogether. 

Weed managers are encouraged to be realistic and to recognize that 
not all the weeds need to or can be controlled. By integrating multiple 
management inputs into a complex program, weed management can be 
achieved successfully and for multiple seasons. Managers are often overly 
optimistic and rely on a few inputs over a long period of time. Products 
and technologies are often over-promoted, and managers always seem to 
be interested in the one input that will take care of everything. A sensible, 
rational, realistic long-term IWM plan is the most effective strategy for 
managing weeds.

Method Evaluation

A careful assessment of currently available management inputs is the 
final step in devising an IWM plan. There are a wide range of resources 
available, including Extension material based on field trials. Weed 
scientists, agricultural Extension specialists, agricultural consultants, and 
industry representatives are excellent sources of information on new or 
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novel management inputs. The inputs should be evaluated for specific 
criteria (Ross and Lembi 1999).

Past weed management systems and results

A careful evaluation of past experience must be conducted every year. 
Management inputs that were effective should be retained, while those 
that were not effective should be reconsidered. Careful assessment of 
weed populations at the field level should be mapped, and the mapped 
populations monitored. Shifts in weed species composition are often 
observed when a change in management tactics is applied. Often it takes 
10 years or more for the shift to occur.

Effectiveness

Consider the effectiveness on each weed species present.

Consistency

How consistent is the outcome? Variation in the outcome of a system is an 
indication that the system is vulnerable to failure. Sometimes, evidence 
of consistency is as subtle as choosing to use a higher rate of a herbicide 
because of a sense of failure from the previous year or application.

Fit within the individual system

Will the management input fit into the current system? Incompatibility 
comes in many forms. Tillage is, of course, incompatible with no-till 
systems. Pesticide compatibility can also be a concern, particularly when 
systems use a single pass to apply multiple pesticides. Although the 
pesticides may be compatible in mixture, the complexity of such mixtures 
can complicate troubleshooting when there is problem, and there is 
increased risk of injury and reduced weed control.

Flexibility

If the timing of an input is critical for success, consider that weather in 
the inland PNW is quite variable, and the window of opportunity for 
application of a management tactic is often only a day. Can the input be 
applied in such a tight window based on climate and crop growth and 
development?
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IWM of Selected Problematic Weeds of the inland PNW

Downy Brome p ¢

Downy brome (Bromus tectorum) is a winter annual and facultative 
spring annual grass that develops early in the season, usually flowering 
in April and May. Downy brome reaches seed maturity at an average of 
1,000 growing degree days (a measure of thermal time) in the inland 
PNW (Ball et al. 2004; Lawrence and Burke 2015). No-till spring cropping 
helps control downy brome because downy brome plants that establish 
during the fall and winter can be controlled with a herbicide or tillage 
before spring seeding (Thorne et al. 2007). Average downy brome seed 
persistence is 2 to 3 years (Thorne et al. 2007), though some seeds can 
persist longer. Dormancy is thought to be more complex than previously 
realized, and there is a wide range of dormancy periods (Hauvermale et al. 
2016). Downy brome seed deposited in the soil seedbank can be reduced 
when light tillage is used in combination with fall or spring herbicide 
applications (Yenish et al. 1998; Young et al. 2014), but such an approach 
seldom completely solves the problem.

Cultural management of downy brome usually requires manipulation 
of crop rotation, tillage, and nutrient management. Growers should 
avoid excessively early seeding because it can promote yield-reducing 
disease and insect pests in grain-fallow systems (including barley yellow 
dwarf, wheat streak mosaic, dryland foot rot, Cephalosporium stripe, 
strawbreaker foot rot, stripe rust, Russian wheat aphid, greenbug aphid, 
and others, see Chapter 10: Disease Management for Wheat and Barley 
and Chapter 11: Insect Management Strategies). If rains occur just before 
the planned planting date, delay seeding, wait for downy brome to emerge, 
and apply a non-selective herbicide or tillage before seeding. However, 
avoid seeding later than the optimal planting date to avoid yield loss due 
to other climatic and growing season conditions (Yenish et al. 1998).

General IWM principles should be applied: plant competitive, vigorous 
varieties; avoid using excessive nitrogen; top dress only when needed; and 
deep band nitrogen to limit availability to downy brome. Crop rotation 
to spring crops or fall-seeded broadleaf crops, such as winter canola or 
winter pea, facilitates use of in-crop grass herbicides in order to minimize 
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downy brome seed production (Yenish et al. 1998). Alternative crop/fallow 
rotations for downy brome management include winter wheat-fallow-
spring wheat, winter canola-fallow, or other permutations of cropping 
sequence that facilitates the use of effective spring inputs. Rotating out of 
winter cereals for a minimum of 3 years is key to managing infestations 
(Yenish et al. 1998).

Use a combine chaff spreader to distribute seed, and then harrow or 
perform other light tillage (tine harrows or skew treaders) soon after 
harvest to increase seed-soil contact and subsequent germination when 
fall precipitation occurs. Wheat yield loss is most severe when downy 
brome germinates within 21 days of wheat emergence; beyond this point, 
only extremely high-density downy brome reduces wheat yield (Rydrych 
1974; Blackshaw 1993). When downy brome emerges within 14 days 
after wheat emergence, downy brome densities of 24 plants per yard and 
65 plants per yard can reduce wheat yield by 10% and 20%, respectively 
(Stahlman and Miller 1990). 

Integrated management of downy brome using herbicides is very 
challenging due to the lack of options. Herbicides for downy brome 
management are limited to the Group 2/B herbicides: pyroxsulam, 
sulfosulfuron, propoxycarbazone, mesosulfuron, chlorsulfuron, and 
imazamox, which form the basis for herbicidal control of downy brome. 
Interestingly, all Group 2/B herbicide products are labeled for control in 
fall applications, but only spring suppression. Most growers apply these 
herbicides postemergence in the spring to control both fall- and spring-
emerging downy brome, and to ensure that replanting can be accomplished 
if needed. Suppression is the most common outcome of such applications.

Applying a downy brome growing degree days model to climate change 
model projections for the inland PNW indicate that downy brome 
may reach seed maturity between 15 to 25 days earlier by mid-century 
(2031–2060) (Lawrence and Burke 2015). Late flowering biotypes of 
downy brome are predominantly located in the Palouse region (eastern 
Washington). Early flowering biotypes dominate the central Washington 
wheat region. Eastern Washington (late-flowering biotype region) is 
projected to undergo the greatest amount of change in growing degree 
day accumulation. Early flowering biotypes may spread to the east due 
to the changes in growing degree day accumulation, as they are better 
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adapted to warmer springs and milder winters. Several early flowering 
biotypes have herbicide resistance to ALS-inhibiting herbicides (Lawrence 
and Burke 2015). Earlier downy brome development and greater spring 
precipitation may limit the opportunity for in-field spring treatment of 
downy brome. Herbicide effectiveness may also decline with the spread 
of resistant biotypes (Lawrence and Burke 2015).

Russian Thistle p ¢

Russian thistle (Salsola tragus) is a summer annual broadleaf weed. 
Russian thistle is most troublesome in spring crops but can be a problem 
in winter wheat and during fallow periods (Young 1998; Schillinger and 
Young 2000; Thorne et al. 2007). Preventive management of Russian 
thistle is important, and includes controlling populations along borders 
and non-cropped areas because of its “tumbleweed capability” of very 
long distance dispersal (Young et al. 1995). Russian thistle germinates in 
the early spring through late summer, and flowers all summer and into fall 
until a killing frost (Young et al. 1995). Matured seed requires a fall after-
ripening period. After an after-ripening period, Russian thistle seed can 
germinate under a wide range of conditions in the spring, even at relatively 
low temperatures (37°F to 42°F) (Young and Evans 1972; Thorne et al. 
2007; Young and Thorne 2004). Russian thistle can be controlled within 
a few years by preventing seed production (Thorne et al. 2007), assuming 
no new introductions occur. The majority of seed viability declines within 
2 years—management should focus on preventing seed production or 
new introductions (Young et al. 1995). A significant amount of flowering 
occurs after harvest, and Russian thistle can regrow after being cut by a 
combine. Russian thistle exhibits an indeterminate growth habit, and will 
continue to grow and set seed until temperatures drop below 25°F.

Russian thistle has high water use efficiency. If left to grow post-harvest, 
Russian thistle can reduce soil water storage for the next crop in rotation 
(Young et al. 1995) and usually causes the greatest damage under drought 
conditions, in thin crop stands, or if the crop is planted late (Young et 
al. 1995). One Russian thistle plant can use up to 18.5 gallons of soil 
water while growing in a spring wheat crop. Post-harvest growth uses an 
additional 26.5 gallons and accumulates significant biomass until killing 
frost occurs late October (Schillinger and Young, 2000).
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In-crop management is usually accomplished with non-selective and 
selective herbicides, depending on timing. Both pre-harvest and post-
harvest control is achieved with a non-selective herbicide. During 
fallow, control is achieved with herbicides or with tillage, usually with 
a rodweeder or an undercutter sweep (usually operated to a depth of 
4 inches, which is more effective than 2 inches). Timely application of 
tillage is essential, as larger Russian thistle can survive rodweeding.

Management in the fallow year usually includes spring non-inversion 
tillage with wide-blade sweeps followed by 2 to 3 secondary treatments 
with a rodweeder to help retain surface residue (Schillinger and Young 
2000). For spring crops, spring wheat should be planted early and in 
narrow row spacing (6 to 9 inches) to increase crop competitiveness. 
Spring wheat cultivars with rapid and prostrate early growth increase 
spring cropping for controlling Russian thistle (Schillinger and Young 
2000). Post-harvest treatment using an undercutter V-sweep can 
consistently kill Russian thistle, eliminate seed production, retain more 
soil water in the fall post-harvest, and produce greater spring wheat yields 
in the following year compared to using only a post-harvest treatment 
of paraquat + diuron, alone. Paraquat treatment allowed greater soil 
water extraction post-harvest and allowed production of an average of 
370 seeds per square yard from lower branches where herbicide did not 
penetrate (Schillinger 2007). 

Russian thistle may not be as great a problem in no-till spring crop 
rotations as it is in tillage-based spring crops. Summer annual broadleaf 
weeds are usually most successful in systems that include intensive tillage 
(Derksen 1993; Thorne et al. 2007).

Sensor-based (e.g., a Weed Seeker by Patchen or other systems) herbicide 
applications are feasible for post-harvest control of Russian thistle in 
arid and semi-arid regions of the PNW (Riar et al. 2011). Greater than 
90% control was achieved with a light-activated sensor-controlled 
sprayer using paraquat + diuron, and chemical use was reduced by 42% 
compared to broadcast applications. Control with glyphosate + 2,4-D 
was unacceptable regardless of applicator type. Sensor-based technology 
can be easily calibrated for Russian thistle because its bright-colored 
leaves contrast greatly with the brown-gold of the soil-wheat stubble 
post-harvest background. Small plants (<3 inches tall and <1.5 inches 
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diameter) were missed by the sensor applicator, but these plants were not 
mature or flowering, and additional growth or seed production after the 
herbicide treatment was thought to be insignificant (Young et al. 2008).

Jointed Goatgrass �p¢

Jointed goatgrass (Aegilops cylindrica) is a winter annual grass weed of 
importance in small grain production systems because it is closely related 
to wheat. Jointed goatgrass, as a winter annual weed, is very competitive 
with winter wheat. Climate can affect how jointed goatgrass competes 
with wheat. In a dry year, winter wheat yield loss ranged from 55% to 
84%, while in a wet year, grain yield was reduced by 30% to 40% (Ogg 
and Seefeldt 1999).

Rotations that avoid winter cereals for more than 3 years in wet climates 
(>18 inches precipitation) �, or more than 6 years in drier climates 
(<18 inches precipitation) ¢ are required for reducing goatgrass seed 
germination to less than 0.1% (Cook and Veseth 1991). Integrated 
planting strategies for winter wheat that can help reduce jointed goatgrass 
in grain-fallow regions include planting competitive varieties, increasing 
seeding rates and seed sizes, and fertilizing nitrogen, sulfur, and starter 
phosphorus with the seed (Young et al. 2010). ¢ Combining a tall wheat 
cultivar and increased seeding rate with nitrogen fertilizer banded by 
the seed reduced jointed goatgrass densities 45% to 60% compared to 
conventional practices (Young et al. 2010). In all regions, the spring wheat-
fallow-winter wheat rotation reduced jointed goatgrass dockage most 
consistently (Young et al. 2010). In the PNW, winter wheat varieties with 
rapid height gain and greater height are more competitive against jointed 
goatgrass and reduce jointed goatgrass seed production, particularly in 
drier years (<12 inches precipitation) (Ogg and Seefeldt 1999). ¢

Spring crop rotations are important for jointed goatgrass management 
and are effective at preventing viable weed seed production. Spring-
germinated jointed goatgrass does not compete well with spring wheat. 
Delaying spring wheat planting by 13 to 15 days generally did not decrease 
yields significantly and has been shown to prevent the production of 
viable seed from spring-germinated jointed goatgrass in plot studies in 
various precipitation zones across the PNW. Use of fall and spring tillage 
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and herbicide applications before planting spring crops controlled jointed 
goatgrass plants and spikelets over time (Young et al. 2003)

Jointed goatgrass can be selectively managed by growing imazamox-
resistant wheat without causing crop injury (Ball et al. 1999). There are 
considerable plant-back restrictions in the inland PNW following an 
application of imazamox, effectively forcing the grower to use imazamox-
resistant rotational crops to minimize crop injury in rotation. The system 
is also expensive. As a consequence, it is often far more economical to 
hand-weed small populations when discovered and only use imazamox-
resistant wheat for large, dense populations as part of an integrated 
management strategy.

Italian Ryegrass �

Italian ryegrass (Lolium perenne var. multiflorum Lam.) is a cool season 
bunchgrass and a major annual weed in inland PNW cropping systems 
(Hulting et al. 2012). Italian ryegrass causes economic losses because it 
competes with winter wheat, can contribute to cereal lodging, and can 
cause lower harvest grain quality and higher dockage (Hulting et al. 2012).

Long-term planning is essential to managing Italian ryegrass. It is found 
primarily in the high precipitation zone in eastern Washington. � The seed 
are viable for 3 to 5 years, depending on placement in the soil. Deep burial 
will likely reduce seed persistence, but shallow incorporation may increase 
it. The seed are moderately persistent on the seed head, making it feasible 
to destroy the seed after it is set but before dehiscence. An infestation can 
result from germination of only 2% to 4% of seed present in the soil (Unger 
et al. 2012). Italian ryegrass is competitive with winter wheat for nutrients, 
water, space, and light (Carson et al. 1999; Hashem et al. 1998; Hulting 
2014). Cultural inputs for Italian ryegrass management are necessary for 
satisfactory management. Crop rotation is the most effective input for 
managing Italian ryegrass, and a 4-year or longer rotation is likely required. 
However, no long-term rotational studies have been conducted to address 
Italian ryegrass management in the inland PNW. The winter wheat-
spring wheat-spring pulse crop rotation is likely inadequate for managing 
ryegrass. A second consecutive year of a broadleaf crop, like canola, would 
increase the efficacy of crop rotation for management of ryegrass, but only 
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if the ryegrass is effectively managed in the pulse and spring wheat crops. 
Glyphosate resistant spring canola is an excellent tool for Italian ryegrass 
management in a rotation. Conventional canola is no different than a pulse 
since the same herbicide mode of action would be used in each crop. 

Planting date, seeding rate, row spacing, a competitive cultivar, and 
fertilizer placement all play a role in managing Italian ryegrass. Growers 
tend to think in terms of seed weight per acre but are encouraged to begin 
to think about plants per square foot, and the seed required to achieve a 
competitive crop plant density. The crop plant population required for 
optimal economic return is usually considerably less than the seeding 
rate required for optimal crop competition. Pulse seeding rates are likely 
half of what they need to be for achieving a competitive stand. Typical 
row spacing for lentil and pea are also likely too wide. 

The most compelling new tool for seed management is the Harrington 
Seed Destructor, a tool that destroys the seed in the harvest process. 
Developed to manage a similar weed called rigid ryegrass, the Harrington 
Seed Destructor grinds weed seed during the harvest process (Harrington 
and Powles 2012). 

No-till and minimum tillage have increased reliance on postemergence 
herbicide applications in winter wheat production in order to manage 
Italian ryegrass and broadleaf weeds. As a result, Italian ryegrass 
populations in the PNW (and other regions) have developed cross- and 
multiple-herbicide resistance to a number of herbicide groups, including 
ACCase inhibitors (Group 1/A), acetolactate synthase–inhibiting 
herbicides (Group 2/B), photosystem II inhibitors (Group 5), glyphosate 
(Group 8/G), and very-long-chain fatty acid synthesis inhibitors (Group 
15/K) (Hulting et al. 2012; Perez-Jones et al. 2007; Rauch et al. 2010).

Chemical inputs must include effective herbicides—often an effective 
herbicide program includes both preeemergence and spring-applied 
postemergence herbicides. Growers should make sure that the ryegrass 
under management is not resistant to the selected herbicide treatments. 
Products containing pyroxasulfone or flufenecet are required for 
successful management of Italian ryegrass in winter wheat as Italian 
ryegrass has not yet developed widespread resistance to these herbicide 
materials. They are applied in the fall according to the label. The product 
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that contains flufenecet (Axiom) also contains metribuzin, and therefore 
cannot be applied until the wheat has two true leaves. Metribuzin can 
improve control achieved with pyroxasulfone. Pyroxasulfone can be 
applied immediately after the winter wheat is planted as a preemergence 
treatment. Continued experimentation with pyroxasulfone use in winter 
wheat will provide better understanding of its utility for control of 
other important grass and broadleaf weeds in cereal cropping systems. 
Integrated Italian ryegrass management strategies would be necessary in 
order to maintain efficacy of pyroxasulfone in the long term (Hulting et 
al. 2012).

Postemergence herbicides should be rotated. Group 1/A and Group 
2/B herbicides cannot be mixed to improve Italian ryegrass control 
because of antagonism, so rotating products containing pyroxsulam and 
mesosulfuron with pinoxaden or clodinafop is critical. Herbicides used 
for Italian ryegrass management should be applied alone—applying grass 
weed management herbicides with broadleaf herbicides reduces efficacy 
on grass weeds. Plant size should be monitored carefully, and an assessment 
of the likelihood of continued germination should be made prior to the 
decision to apply herbicides. Herbicides should be applied when the 
target species is of appropriate size. Don’t wait for the broadleaf weeds to 
germinate, or vice versa. Utilizing full rates of preemergence herbicides 
for grass control in broadleaf crops is also essential. Employing effective 
chemical weed management tools in rotation by utilizing metolachlor or 
dimethenamid is critical for long-term management of Italian ryegrass.

Summary

IWM strategies are critical for effective long-term management of 
weeds in the agroecosystem. Growers are encouraged to learn more 
about the biology and ecology of the weeds they are managing, and 
to use that knowledge to exploit vulnerable life stages of the weed for 
control. Growers should think critically about inputs employed for 
crop production in the context of weed management. Herbicides are an 
important part of an IWM strategy, but no herbicide can keep a crop 
weed-free for the entire season. A good competitive crop will always be 
the best weed management practice, and a sequence of successful crop 
rotations are critical for managing weeds in the inland PNW.
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Additional Resources

Weed Management Handbook

https://pnwhandbooks.org/weed

The Weed Management Handbook is part of the Pacific Northwest Pest 
Management Handbooks publication series. Updated yearly, the site 
contains weed management information on most crops produced in the 
PNW.

Oregon State University Weed Science webpage

http://horticulture.oregonstate.edu/group/weed-science
http://cropandsoil.oregonstate.edu/group/weed-science

The Oregon State University Weed Science webpage is a clearinghouse 
for weed science-related information. The site contains comprehensive 
information for weed managers in Oregon as well as links to resources 
for the PNW.

Washington State University Weed Resources webpage

http://smallgrains.wsu.edu/weed-resources

The Washington State University Weed Resources webpage is a 
clearinghouse for weed science-related information. Part of the Wheat 
and Small Grains website, the Weed Resources webpage includes timely 
and frequently updated information on common weeds, regional PNW 
publications from both Oregon State University and the University of 
Idaho, weed identification services, herbicide resistance testing services, 
and decision support tools.

University of Idaho Weed Resources websites

http://www.cals.uidaho.edu/weeds2/IWR/iwr-v6_website/
https://www.uidaho.edu/cals/kimberly-research-and-extension-center/
weed-science

University of Idaho hosts two websites: one focused on invasive weeds 
and one focused on southern Idaho weed management.
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Herbicide Labels

CDMS: http://www.cdms.net

Green Book: http://www.greenbook.net/

Herbicide labels can be found at two sites in searchable databases. The 
CDMS site has a very powerful advanced search that requires registration.

National and Regional Organizations that Host Weed Science 
Information

American Society of Agronomy (ASA) 
http://www.agronomy.org/

Weed Science Society of America (WSSA) 
http://www.wssa.net/

Western Society of Weed Science (WSWS) 
http://www.wsweedscience.org/

Western Region Sustainable Agriculture Research and Education 
(WSARE) 
http://www.westernsare.org/ 

Education and Online Lessons

Crop Adviser Institute 
http://www.cai.iastate.edu/

Online Crop Technology Lessons 
http://croptechnology.unl.edu/pages/

Herbicide Resistance

International Survey of Herbicide Resistant Weeds 
http://www.weedscience.org 

Herbicide Resistance Action Committee 
http://www.hracglobal.com/ 
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Weed ID Resources and Weed Photos

PNW Weed Management Weed ID collection 
http://pnwpest.org/pnw/weeds?weeds/id/index.html

UC IPM Weed Photo Gallery 
http://www.ipm.ucdavis.edu/PMG/weeds_common.html

WSSA Weed Photo Album 
http://wssa.net/wssa/weed/weed-identification/
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Abstract

Many pathogens can limit yield potential in the dryland cereal-based 
production region of the inland Pacific Northwest (PNW). The region’s 
diverse biogeographical factors, including soil type, temperature, and 
precipitation, and production system variables, including crop genetics, 
tillage, residue management, rotation and other cropping practices, affect 
the incidence, risk, and severity of crop disease. This chapter provides 
an overview of several key wheat and barley pathogens, conditions or 
practices that favor disease, and integrated management practices. 
Climate change, with predicted shifts in temperature and precipitation 
patterns, will also influence crop disease dynamics in the region, but 
currently, only limited information is available.

Key Points
• Successful disease management relies on understanding pathogen 

distribution, environmental conditions, and cropping practices that 
favor disease incidence or severity, relative potential for economic 
crop damage to occur, and the appropriate use of integrated 
management strategies. 
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• The PAMS integrated management approach utilizes prevention, 
avoidance, monitoring, and suppression strategies. Genetic 
resistance or chemical controls are not available for many soilborne 
pathogens, and growers rely on cultural practices to favor plant 
health. 

• Adoption of new technologies and cropping practices may have a 
greater impact on wheat and barley diseases than climate change 
in the near future. System-wide monitoring of crop response is 
an important tool to determine if changes in cropping practices 
or climate effects reduce the effectiveness of current management 
strategies.

• There is much uncertainty regarding the impact of climate change 
on disease incidence and severity in PNW cereal production. 
Climate change effects could accelerate, extend, or slow typical 
disease cycles, or favor the introduction of new diseases.

Introduction

Overview of Pathogens Affecting Inland PNW Cereal Production 
Regions

Historically, more than 30 wheat and barley diseases have decreased 
profitability in the dryland, wheat-based cropping region of the inland 
PNW. Small grain pathogens and plant parasitic nematodes reduce grain 
yield and quality by damaging roots, stems, leaves, or grain heads. Fungal 
pathogens cause the greatest economic damage to small grains globally 
and, in the inland PNW, are the second most challenging biotic factor 
after weeds. Foliar diseases, such as stripe rust, and several soilborne 
pathogens have the potential to cause severe crop losses.

For a disease to develop, three factors must be present: a virulent pathogen, 
a susceptible crop host, and environmental conditions favorable to 
development of the disease. Complex interactions among these factors 
determine the frequency and severity of a disease. Pathogen inoculum may 
be airborne, present in or on seed, in soil, in infected living host tissue or 
residue, or vectored from plant to plant, usually by insects. Pathogens are 
highly sensitive to changes in moisture and temperature. Foliar diseases 
are typically favored by high canopy humidity and free water, whereas 
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root and stem diseases caused by soilborne fungal pathogens are often 
favored by cool, moist soils. 

Variation in weather and climate, soil properties, and agronomic 
practices modify the host-pathogen environment, affecting pathogen 
distribution and population, and the potential risk of specific crop 
diseases. Cool season small grains are well-adapted to the region’s 
Mediterranean-type climate and diverse biogeographical conditions. 
Typical warm, dry summers limit some foliar diseases that are more of a 
concern in other US wheat-growing regions, whereas cool, wet springs 
favor soilborne diseases, especially in high residue conservation 
tillage systems. Cool, wet conditions also favor stripe rust. For further 
information on the region’s diversity and climate, see Chapter 1: Climate 
Considerations.

Foliar and head diseases

Diseases caused by fungal pathogens of small grains can lead to economic 
losses when unmanaged and conditions are favorable for development. 
Producers have successfully reduced the impact of many foliar wheat 
and barley diseases (e.g., smuts, stripe rust) using integrated genetic, 
cultural, and chemical management strategies. For example, over the 
past 50 years, the inoculum of smut pathogens, once widely distributed 
across the region, has been effectively reduced to very low levels due to 
the use of pathogen-free seed, resistant varieties, and fungicide seed 
treatments. These practices have reduced the incidence of common 
bunt, flag smut, loose smut, and dwarf bunt diseases. However, growers 
have become increasingly reliant on seed treatment for control as many 
of the current commercial wheat cultivars are susceptible to smut 
pathogens. Common bunt disease has emerged as a concern in organic 
production systems, highlighting a need for continued screening for 
resistant cultivars and for research on alternative seed treatments 
suitable for organic production (Matanguihan et al. 2011). Stripe rust 
damage, caused by the fungus Puccinia striiformis, can be managed by 
the integrated use of resistant varieties and fungicide when predicted to 
be severe. Stripe rust continues to be one of the most important foliar 
diseases of wheat and barley in the inland PNW and is discussed in 
detail later in this chapter. 
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Viral diseases

Historically, Barley yellow dwarf virus (BYDV) has been the most 
important viral pathogen of small grains in the PNW. Transmission of 
the virus is dependent on infected aphid vectors; therefore, the primary 
discussion of this disease is found in Chapter 11: Insect Management 
Strategies. The virus is widespread and has many hosts including barley, 
wheat, oats, corn, and grasses that can serve as inoculum reservoirs. 
Barley yellow dwarf (BYD) disease causes the greatest damage to winter 
wheat, barley, and oats; less damage occurs on spring-planted grains. 
BYDV-infected plants may also be more susceptible to root rot diseases. 
Although total field loss can occur, estimated average losses are less than 
10%. Eliminating volunteer crop and grassy weed hosts and the green 
bridge effect reduces primary inoculum density. Control of aphid vectors, 
delayed fall planting, and use of cultivars with some resistance to BYDV 
can also limit economic impact. 

Wheat streak mosaic virus, vectored by the wheat curl mite, is also 
discussed in Chapter 11: Insect Management Strategies. Soilborne wheat 
mosaic virus is a relatively recent discovery in the PNW. This pathogen, 
vectored by a soilborne fungus, is discussed later in this chapter.

Root-infecting fungal pathogens and nematodes

Root, crown, stem, and vascular diseases caused by root-infecting fungal 
pathogens and plant-parasitic nematodes significantly impact small grain 
production across the region and can be a barrier to producer adoption of 
direct seeding. The effects of soilborne diseases are most evident under 
dryland conditions because plants with damaged roots are less efficient at 
water and nutrient uptake than healthy plants, and predisposed to drought 
stress and nutrient deficiencies. Reduced tillage, increased residue levels, 
and cool, moist soils favor some soilborne pathogens and may increase 
the risk of disease. 

This chapter focuses on many economically important soil and residue-
borne pathogens and nematodes. In contrast to seed-transmitted, 
airborne, or insect-vectored pathogens, soil and residue-borne 
pathogens and nematodes have limited management options. Genetic 
resistance and chemical control options are often lacking and growers 
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rely on cultural techniques to manipulate the crop environment to favor 
plant health and growth. Breeding efforts have produced commercial 
varieties with genetic resistance to some root-infecting diseases such 
as eyespot, snow molds, and Cephalosporium stripe; however, no 
locally adapted varieties are available with resistance to Pythium 
and Rhizoctonia root rots or take-all (Paulitz et al. 2009). Registered 
fungicide seed treatments are effective against many seed-transmitted 
pathogens but may provide only short-term suppression, or no control, 
of several soilborne pathogens, and most root-infecting pathogens 
cannot be controlled with foliar chemical applications. Nematicides 
are not registered for use. Crop rotation, or fallow, with at least one 
year out of wheat, barley, or other host crops can adequately reduce 
inoculum levels for some diseases, such as take-all, depending on the 
environment and how efficiently cereal residues break down; however, 
other diseases such as eyespot and Cephalosporium stripe require 
longer rotations. Long rotations may not be an economical or effective 
management tool for situations where multiple years away from wheat 
or barley are required, or for small grain pathogens with multiple hosts 
including legumes or oilseeds.

Effects of Climate Change on Cereal Pathogens and Disease

There are many unanswered questions about the potential effects of climate 
change on wheat and barley diseases in the PNW. Better understanding 
the conditions most favorable to pathogens and the development of 
disease will help growers adapt and minimize risk. Evolving cropping 
practices, technologies, and economic factors are likely to have a greater 
impact on our regional crop production systems than climate change, at 
least in the near future.  

Complex interactions between crop host, pathogen, and environment 
make it challenging to predict the impact of climate change on the 
distribution of crop pathogens, the risk and severity of disease, and 
management guidelines. The main climate factors are variations in 
precipitation, temperature, and increased atmospheric carbon dioxide 
concentration. Any disease may become more important if climate 
tips the balance in favor of the pathogen. For example, Pythium would 
be favored by the predicted cooler, wetter early spring conditions. 
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Predicted decreases in late-spring and early-summer precipitation, in 
tandem with elevated temperatures, will make it more difficult for root-
damaged crops to obtain water and nutrients during the warmer summer 
months, increasing economic risk. Milder winter temperatures may favor 
inoculum survival (e.g., stripe rust), whereas precipitation variability or 
earlier drought stress may predispose crops to disease or slow disease 
progress. Climate variability may also result in new pathogens or races of 
endemic pathogens emerging in the region. 

Inadequate information has so far limited the opportunity to model 
regional climate impacts on wheat and barley diseases and potential 
crop losses in the inland PNW. In the future, data from recent baseline 
population surveys of fungi and nematodes across the region can be 
used to improve modeling, our understanding of pathogen response to 
changing environments, and management decisions. Effects are expected 
to be site-specific; yield response will depend on direct effects on 
pathogens, indirect effects caused by the host crop, and grower adaptation 
of management strategies.

PAMS Integrated Pest Management Strategies for Small 
Grain Pathogens

Producers seek to balance economic, crop health, and environmental 
constraints. Understanding production limits, setting affordable yield 
goals, and minimizing environmental and nutritional stresses on the 
crop support success. Targeted use of integrated genetic, cultural, 
chemical, and biological management tools to Prevent, Avoid, Monitor, 
and Suppress (PAMS) crop disease can eliminate or reduce the impact of 
many wheat and barley pathogens. Many useful management strategies 
have been identified and implemented in the inland PNW; using multiple 
strategies improves the odds for profitable management. The USDA-
Natural Resources Conservation Service (NRCS 2010) adopted the 
PAMS approach to site-specific integrated pest management planning, 
an integral part of the Environmental Quality Incentives Program. This 
section presents a general overview of several PAMS integrated disease 
management practices; specific management options are presented later 
in the chapter for each of the pathogens discussed.
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Prevention

Excluding a pathogen from a non-infested field is the first and most 
economical line of defense against crop disease. Many small grain 
pathogens are already widespread in dryland PNW fields, thus prevention 
is not applicable.

Field sanitation

Conscientious field and equipment hygiene reduces movement of soil or 
residue-borne pathogens from infested fields into clean fields.

Clean seed

Use of pathogen-free seed prevents the introduction of new seedborne diseases.

Avoidance

Avoidance is the use of cultural practices to avoid pest populations that 
already exist in a field to reduce the risk of disease.

Seed quality

Use of fresh, high-quality, pathogen-free seed promotes seedling 
establishment, vigor, and health.

Planting a non-host crop

Planting a non-host crop avoids infection and disease development, 
reducing inoculum of a specific pathogen.

Host crop resistance

Host crop resistance is the ability of a host crop (e.g., a cultivar) to 
inhibit growth and reproduction of a pathogen. Cultivars that suppress 
or prevent reproduction of a pathogen are classed as resistant; those that 
allow moderate to high rates of reproduction are susceptible. Tolerance is 
the ability to endure infection by a pathogen without serious damage or 
yield loss. Resistance may be race-specific (resistant to some but not all 
races of a pathogen) or race non-specific (resistant to all races). Planting a 
susceptible, tolerant variety can reduce yield loss of the current crop but 
does not limit reproduction or inoculum that can affect subsequent crops. 
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Use of resistant crops can be considered either an avoidance or suppression 
strategy, depending on the degree of resistance. Planting varieties with a 
high degree of resistance (i.e., no infection occurs) is an example of an 
avoidance strategy, whereas planting varieties that slow disease progress, if 
an infection occurs, is an example of a suppression strategy.

Monitoring

Identification and quantification

Effective disease management relies on accurate diagnosis and 
quantification of pathogens and timely application of control measures. 
It is helpful to identify pathogens to the level (i.e., genus, species, or race) 
that may affect management decisions. Root diseases are often difficult to 
diagnose based on aboveground symptoms. Sampling methods vary by 
pathogen.

Monitoring and recordkeeping

Understanding pathogen populations prior to planting can help 
determine risk and support crop choice and management decisions. 
Once visible symptoms caused by root-infecting pathogens appear in a 
crop, typically no actions are available to suppress disease development. 
However, tracking symptoms and severity by management unit during 
the current growing season informs subsequent management decisions.

Thresholds

Economic damage or action thresholds are based on population studies, 
forecast models, visual symptoms, field history, and yield correlation. 
Action guidelines are available for only a few cereal pathogens in the PNW 
(e.g., stripe rust, eyespot) where foliar fungicides can suppress damage. 
Correlation of pathogen population densities and predicted yield loss 
(e.g., the take-all pathogen) are needed to support pre-plant management 
decisions such as crop selection. Crop damage by parasitic nematodes 
is expected when pre-plant populations reach defined levels. However, 
precise yield loss is difficult to correlate with populations for most root-
infecting pathogens because of complex environmental interactions across 
the region.
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Forecasting models

Forecasting models are available for stripe rust. 

Suppression

Growers can reduce or eliminate pathogen populations, disease severity, 
or crop damage using cultural, mechanical, chemical, or biological 
suppression practices.

Cultural

Green bridge control

Eliminating volunteer host crops and weeds is a first-defense management 
tool for reducing inoculum density. Timing cultivation or herbicide 
application with a sufficient period between application and planting to 
prevent the pathogen from bridging to the crop is important.

Host crop resistance

Planting crop varieties with varying degrees of resistance can prevent 
infection, slow disease progress if infection occurs, and reduce inoculum, 
limiting in-crop damage and risk to subsequent host crops. (See the 
Avoidance section.)

Rotation

Inoculum density of most root-infecting pathogens increases or decreases 
with the frequency of host crops in rotation. Using rotation to suppress 
disease is most effective when alternate, non-host crops are available, 
precipitation is not limiting, and conditions promote rapid residue 
decomposition. Clean fallow can adequately reduce some wheat disease 
inoculum (e.g., take-all) but may not meet conservation goals.

Planting dates

Planting dates influence crop growth and development, and severity 
of many cereal diseases. It is difficult to create precise planting date 
guidelines due to the diverse conditions across the inland PNW. Optimal 
planting dates should be site-specific to account for variation in landscape 
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position, moisture, and temperature. In general, early fall planting favors 
pathogens causing stripe rust and BYD as well as several soilborne diseases 
including take-all, eyespot, Fusarium crown rot, and Cephalosporium 
stripe. Later fall planting favors Pythium root rot, Rhizoctonia root rot, 
and snow molds. Late planting tradeoffs include decreased grain yields 
and increased potential for soil erosion following fallow.

Nutrient management

Adequate nutrition optimizes crop health and profitability. Fertilizer 
rates should be based on site-specific yield potential (see Chapter 6: Soil 
Fertility Management). Placing fertilizer with the seed or deep-banding 
nitrogen (N), phosphorus (P), and sulfur (S) below the seed at the time of 
planting can offset the yield-limiting effects of Pythium and Rhizoctonia 
root rots and take-all; nutrients placed adjacent to roots help seedlings 
overcome early nutrient deficiencies caused by root pruning.

Mechanical

Conservation tillage and residue management

Crop choice, available moisture, temperature, and tillage affect biomass 
and production, residue decomposition, and pathogen survival. Greater 
surface residue creates cooler, moister soils at planting that can favor seed 
and root-infecting pathogens including Pythium root rot, Rhizoctonia 
root rot, and take-all. Cephalosporium stripe and Fusarium crown rot 
have had variable responses to tillage systems, whereas eyespot can be 
reduced under conservation tillage. Stripe rust and BYD are typically 
unaffected by tillage. Annual cropping regions have larger biomass and 
grain yield potentials compared to grain-fallow systems. However, greater 
precipitation supports faster residue decomposition. Adapting equipment 
to spread chaff evenly and using high-disturbance openers can reduce 
risk of infection by residue-borne pathogens. For more information on 
residue management, see Chapter 4: Crop Residue Management.

Chemical suppression

Foliar fungicides

Foliar fungicides, in combination with other management strategies such 
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as planting resistant cultivars, are effective for a few cereal diseases such 
as stripe rust and eyespot.

Seed treatment

Planting pathogen-free seed helps eliminate the need for chemical treat-
ment of seedborne diseases. However, where soil or residue-borne fungal 
pathogens are present, seed treatment is a relatively low-cost suppression 
strategy and is particularly effective for pathogens with short disease in-
fection periods (e.g., smuts). Fungicide treatments (metalaxyl, mefenox-
am) in tandem with careful planting practices, such as monitoring root 
zone moisture at planting, can protect seedlings from damping off and 
rot caused by Pythium species. Root pathogens with the ability to infect 
plants over a longer time period have shown less response to seed treat-
ments. Some fungicide seed treatments including difenoconazole, tebu-
conazole, or triadimenol (not registered in Washington) can temporar-
ily suppress root diseases caused by Fusarium spp. and take-all disease. 
Newer chemistries (tebuconazole, sedaxane, pyraclostrobin, penflufen) 
have improved short-term suppression of some root diseases such as 
Rhizoctonia root rot. Systemic fungicides are effective for a longer time 
period than contact fungicides. Although helpful in controlling some dis-
eases, systemics are less helpful in controlling root rots because the active 
materials move upward through the seedling rather than downward into 
the roots. There are no seed treatments available for bacterial or viral dis-
eases. Systemic insecticide seed treatments can help control aphid vectors 
of BYDV.

Biological

Suppressive soils

Suppressive soils are defined as “soils in which the pathogen does not 
establish or persist, establishes but causes little damage, or establishes and 
causes disease for a while but thereafter the disease is less important even 
though the pathogen may persist in the soil” (Weller et al. 2007). Take-all 
decline and Rhizoctonia bare patch suppression are examples of natural, 
microbial-based mechanisms of defense against root-infecting pathogens. 
In many areas of the US, growers have been able to maintain long-term 
suppression of take-all in continuous wheat production, especially under 
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irrigation. Periods of fallow or rotation away from continuous cereals 
reduces suppressiveness of take-all decline.  It takes several years for soils 
to develop suppressiveness to Rhizoctonia (Schillinger et al. 2014), thus it 
is not a practical management strategy.

Microbiological control

Currently no effective commercial biological controls are available for field use.

Selected Pathogens of Inland PNW Dryland Cereal 
Production Systems: Research and Management 
Implications

Recent studies have improved our understanding of the regional distribution 
of wheat and barley pathogens and agro-climatic and crop production 
factors that influence the risk of disease and affect management decisions. 
This chapter summarizes several key dryland diseases and management 
strategies, particularly those that may be impacted by conservation 
cropping practices or have limited control options. Table 10-1 illustrates 

Table 10-1. Cropping system practices that can impact (+) disease management in the PNW or that 
have no effect or are not available (–).

Cultural 
practices

Variety 
selection

Chemical control
Foliar Seed

Stripe rust + + + –
Eyespot + + + –
Cephalosporium 
stripe + + – –

Rhizoctonia root rot + – – –/+
Fusarium crown rot + –/+ – –/+
Pythium root rot + – – +
Snow molds + + – –
Barley yellow dwarf + – – +
Take-all + – – –
Cereal cyst nematode + + – –
Root-lesion nematode + + – –

Note: Gray boxes indicate greatest impact. Adapted from Murray 2016.
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general management components (cultural practices, variety selection, or 
chemical control) that impact management, have no effect on management, 
or are not available. Table 10-2 summarizes specific cultural practices that 
may favor or reduce disease.

It is beyond the scope of the chapter to address all small grain cereal and 
broadleaf rotation crop diseases that occur in the dryland PNW. Excellent 
resources are available for additional detail on multiple wheat and barley 
diseases and their management, including the Compendium of Wheat 
Diseases and Pests (Bockus et al. 2010), the Compendium of Barley 
Diseases (Mathre 1997), and Diseases of Small Grain Cereal Crops: A 
Colour Handbook (Murray et al. 2009b). Readers should refer to the 
PNW Plant Disease Management Handbook especially for chemical 
suppression information. Additional local resources are listed in the 
Resources and Further Reading section.

Stripe Rust 

Background, causal agents, and distribution

Rusts are the most serious foliar diseases of small grains in the PNW. Stripe 
rust occurs on wheat, barley, rye, and various cultivated and wild grasses. 
Stripe rust is caused by the Puccinia striiformis species that is divided 
into different special forms (formae speciales) based on specialization to 
different cereal crops. For example, wheat stripe rust is mostly caused 
by P. striiformis f. sp. tritici and barley stripe rust is mostly caused by P. 
striiformis f. sp. hordei. The forms of wheat stripe rust and barley stripe 
rust can infect some barley and some wheat varieties, respectively, but 
do not cause severe diseases on the other crop. Therefore, stripe rust that 
develops in wheat fields generally does not impact barley crops and vice 
versa. Many grass species are highly susceptible to both the wheat and 
barley stripe rust forms and, when infected, can provide an inoculum 
reservoir (Table 10-3).

Barley stripe rust is a relatively new disease in the US. The disease reached 
the inland PNW by 1995 causing localized severe damage in the late 
1990s. From 2001 to 2009, researchers observed up to 40% yield losses 
in experimental and commercial fields on susceptible varieties in eastern 
Washington. Yield losses on commercial barley varieties ranged from 0% 
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Table 10-3. Stripe rust characteristics and management options for dryland cereal producers.

Stripe rust
Background

• Causal agents: Puccinia 
striiformis 

• Source: wind dispersal of 
inoculum

• Wide distribution across 
region

• Hosts: wheat, barley, grasses 
• High risk: wet fall, warm 

winter; warm, wet early spring; 
cool, wet late-spring and 
summer. Barley has lower risk 
than winter and spring wheat.

Economic impact
• Potential losses of 0–45% on 

commercial wheat varieties 
with varying degrees of 
resistance; potential losses up 
to 90% on highly susceptible-
check varieties

Management options
• Host resistance 
• Fungicides
• Eliminate green bridge
• Avoid early-fall planting

Key diagnostics
• Irregular patches with yellow-

orange rust pustules on 
seedling leaves; stripes with 
pustules on leaves, leaf sheath, 
and glumes on adult plants

• Presence of yellow-
orange spore powder 
distinguishes stripe rust 
from Cephalosporium stripe, 
physiological leaf spot, and 
BYD 

• Resistant varieties may have 
white necrotic stripes with 
or without rust pustules on 
mature leaves

Ongoing research
• Forecasting
• Monitoring occurrence, 

severity, and distribution 
• Identifying pathogen races 

and distribution, virulence, 
and frequency

• Developing new resistant 
varieties

• Fungicide testing and variety 
response

to 26% during that period, with average annual losses of 12% and 11% 
measured in 2002 and 2005, respectively. In general, stripe rust epidemics 
on barley are not as widespread and damaging as stripe rust epidemics 
on wheat because mainly spring barley is grown while both winter and 
spring wheat are grown. Also, barley-growing regions are scattered while 
wheat-growing regions are more contiguous; plus, barley matures faster. 
Thus, the barley stripe rust pathogen has a much shorter season to infect 
and develop on barley, and the much longer period between barley crops 
reduces pathogen survival.
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Key diagnostic features

Stripe rust is more easily recognized when the disease is fully developed, 
but it is important to identify the disease as early as possible to implement 
appropriate controls. Infection can occur throughout the growing season. 
Once the pathogen infects plants, it takes one week to several months to 
show symptoms, depending upon temperatures. Symptoms first appear 
as chlorotic patches on leaves. These symptoms are hard to recognize 
as stripe rust as they appear similar to infections by other pathogens, 
abiotic stress, or chemical injuries. Recognizable signs are tiny yellow-
orange uredinia (pustules), which are clustered in patches (not stripes) 
on seedling leaves, and form stripes between leaf veins in adult plant 
stages, usually starting at stem elongation (Figure 10-1). Stripe rust can 
be confused with Cephalosporium stripe, physiological leaf spot, BYD, 
or even cereal leaf beetles, especially from a distance, but it is easily 
distinguished from these by the rust spore powders. Pustules contain 
powdery urediniospores which may be rubbed off on fingers. Pustules 

Figure 10-1. Stripe rust pustules in a commercial winter wheat field near Lamont, Washington, on 
November 8, 2016. (Photo by Xianming Chen.)



415

Chapter 10: Disease Management for Wheat and Barley

also occur on leaf sheaths, glumes, developing grains, and awns when the 
disease is severe. In the late plant growth stage, black telia form; at this 
stage no more infectious urediniospores are produced. Compared to a 
susceptible check variety, resistant varieties have different responses to 
stripe rust infection, ranging from no symptoms or rust signs, to various 
sizes or lengths of necrotic patches (on seedlings) or stripes (on adult 
plant leaves) without or with rust pustules, to a relatively low number of 
rust pustules.

Disease cycle and conditions that favor the pathogen

The three most important environmental factors governing the risk of 
stripe rust include temperature, moisture, and wind. The stripe rust 
pathogen prefers cool environments and causes more damage when 
the fall is wet; winter is warm; early spring is warm and wet; and later 
spring and summer are cool and wet. Urediniospores need a minimum 
of 3 hours of a dew period to germinate and penetrate plants; extended 
dew periods favor greater infection rates. During wet autumn conditions, 
urediniospores in the air, either produced in the region or blown by 
wind from other regions, can infect emerged wheat plants. The wetter 
the weather and the larger the plants, the more infection will occur. 
Urediniospore germination and infection can occur when temperatures 
are from just above 33°F to about 73°F, and best when temperatures are 
between 45°F and 54°F. Once the fungus grows into plant tissue, moisture 
is not an affective factor until producing new spores (sporulation). The 
period from infection to sporulation is called the latent period, and 
temperature is the most important factor during this time. In the PNW, 
stripe rust fungus lives as mycelium in the plant tissue during the winter 
time. The fungus can survive when temperatures are above 23°F; colder 
temperatures reduce survival. In general, if temperatures are below 14°F 
for about three days, the fungus will die. Snow cover, especially during 
cold spells, helps the rust fungus survive. Wind-kill can eliminate rust 
fungus as it kills wheat leaves. Winter hardy varieties can help rust fungus 
survive in plant tissue when temperatures are above 14°F (Ma et al. 
2015). The latent period can take from two weeks when temperatures are 
optimal (59–75°F) for growth and sporulation to more than five months 
when temperatures are below 40°F. The warmer the winter is, the more 
rust survival. In the PNW, stripe rust fungus can occasionally produce 
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spores during winter time. Because winter weather conditions, mainly 
temperatures and snow cover, determine the level of stripe rust survival, 
epidemics can be predicted for the PNW using forecast models based on 
historical weather and yield loss data (Sharma-Poudyal and Chen 2011).

With daily average temperatures in early spring constantly above 40°F, 
stripe rust will start to sporulate, and new spores will infect wheat plants. 
Warm, wet conditions speed up sporulation and increase new infections. 
Late-spring and summer high temperatures and dry conditions are not 
favorable for infection. Cool, wet conditions increase infection rates, 
prolong the crop growth season and rust season, resulting in more 
yield losses. Also, this will shorten the period from crop maturity to the 
emergence of the fall-planted wheat crops, increasing the chance for 
infection of the fall-planted crops. During late summer, the stripe rust 
fungus survives on spring wheat crops and volunteer plants. The major 
limiting factor is temperature. In general, when temperatures are above 
74°F, no infection will occur, although the fungus can survive as mycelium 
in plant tissue for two to three weeks or as airborne urediniospores 
for up to a month. Cool, wet conditions help the rust survive summer 
temperatures by continually infecting plants. Generally, when daily high 
temperatures are above 95°F for a few days, stripe rust fungus will die even 
in plant tissue. The big difference between daily maximum and minimum 
temperatures during summer in the PNW allows stripe rust fungus to 
survive relatively well compared to many other regions in the US and the 
world. This is another reason why stripe rust is a more frequent disease 
in the PNW, in addition to the relatively mild winter and growth of both 
winter and spring wheat crops. Urediniospores survive well under cool 
and dry conditions, and they can infect fall-planted wheat crops when 
dew occurs on leaves, potentially leading to another cycle of rust fungus 
survival and development.

Potential effects of climate change

Changes in temperature and precipitation patterns, particularly during the 
growing season, and, to a lesser extent, mean annual changes, can affect 
stripe rust incidence. To some extent, the fungus is capable of adapting 
to climate change and continuing to survive and reproduce. Hotter, drier 
summers would limit epidemics that might occur later in the growing 
season; however, milder winters would enhance rust survival and lead to 
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earlier infections. Also, less snow cover could result in increased wheat 
susceptibility to winter-kill, reducing inoculum. The need to continue 
to develop and grow stripe rust-resistant varieties will remain a priority 
regardless of direction of climate change.

Stripe rust management strategies

Prevention

The stripe rust pathogen is in the region and cannot be kept away. 
However, it is always a good idea to prevent transport of exotic races or 
strains of the pathogen from other regions. Clothing and footwear should 
be changed after visiting a field with stripe rust.

Avoidance

The best approach to prevent stripe rust is to grow varieties with a high 
level of resistance (varieties with a stripe rust rating of 1 or 2 in the most 
recent Buyer’s Guide). However, appropriate late planting of winter 
wheat may avoid stripe rust infection in the fall. Similarly, later planting 
of spring wheat may shorten rust season as the normally hot and dry 
weather conditions are not favorable for stripe rust. However, spring 
wheat planted too late can suffer serious yield reduction as hot and dry 
weather conditions are not good for grain filling.

Monitoring

Good monitoring allows for timely fungicide application and avoids 
unnecessary use of fungicide. Fungicide application is more effective 
when disease is in the very early stage. The general recommendation is 
to apply a fungicide before stripe rust reaches 5%, at least no later than 
10% incidence (percentage of leaves or plants with rust). Application 
is generally not recommended if (1) no rust can be found in the field, 
unless the field is planted with moderately susceptible or susceptible 
varieties (stripe rust ratings of 5 to 9), (2) stripe rust has been occurring 
in nearby areas, and (3) weather has been and will be favorable for 
disease. As fungicides vary in efficacy and duration of effectiveness 
(20 to 40 days depending upon chemicals), growers should begin 
checking fields about 2 to 5 weeks after application to determine if 
another application is needed. Varieties with race-specific resistance 
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may become susceptible if new virulent races occur in the region. 
Monitoring fields planted with varieties having this type of resistance 
can prevent unexpected damage. Annual forecast data alert growers to 
the potential severity of stripe rust.

Suppression

Resistance

Planting resistant cultivars is the most effective control. Most wheat 
varieties grown in the PNW have some level of resistance, but not all 
have adequate levels of resistance when stripe rust is severe. Growing 
these varieties reduces rust damage. For example, under the extremely 
severe stripe rust epidemic in 2011, the susceptible check variety (not 
commercially grown) had more than 90% yield loss, while commercial 
variety losses ranged from 0% to 43% at an average of 21% yield loss 
without fungicide application. The commercial winter wheat varieties 
with various levels of resistance suppressed potential yield losses of over 
90% to 21% (Chen 2014). Similarly, commercially grown spring wheat 
varieties were able to reduce potential yield loss from 45% to 15% on 
average. Several barley varieties also have some degree of resistance. An 
example of a stripe rust-resistant hard red winter wheat compared to a 
susceptible club wheat is shown in Figure 10-2.

Figure 10-2. Stripe rust damage on a susceptible club wheat (right) compared to a resistant hard red 
winter wheat, cv. ‘Farnum’ (left). (Photo by Xianming Chen.)
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Chemical

When a variety does not have adequate resistance, fungicide should be 
used to suppress the disease and reduce yield loss. Several triazole (Group 
3), succinate dehydrogenase inhibitor (SDHI) (Group 7), and strobilurin 
(Group 11) fungicides are labeled for control of stripe rust and information 
can be found in the PNW Disease Management Handbook. Check the 
labels for their rates, total amount that can be used in a growing season, and 
the latest stage by which they can be used. In the PNW, usually either one or 
two applications at the time of herbicide application (early application) and/
or at the flag leaf to flowering stage (late application) are needed depending 
upon how early stripe rust starts and how fast the disease develops. If 
stripe rust starts early, early application is needed in fields grown with 
moderately susceptible or susceptible varieties (ratings 5–9) to reduce 
over-wintered rust and prevent new infection in the early growing season. 
Early application is easy to do as it is usually through ground application 
and adds no additional application cost because of mixing with herbicide. 
Often, this early application is not necessary if the disease starts developing 
after the herbicide application time. It is more important to use fungicide to 
protect crops for the grain-filling period. It is critical to make a decision for 
applying or not applying fungicides before flowering stage based on variety 
susceptibility, yield potential, disease pressure, and weather conditions, as 
most labeled chemicals cannot be used after flowering.

For more information on stripe rust, go to the USDA-ARS and Washington 
State University stripe rust website at http://striperust.wsu.edu/.

Rhizoctonia Root Rot and Bare Patch

Background, causal agents, and distribution

Rhizoctonia is a soilborne parasitic fungus that can attack root systems 
of wheat and barley, pruning and rotting the roots and inhibiting their 
ability to take up water and nutrients. As a result, plants are stunted and 
show decreased yields. This disease was first documented in Australia in 
the 1930s and discovered in the PNW in the mid-1980s.

Most Rhizoctonia species have a wide host range and will attack cereal crops 
and volunteers, broadleaf rotation crops, and grassy weeds (Table 10-4). 
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The most virulent Rhizoctonia causing root rot and bare patch of wheat 
and barley is R. solani AG-8; others can cause more mild symptoms. The 
species R. solani contains numerous groups, called anastomosis groups 
(AGs). Although very virulent on wheat, AG-8 can also attack roots of 
other rotation crops such as pea, lentil, and canola. Other groups of R. 
solani have been isolated from roots, including AGs 2-1, 4, 5, 9, and 10. 
Many of these have been tested in Washington State, but do not appear 
to cause major diseases on wheat, although they are pathogenic on other 
broadleaf crops such as pea and canola and may colonize wheat roots. 
According to recent surveys, AG-8 seems to be found in the PNW but 
not in the other wheat-growing areas of the US, including the upper and 
lower Midwest.

Another pathogen is R. oryzae. This pathogen is more severe as a seed 
and seedling rotter and can reduce plant stand under high inoculum 
conditions, as well as cause root rot. It forms very distinct microsclerotia 
on the roots that are pink-orange in color. One other group that has been 
isolated from wheat and barley are the binucleate Rhizoctonia species, 

Table 10-4. Rhizoctonia root rot characteristics and management options for dryland cereal producers.

Rhizoctonia root rot and bare patch 
Background

• Causal agents: Rhizoctonia 
solani AG-8; R. oryzae

• Source: infested soil, residue
• Wide distribution
• Wide host range: cereals, 

grasses, rotation crops
• High risk: cool, wet, spring 

conditions

Economic impact
• 10–20% potential grain yield 

loss
Management options

• Eliminate green bridge 
• Starter fertilizer placed below 

or with seed
• Residue management (higher 

disturbance seed openers in 
no-till systems; fallow)

Key diagnostics
• Chronic: field areas of uneven 

plant height 
• Acute: field patches with 

extreme stunting
• Sunken brown lesions on 

girdled or severed roots (spear 
points)

Ongoing research
• Distribution and impact 

surveys
• Resistance screening 
• Suppressive soils, biocontrol 
• Fungicide efficacy (sedaxane)

Adapted from Schroeder 2014.
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also known as Ceratobasidium. There are many subgroups, but most have 
not been shown to be pathogenic on wheat, except for R. cerealis, which 
causes sharp eyespot on the lower stems of wheat.

Key diagnostic features

Soilborne pathogens are often difficult to diagnosis based on aboveground 
symptoms. However, Rhizoctonia does cause some distinct symptoms. 
Bare patch, the most acute form of the disease, is easily recognized 
by large patches in the field of severely stunted wheat or barley. These 
patches are irregular to circular, extending up to 10–20 feet in diameter 
(Figure 10-3). The plants in the patch are stunted, have delayed maturity, 
and may be yellow or purple in color from nutrient deficiency. The 
patches appear about one month after emergence when the plants in the 
healthy area continue to grow but the plants in the patches stop growing. 
Symptoms are more distinct on spring-planted wheat since the pathogen 
is more active under the cooler, wet conditions of spring.

Figure 10-3. Irregular patches in wheat field caused by Rhizoctonia solani AG-8. (Photo by Timothy 
Paulitz.)
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In the more chronic disease phase, instead of patches, the stand will be 
of uneven height, with tall plants next to smaller stunted plants, giving 
the field a wavy appearance. In areas of stunted plants, the plant cover is 
reduced, more ground is visible, and weeds may be more of a problem.

The pathogen attacks the seminal and crown roots of seedlings. This 
causes a characteristic spear-tipping or tapered tips of roots, where the 
growing tip of the root is killed. The pathogen causes a brown rot/lesion 
on the root. In other parts of the root, the outer layer (cortex) is killed, 
leaving the stele or central vascular system intact. This area is usually 
brown in color and gives the roots a pinched appearance. 

Under severe conditions, the entire seedling can be killed, usually when 
the plants are young, since young plants are more susceptible than 
older plants. These seedlings rot fairly quickly and are often difficult 
to see. Overall, barley is more susceptible than wheat, and shows more 
symptoms. In terms of economic loss, soilborne pathogens have been 
documented to cause 3–12% yield loss in wheat; with bare patch, the 
yield is essentially zero in the patches, and up to 10–20% of the field can 
be covered by patches in severe situations (Cook et al. 2002).

Disease cycle and conditions that favor the pathogen

Unlike many fungi, Rhizoctonia does not produce spores. Thus, it survives 
primarily as thick-walled hyphae in decaying roots, or as a multicellular 
structure composed of thick cells called a sclerotium. This inoculum can 
survive for one to two years in dry or frozen soils. When the root grows 
adjacent to an infected root or sclerotium in the spring, the fungus is 
stimulated to germinate, and forms a network of mycelium. These strands 
attach to the root, penetrate the root, produce enzymes that kill the root, 
and proceed to grow up and down the root system. Once the root is 
killed, the fungus can continue to grow on the dead roots as a saprophyte. 
Rhizoctonia distribution is affected by several environmental factors. It 
is favored by moist soil in the spring, and cool temperatures (50–60°F). 
The fungus can grow a considerable distance from the inoculum source 
and makes a network that spreads through the soil, causing patches. This 
disease is favored by reduced tillage, or direct seeding, but also occurs 
with conventional tillage (Schroeder and Paulitz 2008). Studies have 
documented that about 2 years after conversion from conventional to 
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no-till, the disease can become more severe and cause bare patches. 
However, after no-till has been continued for 7–10 years, the disease 
then declines which may be a result of natural suppression mediated by 
natural microflora in the soil. There is some evidence that the pathogen 
is favored by more sandy soils, possibly due to larger pore sizes and ease 
of hyphal spread. In eastern Washington, studies have shown the highest 
incidence of AG-8, and also the appearance of bare patches, is found 
in the lower precipitation zones of the wheat-summer fallow areas of 
Ritzville, Lind, and Connell, as well as the Dayton-Walla Walla area. R. 
oryzae is more evenly distributed across eastern Washington (Okubara et 
al. 2014). Finally, sulfonylurea (SU) and imidazolinone (IMI) herbicides 
may predispose cereals to infection by Rhizoctonia.

Potential effects of climate change

The potential effect of climate change on Rhizoctonia root rot is unknown 
at this time.

Rhizoctonia management strategies

Prevention

The pathogen is already widely distributed, and is not seed transmitted. 
However, use of fresh, certified seed contributes to overall seedling vigor 
and health.

Avoidance

There are no resistant wheat or barley varieties at the present time and 
crop rotation is not effective.

Monitoring

Tracking symptoms by management units during the current growing 
season is critical to making informed management decisions for the 
following growing season. There are no effective control actions to 
suppress the disease once symptoms appear in a crop. Sampling for 
positive identification of R. solani or R. oryzae aids decision-making. 
Historically, quantification of most of the soilborne pathogens has 
been very difficult. However, recently developed molecular methods of 
quantification (real-time PCR) and identification are now available and 
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the technology has been transferred to commercial labs (e.g., Western 
Labs in Parma, Idaho). Bare patch can be monitored visually; remote 
sensing may be a useful tool for monitoring.

Suppression

Resistance

There is no resistance in any commercially available varieties. However, 
recent research has identified promising germplasm derived from 
synthetic wheats, selected in the field under high inoculum conditions 
(Mahoney et al. 2016).

Cultural practices

Cultural practices are the primary pathway for managing this disease. The 
most important strategy is green bridge management and appropriate 
herbicide timing. Rhizoctonia can also attack the roots of volunteer crop 
and grassy weeds in the fall and spring. When these plants are killed by 
herbicides such as glyphosate (Roundup), the herbicide shuts down the 
defense pathways in the plant. Thus, Rhizoctonia can act as a saprophyte 
and quickly colonize the dying weed in high levels. If the new crop is 
planted soon after spraying out, Rhizoctonia can bridge or spread from 
these dying roots to the new crop, causing extensive damage. However, if 
there is a suitable interval between spraying of weeds and planting, disease 
is reduced because natural microbial activity will reduce the Rhizoctonia 
inoculum. Research has shown the ideal interval to be about two to three 
weeks. Tillage may reduce the disease, possibly because of breaking up 
hyphal networks, but this has other disadvantages such as increased soil 
erosion, decreased organic matter and soil health, and increased fuel 
inputs. In no-till systems, high-disturbance seed openers such as chisel 
openers, as opposed to low-disturbance disk openers, may reduce disease. 
Fallow has been shown to reduce inoculum, but after one year, disease can 
still occur, although reduced. Rotation has not been shown to be effective 
because many of the groups also attack broadleaf crops. Application of a 
starter fertilizer in the seed row has been documented to reduce damage 
to the seedlings and increase yield by placing the nutrients adjacent to 
seedling roots and by overcoming early nutrient deficiencies caused by 
root pruning.
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Chemical

Several classes of seed treatments have been shown to improve seedling 
health at early stages. These include triazoles, fludioxonil, strobilurins, 
penflufen, and sedaxane, an SDHI. Under high inoculum levels, they can 
improve plant height, number of roots, etc. However, these chemicals are 
not systemic in the plant and cannot protect roots of older plants. In most 
cases, yield will not be increased significantly. 

For more information on Rhizoctonia root rot, see Smiley et al. (2012) 
and Schroeder (2014).

Take-All Disease

Background, causal agents, and distribution

This disease is called take-all because it takes a major proportion of the 
yield under severe conditions. It attacks the roots, lower crown, and 
lower stem of wheat plants. It is found worldwide in wheat production 
areas with higher precipitation or irrigation and neutral-alkaline soils in 
temperate areas, where wheat is sown in the autumn. It is caused by the 
pathogen Gaeumannomyces graminis var. tritici (Ggt). Low populations 
are found across the dryland PNW region. Cereal hosts include wheat, 
barley, triticale, and, to a lesser extent, rye. Another subspecies, G. 
graminis var. avenae attacks oats, and G. graminis var. graminis attacks 
other grasses such as turfgrass and rice. Weed hosts of Ggt include brome 
grasses, wheatgrass, and quackgrass. However, Ggt populations do not 
cause disease on broadleaf rotation crops such as pea, lentil, and chickpea 
(Table 10-5).

The main diagnostic feature is black discoloration of roots, crowns, and 
lower stems caused by external mycelial growth on the surface of the 
root or stem. This is seen even after the roots are washed free of soil. 
In some cases, adhering soil can also cause blackening of the root, but 
this is not take-all. Black discoloration may also be seen on the subcrown 
internode and seminal and crown roots. Under severe conditions, the 
blackening can extend up to the first internode. Crown discoloration 
can also be seen in other diseases, but the symptoms are distinct. With 
Fusarium crown rot, the discoloration is brown in color, not black. In 
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Table 10-5. Take-all characteristics and management options for dryland cereal producers.

Take-all disease
Background

• Causal agents: 
Gaeumannomyces graminis 
var. tritici

• Source: decaying roots and 
host residue in soil 

• Wide distribution: low levels 
found in most dryland wheat

• Host range: wheat, barley, 
triticale, rye, grasses 

• High risk: winter wheat, wheat 
after wheat, irrigation, neutral-
alkaline soils (pH > 6), infertile 
soils especially where Mn is 
deficient

Economic impact
• 30% average annual losses

Management options
• Eliminate green bridge
• Rotation with 1–2 years of a 

non-host broadleaf
• Accelerate residue 

decomposition

Key diagnostics
• Black discoloration of roots 

and lower stem
• Dark runner hyphae on roots
• Whiteheads 
• Plants easy to pull or breakage

Ongoing research
• Screening for resistance 

(currently no resistant 
varieties)

common root rot, the discoloration is dark brown to black, but is seen 
more on the subcrown internode rather than the lowest internode. With 
eyespot or sharp eyespot, the discoloration is in a distinct, elongated, 
eye-shaped lesion with distinct margins. The other distinct symptom is 
whiteheads, seen after heading, when normal wheat heads should still be 
green. Whiteheads turn prematurely, and the grain is smaller in size. This 
is because severe infections in the lower stem cut off the flow of water and 
nutrients during grain filling. But other diseases or pathogens can cause 
whiteheads, including Fusarium crown rot, Cephalosporium stripe, and 
cereal cyst nematode.

Disease cycle and conditions that favor the pathogen

Disease is most severe when wheat is grown continuously for 2 or 3 years 
without rotation to a non-host such as a legume. It is also most severe 
under high precipitation conditions or irrigation including areas west of 
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the Cascade Mountains. It is mostly a disease of winter wheat, grown 
in soil with pH > 6. It is also most severe in soils deficient in N, P, and 
especially manganese (Mn). The pathogen survives in infected roots, and 
colonizes the roots as runner hyphae on the outer parts of roots. Unlike 
other soilborne pathogens, it does not form a resistant spore that survives 
in the soil. This is why just one year of rotation to a non-host can reduce 
the disease. It can form a sexual spore called an ascospore over the winter 
on fruiting bodies on infected roots and leaf sheaths, but this is probably 
not important in the epidemiology of the pathogen in the PNW. The 
disease spreads by runner hyphae from infected roots to new roots.

Potential effects of climate change

If spring and summer precipitation becomes more frequent and total 
spring and summer precipitation increases, the incidence and severity 
of take-all could increase.  However, the frequency of wheat in the crop 
rotation and soil pH will likely have a stronger influence than changes in 
climate.

Take-all management strategies

Prevention

Not feasible since the pathogen is already widely distributed across the 
dryland PNW and is not seed transmitted.

Avoidance

There is no resistance in any commercially available varieties. Crop 
rotation with a non-host such as a legume, other broadleaf crop, or fallow 
is a means of avoidance.

Monitoring

Monitoring field symptoms during the current growing season is critical 
to making informed management decisions for the following growing 
season. There are no effective control actions to suppress the disease 
once symptoms appear in a crop. The disease can easily be identified 
by looking at black discolored crowns and whiteheads, but by then the 
damage is done.
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Suppression

Resistance

There is no resistance in any commercially available varieties.

Other cultural practices

Rotation with a broadleaf non-host, such as a legume, or cereal, such as 
oat or corn, can be effective; a 1 to 2-year break is sufficient to reduce 
inoculum. Eliminating the green bridge is important because the take-
all pathogen can survive on volunteers and grassy weeds. Residue 
management to accelerate breakdown of residues can reduce disease. 
Optimum fertility and soil pH suppresses the disease; avoid N, P, or Mn 
deficiencies, and avoid liming if soil pH > 6.

Chemical

Some seed treatments have been shown to be effective in Europe and 
Australia, but none are registered in the US. The most commonly used 
seed treatments have no effect on take-all.

For more information on take-all disease, see Cook (2003).

Pythium Root Rot

Background, causal agents, and distribution

Pythium is a soilborne, parasitic, fungus-like organism that can attack the 
seeds and root systems of wheat and barley, pruning and rotting the roots 
and inhibiting their ability to take up water and nutrients. As a result, 
plants are stunted and show decreased yields. Once classified with fungi, 
these organisms have been separated out based on several key differences, 
but plant pathologists still consider their behavior in soil to be like fungi. 
This pathogen is widespread across all dryland cereal production areas 
(Table 10-6).

Key diagnostic features

Soilborne pathogens are often difficult to diagnose based on aboveground 
symptoms. In fact, Pythium is often called “the common cold of wheat,” 
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Table 10-6. Pythium root rot characteristics and management options for dryland cereal producers.

Pythium root rot
Background

• Causal agents: numerous 
Pythium species, but P. 
ultimum and P. irregulare group 
I and IV are most virulent

• Source: infested soil, decaying 
roots

• Wide distribution
• Wide host range: cereals, 

grasses, rotation crops
• Highest risk: cool, wet, spring 

conditions; lower, poorly 
drained areas of the field

Economic impact
• 15–20% potential yield loss

Management options
• Seed treatment
• Eliminate green bridge 
• Starter fertilizer below or with 

seed
• Residue management to 

reduce load in no-till systems 
(use of chaff spreaders, straw 
choppers, or mowers)

Key diagnostics
• Stunted plants, yellowing, 

reduced tillering
• Reduced root system
• Delayed heading and poor 

grain fill 

Ongoing research
• Distribution of species across 

eastern Washington

because it is ubiquitous and the symptoms are so non-descript. The 
impacts of Pythium were not known until the early 1980s when R.J. Cook 
did landmark experiments with the new fungicide metalaxyl, which 
was specific for Oomycetes. When plots treated with a soil drench were 
compared side-by-side with non-treated plots, the effect was dramatic: 
greener tissue, more canopy, greater plant height, and better yield. 
Pythium causes stunting and yellowing of seedlings, which is often seen 
in wetter, lower parts of the field. Unlike Rhizoctonia, it is hard to see 
Pythium symptoms on the roots because infected roots are quickly rotted 
away. However, overall, the root biomass is less, and there are fewer lateral 
roots (Figure 10-4). Root hairs are reduced, but this can only be seen 
under a microscope. The first leaf is often reduced in length because of 
early infection while still in the embryo stage. One of the best diagnostic 
features is the observation of resting spores, called oospores, inside 
rotted roots, but this also requires a microscope. However, researchers 
at the USDA-ARS have developed molecular methods of detecting 
and quantifying Pythium in the soil. These tests can be performed by 
commercial labs (e.g., Western Labs in Parma, Idaho).
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Figure 10-4. Top: Pythium symptoms on untreated wheat (rows on the left) and metalaxyl-treated 
wheat (4 rows on the right). Bottom: Wheat grown in pasteurized soil shows healthy root growth (left) 
compared to roots grown in natural soil (right). (Photos by R. James Cook.)
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Disease cycle and conditions that favor the pathogen

Moist soil and cool temperatures (50–60°F) in the spring favor Pythium 
for several reasons. First, many species produce motile swimming spores, 
called zoospores, that are attracted to roots and seeds and can initiate 
infections. These require free water in the soil to move, so they are only 
active in wet soils. However, many of the species in the dryland areas 
of the PNW do not produce zoospores. Also, cool conditions delay the 
emergence of seeds and seedlings, giving more time for the pathogen to 
attack succulent juvenile tissue. Pythium species are considered pioneer 
pathogens because they can grow to the seed or seedling and infect it 
in a matter of hours as well as rot the root ahead of other pathogens. 
The slower the emergence (due to cool temperatures), the more damage. 
However, Pythium can still continue to attack the growing roots as long 
as soil moisture is adequate. Once the root is infected, the pathogen will 
destroy the root and root hairs. Then, in a matter of days, it will reproduce 
by producing sporangia, which can produce more zoospores, or produce 
oospores, which are the thick-walled, resistant survival structures. These 
can survive in the soil under hot, dry, or cold conditions for many years 
before germinating to infect roots. This disease can be favored by direct 
seeding conditions because the heavy residue in the spring will keep the 
soils wetter and retards the heating of the soil from solar radiation.

Potential effects of climate change

Pythium would be favored by cool, wetter conditions in the spring.

Pythium management strategies

Prevention

Prevention is not feasible. The pathogen is already widely distributed, and 
is not seed transmitted. However, use of fresh, certified seed contributes 
to overall seedling vigor and health. This is especially important with 
Pythium because older seed takes longer to emerge and gives more time 
for Pythium to attack.

Avoidance

There are no resistant wheat or barley varieties at the present time, and 
crop rotation is not effective.
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Monitoring

Monitoring field symptoms during the current growing season is critical 
to making informed management decisions for the following growing 
season. There are no effective control actions to suppress the disease 
once symptoms appear in a crop. Sampling for positive identification of 
Pythium can aid management in decisions. Historically, quantification of 
most of the soilborne pathogens has been very difficult. However, recently 
developed molecular methods of quantification (real-time quantitative 
PCR) are now available and the technology has been transferred to 
Western Labs in Parma, Idaho.

Suppression

Chemical

Most commercially available cereal seed treatments contain metalaxyl or 
mefenoxam. This chemical is very effective against Pythium to protect 
the seed and young seedling. It is especially important to treat seeds such 
as pea, chickpea, or lentil, which may not emerge without protection. 
However, these chemicals are not systemic in the plant, and cannot 
protect roots of older plants. In most cases, yield of cereals will not be 
increased significantly. Recently, Pythium species from chickpea have 
been identified with resistance to mefenoxam, but the impact on cereal 
crops is not known.

Resistance

There is no resistance in any commercially available varieties.

Other cultural practices

One of the most important strategies is elimination of the green bridge 
using appropriate herbicide timing, which can also be effective against 
other soilborne pathogens such as Rhizoctonia. Pythium can attack the 
roots of volunteer crops and grassy weeds in the fall and spring. When 
these plants are killed by herbicides such as glyphosate, the herbicide shuts 
down the defense pathways in the plant, enabling Pythium to more readily 
attack the roots, greatly increasing in population. If the new crop is planted 
soon after herbicide application, Pythium can attack new seedlings that 
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contact these dying roots, causing extensive damage. However, if there 
is a suitable interval between spraying of weeds and planting, disease 
is reduced because natural microbial activity will reduce the inoculum. 
Research has shown the ideal interval for Rhizoctonia to be about 2–3 
weeks, and this may also apply to Pythium. Residue management such 
as chaff spreaders, straw choppers, mowers, or harrows may reduce the 
residue in the spring under no-till conditions, allowing soil to warm and 
dry faster to reduce Pythium damage. Rotation has not been shown to be 
effective because many of the groups also attack broadleaf crops. Fallow 
may not be effective for all species because of the long survival period 
of oospores. Application of a starter fertilizer in the seed row has been 
documented to reduce damage to the seedlings and increase yield by 
placing the nutrients adjacent to seedling roots and by overcoming early 
nutrient deficiencies caused by root pruning.

For more information on Pythium root rot, see Smiley et al. (2012).

Fusarium Crown Rot

Background, causal agents, and distribution

This disease is known by a variety of names: Fusarium crown rot, 
dryland foot rot, and Fusarium root rot. A number of Fusarium spp. can 
colonize the roots, lower stem (crown), and leaf sheaths of wheat and 
barley, but the most virulent and important are Fusarium culmorum 
and F. pseudograminearum. This disease is distinguished from another 
crown disease, called common root and foot rot, caused by the pathogen 
Bipolaris sorokiniana, which is present in dryland wheat but has not been 
a major problem like Fusarium. To make things even more confusing, 
the eyespot disease caused by Oculimacula yallundae and O. acuformis is 
also commonly referred to as foot rot or strawbreaker foot rot. In dryland 
areas with little summer precipitation, Fusarium pathogens are mainly 
confined to the lower stem, but in areas with precipitation at flowering 
or in irrigated areas, these pathogens may also infect heads causing head 
blight, along with another species, F. graminearum. 

Fusarium is a parasitic fungus; both species are pathogens of cereals 
and grasses, including grassy weeds. Cereal hosts include wheat, barley, 
oats, and rye. Weed hosts include wheatgrass, downy brome, and fescue. 
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However, they do not cause disease on broadleaf rotation crops such as 
pea, lentil, and chickpea (Table 10-7).

Key diagnostic features

The key diagnostic feature of both F. culmorum and F. pseudogramin-
earum is the chocolate brown discoloration that is found on the lower 
stem and internodes of a mature wheat plant. In the early part of the 
growing season, the outer leaf sheaths are also brown and the infection 
can extend into the main culm. Brown discoloration can also be seen on 
the subcrown internode and seminal and crown roots. Crown discolor-
ation can also be seen in other diseases, but the symptoms are distinct. In 
take-all, the discoloration is black in color, not brown. In common root 
rot, the discoloration is dark brown to black, especially on the subcrown 
internode. With eyespot or sharp eyespot, the discoloration is in a dis-
tinct, elongated, eye-shaped lesion with distinct margins. The discolor-
ation caused by Fusarium is more diffuse, present on the entire culm. The 
other distinct symptom is whiteheads, seen after heading, when normal 
wheat heads should still be green (Figure 10-5). Heads turn white prema-
turely and the grain is smaller in size. This is because severe infections in 

Table 10-7. Fusarium crown rot characteristics and management options for dryland cereal producers.

Fusarium crown rot
Background

• Causal agents: Fusarium 
pseudograminearum; F. 
culmorum

• Source: infested soil, residue, 
chlamydospores in soil

• Wide distribution, in 95% of 
PNW fields

• Host range: cereals, grasses, 
not broadleaf crops

• High risk: drought, water 
stress, excess N fertilizer, 
highly susceptible varieties

Economic impact
• 10% average yield loss, but as 

high as 30%
Management options

• N management: do not over 
fertilize: excess N can lead to 
drought stress

• Avoid early planting of winter 
wheat

• Avoid highly susceptible 
varieties 

• Residue management

Key diagnostics
• Brown discoloration of lower 

stem, subcrown internode
• Whiteheads

Ongoing research
• Resistance/tolerance breeding
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the lower stem cut off the flow of water and nutrients during grain filling. 
Fusarium can easily be isolated from discolored stems, and pinkish myce-
lium is often seen inside infected culms.

Disease cycle and conditions that favor the pathogen 

Disease is often most severe under water stressed conditions and where 
excess nitrogen has been applied. Drought stress predisposes the pathogen 
to move into the crown from previous latent infections. When too much 
nitrogen is applied under dryland conditions, plants produce luxurious 
vegetative growth, but then run out of water and go into drought stress. 
Early planting of winter wheat can also result in plants outstripping the 
water supply and allows for a greater period of time for Fusarium to infect 
in the fall. Both Fusarium pathogens can grow under very dry conditions, 
much drier than most fungi. Both pathogens survive in infected 
stubble. Poole et al. (2013) found that F. pseudograminearum occurred 
more frequently at lower elevations with higher temperatures than F. 
culmorum, which was found more often at higher, moister, cooler sites. 
The pathogens can infect roots in the fall (in the case of winter wheat) but 
can also infect the lower stem and crown at or below the soil line from 
contact with infected stubble. These infections can proceed into the outer 
leaf sheaths and into the culm, and later move up 2 or 3 internodes. Both 
species also produce thick-walled chlamydospores in the soil, which can 

Figure 10-5. Crown damage and whiteheads caused by Fusarium crown rot. (Photos by Richard Smiley, 
Oregon State University.)
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survive for many years, especially in the case of F. culmorum, hence the 
ineffectiveness of short rotations away from cereals.

Potential effects of climate change

This disease may increase under more frequent drought conditions.

Fusarium management strategies

Prevention

The pathogen is already widely distributed across the dryland PNW, and 
is not seed transmitted.

Avoidance

There are no resistant wheat or barley varieties at the present time. Crop 
rotation is not an effective management strategy because the pathogen 
(especially F. culmorum) has the ability to survive for several years between 
the presence of a host crop. However, rotation may reduce inoculum.

Monitoring

Monitoring field symptoms during the current growing season is critical 
to making informed management decisions for the following growing 
season. There are no effective control actions to suppress the disease 
once symptoms appear in a crop. The disease can easily be identified by 
looking at discolored crowns and whiteheads, but by then the damage is 
done. But this can give the grower an idea of the susceptibility of varieties 
and where the disease is a problem in the field.

Suppression

Chemical

Most seed treatments contain triazoles, and claims have been made that 
seed treatments can reduce Fusarium crown rot, but good data is lacking. 
Part of the problem is that this is a crown disease, and most seed treatments 
do not provide long-term systemic protection to older plants at a time 
when infection may occur in roots or at the soil line. However, new seed 
treatment fungicides with different modes of action are currently being 
tested, but efficacy is unknown.
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Resistance

There is no resistance in any commercially available varieties. However, 
there is a range of susceptibility and some varieties may be more tolerant 
than others. Growers should avoid highly susceptible varieties.

Other cultural practices

One of the most important suppression strategies is to manage nitrogen 
and water stress. The fertilizer rates should be based on realistic yield 
goals dependent on the stored soil moisture so that excessive vegetative 
growth and depletion of soil water is avoided. Later planting of winter 
wheat may also avoid outstripping the water supply and reduce the time 
in the fall when root infections can occur. Rotation with a broadleaf crop 
or fallow is only effective if there are two or more years out of cereals 
because of the long survival of the pathogen in the soil. Studies on residue 
management have been mixed. Burning has not been effective in reducing 
disease because the fungus can survive in the soil and lower crowns, 
which do not reach lethal temperature during burning. Stubble sizing and 
harrowing did not affect disease level probably because the inoculum is 
then spread around the field. Some studies from Australia have shown that 
row cleaners to remove stubble from the rows and precision placement of 
rows between the previous rows may reduce disease.

For more information about Fusarium crown rot, see Smiley et al. (2005; 2012).

Root-Lesion Nematode

Background, causal agents, and distribution

Root-lesion nematodes are tiny, worm-shaped, migratory endoparasites 
that live throughout the root zone, feed on living plant roots, and are 
well-adapted to survive between host crop growing seasons. Root-lesion 
nematodes have multiple hosts (cereals, oilseeds, grain legumes, and 
grasses) and are adapted to different cropping systems and agroclimatic 
conditions across the PNW. Management options are limited; inoculum 
can increase and spread rapidly once introduced in a field. Two species, 
Pratylenchus thornei and P. neglectus, are important economically in the 
dryland region; P. neglectus is more prevalent in the inland PNW, whereas 
P. thornei typically causes greater impact worldwide (Table 10-8). The 
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damage caused by root-lesion nematodes reduces wheat profitability in 
the region by an estimated $51 million annually (Smiley 2015b). Root-
lesion nematodes have been found in up to 90% of sampled fields in 
Washington, Oregon, and Idaho, including the driest grain-fallow areas, 
and reduce small grain yields by an estimated 5% annually in the tri-
state region, although damage can be up to 50%. Oregon studies indicate 
that yields may be reduced when populations exceed a potential damage 
threshold of 1,000 nematodes per pound of soil. However, relationships 
between plant-parasitic nematode densities, yield response, and 
economic damage are difficult to generalize across regions because they 
are influenced by site-specific interactions with climate, soils, host crop 
tolerance, and other biotic factors.

Key diagnostic features

Damage caused by root-lesion nematodes is often not recognized and 
is underestimated. Aboveground symptoms are non-specific, including 

Table 10-8. Root-lesion nematode characteristics and management options for dryland cereal 
producers.

Root-lesion nematode 
Background

• Causal agents: Pratylenchus 
neglectus; P. thornei

• Source: soil, eggs, and host 
crop roots 

• Wide distribution across the 
PNW including driest zones

• Wide host range: small grains, 
grasses, lentils, chickpea, peas, 
oilseeds, pasture legumes

• High risk: continuous cropping

Economic impact
• Average yield reduction of 5% 

but can reduce grain yield up 
to 50% in the PNW; $51 million 
annual impact

Management options
• Monitor populations and risk 

(soil test)
• Fallow
• Eliminate green bridge
• Rotate with less susceptible 

crop such as barley
Key diagnostics

• Decrease in number of lateral 
roots, reduced root mass; 
presence of root lesions

• Stunted, yellowed plants
• Can be confused with fungal 

root rots

Ongoing research
• Rotation and tillage effects
• Development of varieties with 

both resistance and tolerance 
to P. neglectus and P. thornei
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stunting, reduced tillering, and chlorosis. Moisture or nutrient deficiencies 
occur earlier than in adjacent healthy plants, limiting yield (Figure 10-6). 
Root penetration and feeding reduces the number of root hairs and the 
extent of root branching on intolerant crops, restricting water and nutrient 
uptake. Symptoms appear on roots when plants are 6–8 weeks old and 
can be confused with Pythium or Rhizoctonia symptoms. Lesions caused 
by nematode penetration of root tissues predispose crops to secondary 
infections by other root rot pathogens. Typically, root-lesion nematode 
distribution is variable within fields; crop canopies may show irregular 
height and growth stages.

Disease cycle and conditions that favor the pathogen 

The root-lesion nematode completes its life cycle in 6 to 9 weeks; numbers 
increase rapidly throughout the growing season. Adult females deposit 
up to 1 egg per day inside susceptible host roots or in moist soils when 
temperatures are favorable (68–77°F) and can remain active in cold, moist 
soil. Juveniles emerge from eggs at around one week; juveniles and adults 
feed both on and inside plant root tissue. 

Figure 10-6. Reduced productivity of wheat grown in root-lesion nematode-infested soil (right, untreated) 
compared to nematicide-treated wheat (left). (Photo by Richard Smiley, Oregon State University.)
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Distribution and population are influenced by many agronomic and envi-
ronmental factors. Continuous cropping with susceptible host crops favors 
root-lesion nematodes; populations increase with the planting frequency 
of susceptible small grains, oilseeds, peas, lentils, and chickpeas. Spring 
wheat is more susceptible than winter wheat; barley is less susceptible than 
wheat. Volunteer host crops and weeds harbor inoculum between and 
during growing seasons. Soil texture does not appear to limit population 
density.  Levels that have the potential to be economically harmful occur in 
both the grain-fallow and the higher precipitation annual areas. However, 
damage is typically greater in more limited soil moisture conditions. Root- 
lesion nematodes may move vertically in the soil profile to reach optimal 
soil moisture. Conservation tillage does not appear to increase populations. 
However, imazamox-resistant wheat varieties may be impacted by root- 
lesion nematodes migrating from dying weeds as a result of imazamox 
applications to control winter annual grassy weed infestations. Conservation 
Reserve Program (CRP) fields can support high populations.

Potential effects of climate change

The potential effect of climate change on root-lesion nematodes is 
unknown at this time. However, studies show that distribution and density 
are impacted by variability in temperature and in winter precipitation 
levels (Kandel et al. 2013).

Root-lesion nematode management strategies

Prevention

Field and equipment sanitation are the first lines of defense to prevent the 
introduction of inoculum from infested soil into clean fields. However, 
these strategies may be of limited utility due to the widespread distribution 
of these nematodes in the PNW.

Avoidance

Avoidance by host resistance or rotation is not currently an option. All 
locally adapted commercial wheat varieties that have been tested are 
susceptible to root-lesion nematodes and a wide range of hosts crops are 
also susceptible.
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Monitoring

From a management perspective, it is highly useful to identify root-
lesion nematodes to the species level; crop varieties vary widely in their 
response to P. thornei or P. neglectus. These species are very similar and 
difficult to distinguish. Recently developed DNA-based molecular testing 
can precisely identify and quantify individual species. Risk of economic 
damage increases as populations exceed 1,000 nematodes per pound of 
soil, at any soil depth.

Suppression

Risk can be reduced by decreasing populations; inoculum increases with 
the frequency of a susceptible crop.

Chemical

There are no foliar or seed-applied treatments to control root-lesion 
nematodes; no nematicides are currently registered for use in the PNW, 
and no commercial biological controls are available.

Resistance

No locally adapted commercial wheat varieties are resistant to either P. 
neglectus or P. thornei; several varieties show tolerance to P. neglectus. 
Spring wheat varieties with moderate tolerance to both root-lesion 
nematode species include ‘Buck Pronto,’ ‘Tara 2002,’ and ‘Jerome.’ Barley 
is less susceptible than wheat and can help reduce inoculum. Barley 
varieties respond variably to Pratylenchus; two-rowed feed barleys ‘Camas’ 
and ‘Bob’ have tolerance to both species and typically perform better than 
spring wheat varieties. Planting barley in fields transitioning from CRP 
can reduce risk to a subsequent wheat crop. Regional breeding program 
goals include developing wheat varieties with dual species resistance and 
tolerance to reduce damage and eliminate the need to identify root-lesion 
nematodes by species.

Other cultural practices

Rotation is not an effective standalone management practice. Where 
economical, a winter wheat-spring barley-summer fallow rotation 
can help reduce Pratylenchus populations in two phases: barley is less 
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susceptible than wheat, and clean fallow controls host plants. Eliminating 
the green bridge and controlling volunteer and weed hosts during and 
between crop seasons also help reduce populations.

For further detail on root-lesion nematodes, see Smiley (2015a; 2015b), 
the primary sources for the information presented in this section.  

Cereal Cyst Nematode

Background, causal agents, and distribution

Cereal cyst nematodes are sedentary endoparasites belonging to the 
Heterodera avenae cyst nematode group, which feed on and form egg-
bearing cysts in living roots of small grain cereals and grasses. In contrast 
to root-lesion nematodes, cereal cyst nematodes do not infest broadleaf 
crops. Two Heterodera species, H. avenae and H. filipjevi, are important 
economically in the cereal production regions in Oregon, Washington, 
and Idaho, reducing average annual wheat profitability $3.4 million 
(Table 10-9). H. avenae, found in most major wheat production areas 
worldwide, was first reported in western Oregon in 1974, and in eastern 
Oregon and Washington fields in 1984. By 2005, surveys showed that H. 
avenae had become more widespread in the wheat production areas of all 
three states. H. filipjevi, a quarantine pest, was first identified in Union 
County, Oregon, fields in 2008 and, more recently, H. filipjevi was found 
at sites sampled in southeast Whitman County, Washington, in 2014. 
H. filipjevi will likely be detected in additional locations in the region 
using recently developed species-specific molecular testing techniques. 
Currently there is no evidence that H. filipjevi causes greater damage 
than H. avenae. The risk of quarantines being required is small since the 
pathogen is already established in the area. 

Molecular identification and quantification data have helped increase 
our understanding of the distribution and epidemiology of plant 
parasitic nematodes. H. avenae and H. filipjevi are closely related; minor 
morphological differences distinguish them. However, recent studies 
show that spring wheat and barley cultivars differ in their response to 
the two species. For example, spring wheat cv. ‘Louise’ is susceptible to 
both species, cv. ‘WB-Rockland’ is resistant to H. avenae but susceptible 
to H. filipjevi, and cv. ‘SY Steelhead’ has resistance to H. filipjevi and is 
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Table 10-9. Cereal cyst nematode characteristics and management options for dryland cereal 
producers.

Cereal cyst nematode 
Background

• Causal agents: Heterodera 
avenae, H. filipjevi

• Source: soil, cysts, eggs, and 
host crop roots

• Distribution: H. avenae is 
widespread in region; H. 
filipjevi has been identified 
in northeastern Oregon and 
eastern Washington

• Hosts: small grains, grasses
• High risk: annual cropping of 

susceptible host; spring wheat 
more susceptible than winter 
wheat

Economic impact
• Yield reductions up to 50% on 

intolerant varieties; average 
reductions of 10%

• H. avenae reduces annual 
wheat profitability >$3.4 
million in the PNW

Management options
• Eliminate green bridge 
• Rotate with non-host 

broadleaf crops 
• Resistant + tolerant varieties 

and cultivars

Key diagnostics
• Bushy proliferation of small, 

shallow roots at the points of 
nematode feeding

• White females (pinhead sized) 
protruding from roots at 
heading

• Patches of stunted, yellowed 
plants

• Whiteheads

Ongoing research
• Distribution surveys and 

species determination
• Screening varieties for 

resistance plus tolerance
• Resistance breeding with 

known Cre (wheat) and Rha2 
(barley) genes

• Yield impact

susceptible to H. avenae. Races within a species can vary in reproductive 
capacity, or virulence, complicating risk assessment and resistance 
breeding. Recent studies indicate that the H. avenae and H. filipjevi races 
found in the PNW differ from those already described worldwide.

Key diagnostic features

Similar to root-lesion nematode, cereal cyst nematode symptoms on 
small grains are often not recognized and are confused with other causes. 
Growing an untreated susceptible variety next to a nematicide-treated 
crop helps researchers determine damage potential (Figure 10-7); no 
nematicides are registered for commercial use in the PNW. Symptoms of 
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H. avenae and H. filipjevi are indistinguishable. Aboveground symptoms 
are consistent with nutrient and water deficiency symptoms and mimic 
those caused by other root diseases or environmental stresses due to field 
variability. Populations may be randomly distributed resulting in irregular 
patterns or patches of pale, stunted plants across a field. The number, 
extent, and location of patches depend on the size of the population 
and their distribution. Root symptoms typically appear when plants are 
6–8 weeks old. Tiny juveniles puncture and feed on young wheat and 
barley root tips causing root division and short, bushy root structure. 
At the cereal heading stage, white, pinhead-sized adult females become 
visible on roots. Once embedded in the root to feed, their bodies swell 
and protrude from the root surface. As infected roots die, females form a 
protective egg-filled cyst, dark brown (H. avenae) or lighter golden brown 
(H. filipjevi) in color. Root damage may predispose plants to secondary 
infestation by other root-infecting organisms.

Figure 10-7. Heterodera avenae symptoms on ‘Alpowa’ spring wheat (untreated, left) compared to 
nematicide treatment (right). (Photo by Richard Smiley, Oregon State University.)
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Disease cycle and conditions that favor the pathogen 

The cereal cyst nematode completes just one generation per cropping 
season and lives belowground for its entire life cycle. Cyst-encased eggs 
remain viable in the soil for many years, bridging growing seasons. 
Second stage juveniles emerge from overwintered cysts the following 
spring, as soils warm and moisture is favorable. These juveniles migrate to 
susceptible host crop roots, and puncture and feed on young meristematic 
tissue at root tips. Some eggs remain in the cyst for years to better ensure 
emergence of juveniles in an optimal environment. Emergence of H. 
avenae occurs from late February to late May in eastern Oregon, with 
the peak in mid-April. Emergence patterns of H. filipjevi are not yet well-
understood; preliminary studies indicate H. filipjevi emergence peaks a 
few weeks ahead of H. avenae.

Continuous cropping with wheat or barley and 2-year grain-fallow 
sequences favor cereal cyst nematode populations; once infested, 
damage can spread across a field within 3–4 years. Spring wheat is more 
susceptible than winter wheat or spring barley, and late-planted winter 
grains are more susceptible than early-planted winter grains. Low fertility 
and deficient soil water intensify symptoms; plants benefit from adequate 
nutrition but do not respond to above-optimal rates. Cysts are sensitive to 
very dry soils. Conservation tillage does not appear to favor populations; 
no-till may reduce spread of inoculum throughout a field. While relative 
damage can be higher in sandy or droughty soils, cereal cyst nematodes 
are found in many soil types and are not restricted by soil texture. Risk 
of economic damage increases when H. avenae populations exceed 1,400 
eggs + juveniles (from cysts and soil matrix) per pound of soil. These 
levels are commonly found in fields in this region. Reducing populations 
to fewer than 1,000 eggs + 2nd stage juveniles per pound of soil helps 
minimize damage (Smiley 2016). Yield is expected to decrease as cereal 
cyst nematode population increases. However, similar to root-lesion 
nematodes, relationships between population and yield response vary, as 
they are impacted by interactions of climate, host crop, and soil factors.

Potential effects of climate change

The potential effect of climate change on cereal cyst nematodes is 
unknown at this time.
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Cereal cyst nematode management strategies

Prevention

Eradication is extremely difficult once cereal cyst nematodes become 
established. Avoid spreading infested soil to non-infested areas via equipment, 
animals, shoes, or crops. Infested soil may also be dispersed by wind or water.

Avoidance

Winter wheat sown during typical recommended planting dates will 
have less damage than spring wheat; plants can be well-established with 
healthy roots prior to peak emergence of juveniles in the spring. Late-
planted winter grains are more susceptible than early-planted winter 
grains; spring grains are more susceptible than winter grains.

Monitoring

Risk of economic damage increases as H. avenae populations exceed 1,400 
eggs + juveniles per pound soil. Identification of species is useful when 
a grower’s primary control strategy is based on the selection of variety 
resistance or tolerance. Wheat, barley, and oat varieties may respond 
differently to H. avenae or H. filipjevi. DNA-based molecular testing can 
precisely identify and quantify individual species and is available through 
regional commercial and research labs.

Suppression

Chemical

There are no foliar or seed treatments to control cereal cyst nematodes, 
and no nematicides are registered for use in the PNW.

Biological

No commercial biological controls are available. However, existing fungal 
and bacterial parasites of H. avenae may offer potential for study of or 
development as a biocontrol in the future.

Resistance

Planting wheat and barley cultivars with moderate resistance and 
tolerance to cereal cyst nematodes can reduce risk. Ideally, a cultivar 
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should be both resistant and tolerant to prevent buildup of inoculum 
and yield reduction. Breeding programs are focused on developing 
cultivars with dual resistance and tolerance to both H. avenae and H. 
filipjevi. Recent inland PNW trials identified spring wheat and barley 
varieties that showed resistance to or tolerance of cereal cyst nematodes 
(Marshall and Smiley 2016; Smiley 2016; Smiley et al. 2013). Response 
varied by cultivar, location, and species. For example, the hard red 
spring wheat cultivar ‘WB-Rockland’ showed both resistance and 
tolerance to H. avenae but was highly susceptible to H. filipjevi. Few 
wheat cultivars showed both resistance and tolerance to either species. 
Soft white spring wheat ‘Louise’ showed susceptibility to both species 
while ‘Ouyen’ was resistant to H. avenae but susceptible to H. filipjevi. 
Idaho studies identified 2-rowed and 6-rowed spring barley feed 
cultivars that showed moderate resistance plus moderate tolerance to 
H. avenae. Several barley malt cultivars also showed either resistance 
or tolerance; less is known about spring wheat and barley responses to 
H. filipjevi. ‘SY Steelhead’ spring wheat showed resistance to H. filipjevi 
but susceptibility to H. avenae. Variety resistance ratings are found in 
Smiley (2016).

Other cultural practices

Crop rotations which include resistant cereal varieties, non-host broadleaf 
crops, or fallow, with only 1 year of susceptible wheat, barley, or oats in 
a 3-year period can significantly reduce cereal cyst nematode numbers. 
Effective rotations include: (1) a 3-year sequence of winter wheat and two 
years of a non-host. The two non-host years could include two years of 
a broadleaf (oilseed or grain legume) crop, two years of clean fallow, or 
a single year of each; and (2) a 3-year sequence of winter wheat, spring 
wheat, and fallow or a broadleaf crop, where a resistant variety of spring 
wheat, winter wheat, or both are used. The traditional 2-year winter 
wheat-fallow rotation can be effective in the grain-fallow region if using a 
resistant winter wheat cultivar. Long rotations away from wheat are likely 
not going to be economical. 

Eliminating the green bridge and controlling volunteer host crops and 
grass weeds during all phases of a rotation helps reduce inoculum. 
Maintaining optimal fertility levels supports crop vigor.
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For further detail on cereal cyst nematodes, see Smiley (2015a; 2016), the 
primary sources for the information presented in this section. 

Eyespot (Strawbreaker Foot Rot) 

Background, causal agents, and distribution

The eyespot pathogens are capable of infecting wheat, barley, oats, rye, 
and several other grasses. However, winter wheat is the primary economic 
host, with spring wheat and barley only affected occasionally. Winter 
wheat losses can be up to 50% with severe infections (Table 10-10). The 
name eyespot comes from the characteristic eye-shaped lesions that occur 
on infected stems near the soil surface. This widespread disease in the 
PNW has been called strawbreaker foot rot locally since the mid-1900s, 
but the rest of the world knows it as eyespot. The name strawbreaker foot 

Table 10-10. Eyespot characteristics and management options for dryland cereal producers.

Rhizoctonia root rot and bare patch 
Background

• Causal agents: Oculimacula 
yallundae; O. acuformis

• Source: infested crop residue
• Wide distribution across PNW; 

more common in the higher 
precipitation zones

• Host range: mainly winter 
wheat, but some spring wheat 
and barley

• High risk: early planting, 
45–55°F with fall rains, open 
winter, susceptible variety

Economic impact
• Up to 50% yield reduction 

when severe
Management options

• Resistant winter wheat 
varieties

• Foliar fungicide in spring 
before stem elongation 

• Delayed fall seeding

Key diagnostics
• Eye-shaped lesions on stem or 

leaf heath (honey-brown with 
dark centers)

• Whiteheads
• Multi-directional lodging

Ongoing research
• New fungicide efficacy testing
• Resistance screening of 

advanced winter wheat lines 
and wild wheat, determining 
if eyespot resistance genes 
are equally effective for both 
pathogen species

Adapted from Murray 2014a.
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rot comes from the disease occurring near the base or foot of the stem 
and the tendency of infected stems to break and fall over, resulting in 
widespread lodging (Figure 10-8). An older and now less commonly used 
name is Cercosporella foot rot, which is derived from the old name of the 
causal fungus, Cercosporella herpotrichoides.

Eyespot is now recognized as being caused by two closely related fungi, 
Oculimacula yallundae and O. acuformis. Until about 1989 when the sex-
ual reproductive stage was discovered in South Australia, these fungi were 
grouped into the single species Pseudocercosporella herpotrichoides with 
varieties herpotrichoides and acuformis, respectively. At that time, variety 
herpotrichoides (O. yallundae) was the predominant eyespot pathogen in 
the PNW, but now variety acuformis (O. acuformis) is equally common. 

Two other diseases that can be confused with eyespot are sharp eyespot, 
caused by Rhizoctonia cerealis, and Fusarium crown rot, caused by 
Fusarium culmorum or F. pseudograminearum. As the name suggests, 
sharp eyespot has lesions on stems that are eye-shaped with a distinct 

Figure 10-8. Lodging of winter wheat caused by eyespot. (Photo by Tim Murray.)
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margin, but in the PNW are more superficial and rarely serious enough 
to cause yield loss. Fusarium crown rot is widespread and potentially 
damaging, but is distinguished by infected roots, crowns, and stem bases 
as opposed to eyespot, which only infects stem bases.

Key diagnostic features

Eyespot is very difficult to detect and identify with certainty in the early 
stages of disease development, and there is no way to determine which of 
the eyespot fungi is present by looking at stem lesions. The key diagnostic 
feature of eyespot is the presence of honey-brown, elliptical lesions on the 
leaf sheaths and true stem (Figure 10-9). Eyespot lesions have a diffuse, 
dark-brown margin, lighter brown center, and often have dark-colored 
centers, which is composed of fungal hyphae. One or more lesions can be 
present on the same stem. As plants age, lesions on true stems may become 
sunken in the center with bending or breaking of the stem. Lesions can 
also coalesce into larger lesions when more than one occurs on a stem. 

Figure 10-9. Characteristic early season stem lesions of eyespot. (Photo by Tim Murray.)
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Dead standing stems known as whiteheads may appear during warm 
weather after grain begins to develop. Infected stems may also fall over or 
lodge after grain has begun to develop. In some instances, lodged stems 
may fall in different directions, a symptom known as “straggling,” or they 
may fall in the same direction, which often occurs after a storm.

Disease cycle and conditions that favor the pathogen 

The eyespot fungi survive in the residue of plants that were infected while 
they were alive and nowhere else. The length of time they can survive 
depends on the environmental conditions, but typically can survive 3 or 
more years under PNW conditions (longer under dry conditions). In the 
fall when temperatures are about 40–50°F and rain is common, these fungi 
begin producing millions of microscopic spores on the infested residue. 
Spores spread to nearby seedlings by splashing and blowing rain where 
they land on leaf sheaths, begin growing, and penetrate and infect the 
plant. The eyespot fungi grow slowly and colonize the outer leaf sheaths 
of the developing plant and remain there until the true stem develops in 
the spring. The true stem becomes infected when it grows up through 
the colonized leaf sheaths, giving the eyespot fungi an opportunity to 
penetrate it. Once in the stem, the eyespot fungi colonize it and destroy 
structural vascular tissues that can result in lodging. Yield can be reduced 
even when the crop does not lodge, although greatest damage occurs 
when the crop lodges. 

Fall weather is most important for eyespot: cool temperatures from 40–
50°F with frequent rain is important. Eyespot is likely to be more severe in 
years when winter conditions are mild with minimal snow cover because 
the pathogen can continue to spread and develop in infected plants. In 
contrast, cold winters with prolonged snow cover reduce the potential for 
eyespot because the pathogens do not spread, and they develop slowly 
inside infected plants at the low temperatures under snow.

Early seeding favors eyespot, likely because the larger plants have more 
susceptible leaf sheaths for infection and are more likely to be contacted 
when spores are splashing around than smaller plants. Although the 
worldwide literature on residue management practices is mixed, eyespot 
is less severe in no-till fields than in conventionally tilled fields in the 
PNW, and this is likely due to the later seeding dates associated with 
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reduced or no-till and not the presence of residue per se. Short rotations, 
dense canopy, spring frost, and excess N status may also favor eyespot. 
Laboratory studies indicate that the rate of asexual sporulation is sensitive 
to temperature, light, water, and nutrient status, but it is not known how 
these factors may influence sporulation under field conditions. Increased 
understanding of population biology and epidemiology are needed to 
improve eyespot disease management.

Potential effects of climate change

Eyespot may become more severe in years when winter temperatures 
are warmer and there is less snow cover, as occurred in 2015–2016 
because these conditions are more favorable for infection and disease 
development.

Eyespot management strategies

Prevention

The eyespot pathogens were first reported in the PNW over 100 years 
ago and are widely distributed, so sanitation practices such as cleaning 
equipment to prevent infestation of a field are not practical or effective.

Avoidance

Planting an eyespot-resistant variety is the primary recommendation for 
its control. Several winter wheat varieties with effective eyespot resistance 
are available, but no resistant spring wheat or barley varieties have eyespot 
resistance owing to the relative unimportance of this disease in spring cereals.

Monitoring

Fields planted to eyespot-susceptible varieties should be scouted in early 
spring before stem elongation to determine whether eyespot is present 
in sufficient amount to justify a foliar fungicide application. Eyespot is 
favored by moist soil conditions and, consequently, often found in low 
areas of fields such as draws, swales, and in the toeslope of hills. Collect 
enough plants from around the field to give 50 stems; wash those stems 
and determine if they have eyespot lesions. Consider a foliar fungicide 
when 10% or more of the stems have recognizable eyespot lesions before 
stem elongation begins.
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Suppression

Chemical

There are no seed treatments that control eyespot. Fungicide application 
should be considered when 10% or more of stems have recognizable lesions 
before stem elongation begins (Zadok’s growth stage 30). Several foliar 
fungicide treatments are registered for eyespot control: propiconazole + 
thiophanate-methyl; cyproconazole + thiophanate-methyl; fluxapyroxad 
+ pyraclostrobin; and azoxystrobin + propiconazole. Resistance to the 
benzimidazole fungicides, thiabendazole, and thiophanate-methyl is 
present in Washington and Oregon. For this reason, use of a fungicide 
mixture containing more than one mode of action is recommended.

Resistance

See the Avoidance section.

Other cultural practices

Avoiding early seeding relative to the production area can be helpful 
in limiting eyespot development, but will not prevent it. Likewise, 
crop rotation may be useful for eyespot management by allowing time 
for infested residue to decompose, but again will not prevent eyespot. 
Planting spring wheat or barley instead of winter wheat in fields with 
history of severe incidence can suppress damage.

For more information on eyespot disease, see Murray (2006; 2014a).

Cephalosporium Stripe 

Background, causal agents, and distribution

Cephalosporium stripe is a chronic disease of winter wheat in the inland 
PNW. It was first reported in Washington State in the early 1950s, having 
been described in Japan in 1934. It has since been described in several 
other areas of the US and Europe. Cephalosporium stripe is a vascular 
wilt-type disease because the pathogen infects and colonizes the water-
conducting tissue (xylem) of the plant while it is alive and, in doing so, 
spreads throughout the plant. 
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Cephalosporium stripe is caused by the fungus Cephalosporium 
gramineum, which is an asexually reproducing fungus. Although this 
fungus has a wide host range among cereals and other grasses, the primary 
economic host is winter wheat. This disease can cause total loss of a wheat 
crop when environmental conditions are favorable and a susceptible 
variety is grown. The pathogen can be found in all precipitation zones in 
the inland PNW but is more common in the higher precipitation zones 
(Table 10-11).

Key diagnostic features

Cephalosporium stripe is easy to diagnose when characteristic yellow 
stripes develop in the leaves (Figure 10-10). Stripes run the length of 
the leaf blade and then extend down the leaf sheath. Symptoms may be 
present in late winter to early spring, depending on the susceptibility 

Table 10-11. Cephalosporium stripe characteristics and management options for dryland cereal 
producers.

Cephalosporium stripe 
Background

• Causal agent: Cephalosporium 
gramineum 

• Source: infested crop residue
• Wide distribution across PNW; 

more common in the higher 
precipitation zones 

• Host range: cereals, especially 
winter wheat; fall annual 
grasses

• High risk: early seeding, 
45–55°F with fall rains, open 
winters with soil heaving, low 
soil pH, susceptible variety

Economic impact
• Up to 100% yield loss on 

winter wheat when disease is 
severe

Management options
• Tolerant varieties
• 3-year crop rotation out of 

winter wheat
• Delayed seeding
• Reduce residue (fragment or 

bale) 
• Liming to raise soil pH > 5.5

Key diagnostics
• Vascular wilt, long yellow 

stripes in leaf blade extending 
down sheath; brown streaks in 
yellow stripes

•  Whiteheads, stunting, double 
canopy

Ongoing research
• Resistance screening
• Seed transmission
• Molecular detection
• Transfer of genetic resistance 

from wheatgrass
• Genetic variation 

Adapted from Murray 2014b.
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Figure 10-10. Characteristic yellow striping of Cephalosporium stripe disease. (Photo by Tim Murray.)

Figure 10-11. Whiteheads (stunted, dead standing stems) on wheat caused by severe Cephalosporium 
stripe. (Photo by Tim Murray.)
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of the variety. Eventually, small, brown, necrotic streaks develop in the 
center of the stripes and ultimately the entire width of the stripe may 
turn brown as the tissue dies. Depending on environmental conditions 
and susceptibility of the variety, stripes may appear in the flag leaf 
and eventually the head, resulting in dead standing stems known as 
whiteheads (Figure 10-11). Infected stems are often stunted, resulting 
in a “double canopy” with heads on healthy stems standing taller than 
heads on infected stems. Cephalosporium stripe is favored by moist soil 
conditions and, consequently, often found in low areas of fields such as 
draws, swales, and in the toeslope of hills.

Disease cycle and conditions that favor the pathogen 

C. gramineum survives primarily in the residue of plants that were 
infected while they were alive. The length of time the pathogen can survive 
depends on the environmental conditions, but typically it can survive 3 
or more years under PNW conditions (longer under dry conditions). C. 
gramineum is also seedborne in very low percentages, but this source of 
inoculum is not important under PNW conditions. The disease cycle is 
similar to that of eyespot: in the fall when temperatures are about 40–50°F 
and rain is common, C. gramineum produces millions of microscopic 
spores on infested residue that are washed into the soil near the roots and 
crowns of winter wheat plants. Spores germinate and penetrate the plant 
through wounds in stem bases and roots near the crown. Once inside the 
plant, the fungus grows into the young xylem tissue and begins producing 
more spores and toxic materials that result in formation of the yellow 
stripes. As the plant is dying, the fungus colonizes plant tissues outside 
the xylem and uses it as a food source for survival. Early seeding of winter 
wheat is favorable to Cephalosporium stripe because larger plants have 
larger root systems that are more susceptible to injury and subsequent 
infection. Open winters with multiple soil freeze-thaw events and short 
crop rotations (i.e., wheat-fallow) favor development of Cephalosporium 
stripe. Acid soil conditions can strongly influence development of this 
disease, with increased incidence and severity as soil pH drops below 5.2. 

Potential effects of climate change

The impacts of climate change are difficult to predict with Cephalosporium 
stripe. In the near term, this disease may become more severe because 
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open winters with frequent freeze-thaw events seem to favor disease 
development.

Cephalosporium stripe management strategies

Prevention

Cephalosporium stripe is widely distributed in the inland PNW, so 
sanitation practices such as cleaning equipment and tires to prevent 
infestation of fields are not practical.

Avoidance

Wheat varieties vary in their response to Cephalosporium stripe, ranging 
from tolerant to very susceptible; however, none have highly effective 
resistance. 

Monitoring

Cephalosporium stripe is difficult to observe in fields before heading. 
Moreover, there are no management practices that will mitigate the 
impact of Cephalosporium after the crop has been planted. A molecular 
test is available to detect the pathogen in seed intended for export, but it 
has not been used commercially.

Suppression

Chemical

There are no effective seed-applied or foliar fungicides for the control of 
Cephalosporium stripe.

Other cultural practices

Avoiding early seeding and planting a tolerant variety can greatly reduce 
the development and impact of Cephalosporium stripe. Likewise, use of 
a 3-year crop rotation with winter wheat no more than once every three 
years can also reduce the impact of Cephalosporium stripe by allowing 
time for infested residue to decompose. Fragmenting infested residue 
to speed decomposition can help reduce the impact of Cephalosporium 
stripe. The literature on the effect of residue management practices on 
Cephalosporium stripe is mixed, with some reporting greater disease in 
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reduced tillage systems than conventional and vice versa. In the PNW, 
Cephalosporium stripe is less severe in no-till fields than in conventionally 
tilled fields; as with eyespot, this response is likely due to the later seeding 
dates associated with reduced or no-till and not the presence of residue 
per se. However, no-till fields also have fewer freeze-thaw events and 
less soil heaving than conventionally tilled fields, which may contribute 
to reduced disease. Liming of soils to raise pH above 5.5 is beneficial in 
reducing the impact of Cephalosporium stripe where soil pH is low.

For more information on Cephalosporium stripe, see Murray (2014b), 
Quincke et al. (2014), and the Cephalosporium stripe page on the WSU 
Small Grains website.

Wheat Soilborne Mosaic 

Background, causal agents, and distribution

Wheat soilborne mosaic (WSBM) disease is caused by the Soilborne 
wheat mosaic furovirus (SBWMV), which is transmitted by the fungus-
like organism Polymyxa graminis. WSBM is a disease of winter wheat 
that was discovered in 1919 in Illinois and called “rosette” disease, but it 
wasn’t until the 1960s that Polymyxa was identified as the vector. WSBM 
has been an important disease in the Great Plains, Midwestern, and 
Northeastern wheat-producing areas since its discovery. 

WSBM was first identified in Washington in 2008, but was reported across 
the border in adjacent Umatilla County, Oregon, in 2005, and before that 
in the Willamette Valley of western Oregon in 1994. Whether the virus 
spread from western Oregon or how is not known. In Washington, it 
appears to be localized in the Walla Walla area. Because this disease is 
newly recognized in the region, breeding for resistance has not been a 
priority, and most winter wheat varieties are susceptible. Yield losses can 
be up to 75% with severe infection of highly susceptible varieties. Spring 
wheat and spring barley typically do not develop symptoms (Table 10-12).

Key diagnostic features

Symptoms of WSBM disease include a green to yellow mosaic on the 
leaves that appears in late winter or early spring as plants are beginning 
to grow. Depending on the virus strain and susceptibility of the variety, 
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Table 10-12. Wheat soilborne mosaic characteristics and management options for dryland cereal 
producers.

Wheat soilborne mosaic 
Background

• Causal agent: Soilborne wheat 
mosaic furovirus, vectored by 
Polymyxa graminis

• Source:  infested soil
• Limited distribution: Walla 

Walla, WA area and adjacent 
Umatilla County, OR

• Host range: wheat, barley, rye, 
other grasses 

• High risk: cool, moist soil 
following seeding

Economic impact
• Varies with cultivar 

susceptibility and degree of 
infestation, from minor to over 
75% reduction in grain yield

Management options
• Field and equipment 

sanitation (prevent infected 
soil moving to clean fields)

• Resistant varieties
• Irrigation management 

following seeding
Key diagnostics

• Green to yellow leaf mosaic
• Stunting, chlorosis
• Rosetting in very susceptible 

cultivars

Ongoing research
• Screening PNW cultivars to 

identify resistance

plants may be severely stunted, a symptom referred to as a “rosette” 
because the stems don’t elongate normally (Figures 10-12 and 10-13). 
Symptoms often appear in patches that range from small to large, occur 
in low areas or places where water moves, and may appear in patterns 
associated with tillage operations. The latter symptoms are associated 
with distribution of the vector, which is favored by high soil moisture and 
is moved with infested soil. Symptoms fade as temperatures warm and 
plant growth increases, leading to misdiagnosis as a nutrient problem 
associated with cold soil. Although symptoms may fade, plants remain 
damaged and yield is reduced in affected areas of the field. Yield loss 
ranges from minor to over 75% when the infestation is extensive and the 
variety is very susceptible.

Disease cycle and conditions that favor the pathogen 

SBWMV survives only in association with its vector, P. graminis, in soil 
and is not seed transmitted. Following seeding of winter wheat, when 
soil is cool (~50°F) and moist, resting spores of P. graminis germinate, 
penetrating and infecting root hairs of young plants carrying SBWMV with 
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Figure 10-12. Green to yellow mosaic symptoms of wheat soilborne mosaic (WSBM) disease. 
(Photo by Tim Murray.)

Figure 10-13. Wheat variety trial showing a variety highly susceptible to wheat soilborne mosaic 
(WSBM) disease (left) next to a highly resistant variety (right). (Photo by Tim Murray.)
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it. Once inside the plant, SBWMV replicates and spreads throughout the 
leaves in the fall and early winter, eventually resulting in the formation of 
symptoms. Soil conditions following seeding are critical to infection, with 
cool and moist soils favoring germination of P. graminis. Consequently, 
WSBM disease may develop with early or late seeding, depending on soil 
moisture and temperature conditions that occur afterwards. Infection 
declines when soil temperature is below 45°F.

Potential effects of climate change

It is difficult to predict the impact of near-term climate change on the 
frequency and severity of WSBM.

Wheat soilborne mosaic management strategies

Prevention

SBWMV appears to be a relatively recent introduction to the PNW and 
its distribution is limited. Consequently, sanitation practices that reduce 
or prevent movement of soil from infested to non-infested fields are 
effective in reducing the impact of this disease. Such practices include 
cleaning equipment, vehicle tires, and even shoes when traveling between 
fields.

Avoidance

Growing a resistant winter wheat variety is the primary method for 
managing WSBM. Wheat varieties adapted to the PNW vary in their 
response from very susceptible to very resistant (Figure 10-13).  

Monitoring

Lab tests are available to detect and confirm the presence of SBWMV in 
symptomatic plants, but there are no post-infection treatments that can 
mitigate the damage.

Suppression

Chemical

There are no effective seed-applied or foliar treatments that will mitigate 
damage from SBWMV. Soil fumigation is partially effective in reducing 
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resting spores of P. graminis, but does not eliminate the organism and is 
not cost-effective.

Other cultural practices

Crop rotation has little effect on SBWMV because the resting spores of 
P. graminis are capable of surviving for long periods of time in soil. For 
irrigated production, irrigation prior to seeding followed by no irrigation 
for several weeks after seeding may help reduce the impact of SBWMV.

For more information on WSBM disease, see Flowers et al. (2012) and 
Murray et al. (2009a).

Looking Ahead

Management strategies will continue to evolve in response to increased 
understanding of pathogen distribution and pathogen response to 
changing conservation cropping technologies, production practices, or 
environmental conditions. Continued climate change may affect pathogen 
distribution, virulence or aggressiveness, and host crop resistance, 
tolerance, and susceptibility. System-wide monitoring of crop response 
to current management strategies is an important tool to help determine 
if climate change or cropping practices reduce effectiveness of current 
management strategies. Future adaptations may include improved host 
resistance, altered planting schedules, new chemistries and adjusted 
timing and rates of application, or biological control methods.

Resources and Further Reading

Publications

Acid Soils: How Do They Interact with Root Diseases? Washington 
State University Extension Publication FS195E. 

http://pubs.wpdev.cahnrs.wsu.edu/pubs/fs195e/?pub-pdf=true

Green Bridge Control Begins in the Fall. STEEP Conservation Tillage 
Handbook Chapter 4 No.18. 

http://pnwsteep.wsu.edu/tillagehandbook/chapter4/041893.htm



463

Chapter 10: Disease Management for Wheat and Barley

Pacific Northwest Plant Disease Management Handbook 

http://pnwhandbooks.org/plantdisease/

Small Grain Seed Treatment Guide. Montana State University 
Extension MT199608AG. 

http://store.msuextension.org/publications/AgandNaturalResources/
MT199608AG.pdf

2015–2016 Winter Wheat Breeder Variety Portfolio. Washington State 
University Extension Publication TB15E. 

http://cru.cahe.wsu.edu/CEPublications/TB15/TB15.pdf

Websites

Oregon State University Wheat Research 

http://cropandsoil.oregonstate.edu/group/wheat

Oregon State University Columbia Basin Agricultural Research Center 
(plant pathology research) 

http://cbarc.aes.oregonstate.edu/plant-pathology/research-projects

Oregon State University Umatilla Co. Cereal Central (pests) 

http://extension.oregonstate.edu/umatilla/pests

University of Idaho North Idaho Cereals (Publications: diseases and 
insect pests) 

http://www.uidaho.edu/extension/cereals/north/publications

Washington State University Small Grains (disease resources) 

http://smallgrains.wsu.edu/disease-resources/

Washington State Crop Improvement Association Seed Buyers Guide

http://washingtoncrop.com/
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Abstract

This chapter provides an overview of the pests affecting wheat systems 
in the inland Pacific Northwest (PNW). The chapter begins by reviewing 
the principles of integrated pest management (IPM) and the challenges 
for insect pest management under projected climate change for the 
region, along with other potential changes such as biological invasions 
and the effects of changes in production technology. It then provides 
specific information about the most important of the region’s pests of 
wheat including their life cycles, injurious stages, management, biological 
control, and potential responses to climate change. Each is accompanied 
by photographs and other information for pest identification. Key 
publications from scientific and Extension literature are provided at the 
end of the chapter for use by pest managers and others.

Key Points
• Changes in technology and production practices, as well as 

anticipated changes in climate, have implications for IPM in cereal 
production systems.
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• Effective management of insect pests depends on managers 
having an understanding of each species distribution, life cycle, 
crop damage caused, and principles and practices for IPM specific 
to each pest.

• Evolution of cropping systems including changes in tillage regimes 
and rotational crops will have important implications for pest 
management.

• Though anticipated effects on insect pests vary by species, 
possible mechanisms by which climate change can impact insect 
pests include: changes in the timing of pest activity, shifts in the 
geographical range of pests, and shortened life cycle time (thus 
increasing the number of generations per year). 

• The entire wheat system, including rotational crops and surrounding 
landscapes, influences pest abundance. Spatial and temporal 
variability in landscapes and agricultural production systems 
impact populations of insect pests.

Introduction and Background

Overview of Pests Affecting Inland PNW Cereal Production 
Systems

Cereal systems of the US are subject to economic injury from approximately 
30 insect species. The PNW is home to more than 20 of these, including 
aphids, wireworms, Hessian fly, wheat midge, cereal leaf beetle, Haanchen 
barley mealybug, armyworms, and cutworms. Their collective potential 
to reduce yields across our region is substantial, but pressures vary across 
the region and among years so that relatively few are problematic at any 
one time or place. For this reason, however, their management requires 
that producers know these pests, can sample them effectively, and can 
make prudent decisions about treatments and management practices to 
minimize their impacts. This section of the handbook provides an overview 
of the most prevalent insect pests of the inland PNW, with information 
about their biology and life cycles, types of injury, and approaches for their 
management. It also considers how various farming practices can affect 
each pest. Finally, it takes a look forward to anticipate possible changes in 
pressure from these pests as the region’s climate changes.



471

Chapter 11: Insect Management Strategies

The Elements and Principles of Integrated Pest Management

Effective integrated pest management (IPM) depends on regularly 
scouting fields for the presence and abundance of pests. Pest presence 
indicates a need for vigilance to monitor pest densities to anticipate 
their population from reaching local economic thresholds. Correctly 
identifying pest species is critical, as many insects look alike but carry 
different risks and require different management approaches. This chapter 
provides guides for identifying common pests and citations to sources to 
help with identification. When in doubt, get the help of a specialist. Basic 
scouting principles include considering the timing of scouting (to focus 
on vulnerable stages of the crop and anticipated timing of infestations), 
scouting weekly during the vulnerable period, sampling randomly within 
the field to ensure accuracy, and using a sampling method that aligns 
with treatment thresholds when these are available. Appropriate methods 
must be used depending upon the goal, which might be to assess pest 
presence or to estimate pest densities as a basis for making treatment 
decisions. 

Since each of the sections on individual pests discusses management 
options, here we provide a brief overview of the principles of IPM 
applicable to most pests. IPM combines nonchemical approaches with 
judicious use of pesticides to achieve economically viable pest control. 
A central principle in IPM programs is never to use pesticides as “just in 
case” insurance treatments or scheduled calendar applications. Rather, 
IPM producers look first to nonchemical controls and instead use 
pesticides “just in time,” based on pest forecasts and economic thresholds. 
Nonchemical management tactics include cultural control, mechanical 
control, and biological control. Cultural controls (modifying the growing 
environment to reduce the prevalence of unwanted pests) include crop 
rotation, variety selection, altered planting date, fertilizer application, or 
fertilizer timing. Mechanical control tactics include physical removal, 
insect trapping, tillage, and other physically controlling management 
tactics. Biological controls include naturally occurring or augmented 
predators, parasitoids and pathogens that attack and kill pests, and any 
management practices designed to preserve or encourage these beneficial 
organisms. Chemical controls include so-called “least-toxic” biorational 
pesticides (that specifically target particular pests over beneficials and 
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other nontarget species) and conventional broad-spectrum insecticides. 
Over the past decade several least-toxic biorational pesticides have 
been marketed for use in cereals. Efficacy can vary but these products, 
because of their narrow spectrum of activity, are environmentally safer 
than broad-spectrum conventional insecticides such as pyrethroids, 
carbamates, organophosphates, and neonicotinoids. At the same time, 
recent changes in application practices (seed treatments, lower rates of 
application, reduced frequency application) can minimize the effects 
of broad-spectrum conventional insecticides on beneficials and other 
nontarget organisms. These materials must be applied according to 
labels to comply with regulations and minimize environmental impacts, 
including disruption of biological control. While scouting for the presence 
of pests, natural enemies should also be noted to determine their relative 
abundance and assess their potential to control pest populations. 

Insect Pest Management in a Diverse and Changing 
System

A Heterogeneous System: Eastern Idaho to Central Washington

Although inland PNW wheat production systems are united by 
similarities in climate, terrain, markets, and histories, they are also 
remarkably heterogeneous. The climate is generally Mediterranean-
like, with cold, wet winters and warm to hot, dry summers, but there 
are significant gradients in average annual precipitation (from <7 to 
>25 inches) and mean annual temperatures (from 43°F to 55°F). Soils 
are dominated by Mollisol and Aridisol orders, but Alfisols are present 
in the wetter subregions. This edaphic and climatic heterogeneity can be 
delineated into agroecological classes in which specific cropping systems 
from wheat-fallow to continuous cropping with rotations predominate. 
Which cropping system is used in any parcel is also affected by many 
local factors. Across large parts of the region, precipitation is inadequate 
for crop production and irrigation is required (see Figure 1-3 in Chapter 
1: Climate Considerations). The variable climate and production systems 
employed, in turn, can affect insect pests. The distributions of the several 
wireworm species in the region, for example, differ. As another example, 
the wheat midge is currently confined to a small portion of our region, 
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while the wheat stem sawfly (Cephus cinctus Norton) is a serious problem 
in Montana wheat systems but with rare reports of injury in the Columbia 
Basin and Palouse regions.

As detailed in Chapter 1: Climate Considerations, the region’s climate is 
dynamic, and is experiencing a warming trend accompanied by shifts in 
precipitation that include drier summers. Based on models, the changes 
will not necessarily be uniform, with warming and precipitation changes 
occurring at different rates and directions in different parts of the region. 
One motivation for this book is to anticipate the implications of a 
changing climate on inland PNW wheat systems and equip producers 
with scientific knowledge to cope with them. Climate change can affect 
insect pests of wheat and other crops (Eigenbrode and Macfadyen 2017; 
Lehmann et al. 2017). The effects can be directly on the pests, or they 
can be indirect, influencing biological control (Eigenbrode et al. 2015). 
Science-based projections of the implications of climate change for 
specific insect pests of inland PNW wheat systems, when available, are 
presented in this chapter.

Variability and Change in Technology

In addition to ongoing and anticipated changes in climate, cereal 
production is affected by changes in technology and production practices 
that have implications for IPM. Although reduced tillage methods have 
been adopted on much of PNW farmland (see Chapter 3: Conservation 
Tillage Systems), most of our wheat systems are still grown using 
conventional tillage. Adoption of reduced tillage, which is ongoing, can 
change pests and their management. Impending technology that could 
affect pest management includes remote sensing, which is just beginning 
to include capabilities for sensing biotic stresses in crops, like disease, 
weed, and insect infestations. During the useful life of this book, we 
anticipate these sorts of tools will become available, whether deployed via 
unmanned aerial vehicle (drones), tractor-mounted devices, or otherwise. 
For example, Russian wheat aphid (Diuraphis noxia Mordvilko), which 
causes distinctive changes in spectral reflectance of infested wheat plants, 
can be detected remotely based on normalized difference vegetation index 
imaging (Mirik et al. 2012). There has also been some success in detecting 
English grain aphid (Sitobion avenae F.) in experimental systems (Luo et 
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al. 2013). Russian wheat aphid is of minor concern in our region and the 
two species differ in the economic injury they cause, necessitating a system 
that can discriminate between them but has not yet been investigated. 
Because reliable remote sensing would be such an enormous boon, 
allowing prudent, “just in time” pest management interventions without 
time-consuming sampling, its promise has been much discussed and its 
advent anticipated for more than 20 years. Development of successful 
applications is inevitable, but remains elusive.

Changing Cropping Systems

Wheat in the region is currently produced under annual crop, annual crop-
fallow transition, and wheat-fallow production systems (as described in 
Chapter 1: Climate Considerations). In recent years there have been trends 
to increased incorporation of canola and legumes into crop rotation, 
which is facilitated in drier zones by the availability of fall-planted 
varieties of these commodities (see Chapter 5: Rotational Diversification 
and Intensification). There is also interest in other alternative crops or 
cover crops. Rotation out of wheat, which occurs in annual cropping 
systems, helps to break disease and pest cycles. The adoption of more 
diverse rotations will likely affect the abundance of insect pests and their 
natural enemies with implications for pest management.

Invading Pests

Most insect pests of the inland PNW cereals are non-native invaders. That 
is, their native ranges coincide with the origins of cereal crops and people 
have accidentally spread them throughout the globe. At intervals, since 
wheat production began here, new members of this pool of potential pests 
have arrived to join the inland PNW pest complex. Key aphid species—
bird cherry-oat (Rhopalosiphum padi L.), English grain, and rose-grass 
(Metopolophium dirhodum Walker)—probably arrived with the first wheat 
crops grown in western Oregon in the mid-19th century. Bird cherry-oat 
aphid feeds on many grasses and may have been distributed globally even 
before European colonization. As wheat moved east into Washington, 
Oregon, and Idaho, aphids could readily colonize these crops on prevailing 
westerly winds. The Russian wheat aphid arrived in the US in 1986 and 
spread rapidly, reaching Washington by 1988. In 2011 an aphid new to 
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North America (native to the UK), Metopolophium festucae cerealium 
Stroyan (‘wheat and grass’ aphid in this book) was found to be abundant 
and widespread throughout our region. Another relatively recent invader 
is the cereal leaf beetle (Oulema melanopus L.), first detected in Idaho in 
1992 and Washington in 1999. Haanchen barley mealybug (Trionymus 
haancheni McKenzie) was first detected in 2003. Hessian fly (Mayetiola 
destructor Say) was first recorded in western Washington in the 1930s 
and in the semiarid regions of eastern Washington in the 1960s. The 
yellow underwing noctuid (Noctua pronuba L.) has been absent from 
southern Idaho until very recently but is beginning to appear there. This 
invasion process is certain to continue as pests move throughout the 
world, presenting new challenges to production systems. Very rarely do 
pests disappear from a region, so the process is cumulative. An analogous 
process occurs for invasive weeds and pathogens affecting cereal crops. 
Insect pests that are present in the US but not yet present or that have 
minor pest status in the PNW include wheat stem sawfly (Cephus cinctus 
Norton), wheat stem maggot (Memoryze americana Fitch), and white 
grubs (various species).

Principal Insect Pests of PNW Cereal Production 
Systems

In the following sections, we provide an overview of the principal 
insect pests affecting cereal systems in the PNW. For each we describe 
its distribution, a description of the insect and its life cycle, the damage 
it causes, principles and practices for its management, where more 
information is available, and its projected response to climate change 
in the region. Although these sections mention insecticides and their 
use, please refer to the PNW Insect Management Handbook for more 
information: http://insect.pnwhandbooks.org.

Aphids

Pest status & distribution

Although as many as 12 species of aphids (Hemiptera: Aphididae) can 
be found in PNW wheat production systems, six species predominate. 
Listed here roughly in their order of relative abundance in recent surveys 
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(2011–2014): English grain aphid, the newly invasive ‘wheat and grass’ 
aphid, rose-grass aphid, Russian wheat aphid, bird cherry-oat aphid, 
and greenbug (Schizaphis graminum Rondani). All are equally prevalent 
throughout the region except Russian wheat aphid, which is more 
abundant in northern Oregon. With the exception of Russian wheat 
aphid and ‘wheat and grass’ aphid, the pests have been part of wheat 
production systems throughout their history in the PNW. Russian wheat 
aphid rapidly invaded the PNW in 1988, soon after its first occurrence in 
North America. The ‘wheat and grass’ aphid has been detected in large 
densities throughout central Washington, northern Idaho, and Oregon 
since its detection in surveys in 2011, but may have been in the region 
since the 1990s (Halbert et al. 2013). This species has not been detected 
in southern Idaho or Oregon. It feeds on wheat and other grasses in the 
region (Davis et al. 2014a)

Pest description

Aphids are small soft-bodied, oval or teardrop-shaped insects. They can 
be distinguished from similar insects by the presence of a pair of cornicles, 
backward-projecting organs that look like “tail pipes” extending from 
the abdomen that extrude a defensive fluid (Figure 11-1). The species 
affecting wheat differ in the type and level of damage they can inflict, and 

Figure 11-1. Generalized aphid body plan, the backward-facing cornicles are a unique identification 
characteristic only present in aphids (arrows). (Photo: Brad Stokes, University of Idaho.)
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Table 11-1. Identifying characteristics of the principal aphid pests of PNW cereal production systems.

Common 
Name Shape & Size Cornicles Antennae Abdomen

Russian 
wheat 
aphid

Spindle; ~2 
mm (0.08 

inch)

Very short; 
not longer 
than wide

Shorter than 
length of the 
entire body

Little to no 
pigmentation 

with two-
tailed 

appearance
Rose-grass 
aphid

Spindle; 
1.6–2.9 mm 
(0.06–0.12 

inch)

Long, pale & 
cylindrical

3/4 length 
of the entire 
body, dark 
between 
segments

Green with 
light pale 

stripe down 
midline

‘Wheat and 
grass’ aphid

Spindle; ~2 
mm (0.08 

inch)

Long, pale & 
cylindrical

3/4 length 
of the 

entire body, 
becoming 

darker 
distally

Uniformly 
green with 

no pale stripe 
down midline

English 
grain aphid

Spindle; 1.8 
mm (0.1 

inch)

Short, dark & 
cylindrical

3/4 length 
of the 

entire body, 
uniformly 

dark

Little to no 
pigmentation 
(yellow-green 

to reddish 
brown)

Bird cherry-
oat aphid

Oval; ~2 mm 
(0.08 inch)

Short, 
swollen & 

flanged (red 
patches 

around base)

3/4 length 
of the 

entire body, 
uniformly 

dark

Dark 
pigmentation 
(olive-green 
to greenish-

black 
appearance)

Greenbug Spindle; 
1.3–2.1 mm 
(0.05–0.08 

inch)

Short, pale & 
cylindrical

3/4 length 
of the 

entire body, 
pale joints 
between 
segments

Green with 
dark stripe 

down midline
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in their distribution in the PNW, so producers should be familiar with the 
species as a foundation for pest management. Both winged and wingless 
forms occur in the same species, but during the summer months nearly 
the entire population on infested plants will be wingless. These wingless 
forms can be distinguished based on morphology and distribution within 
the plant, although a hand lens is often required (Table 11-1; Figure 11-2).

Life cycle

All aphids undergo periods of asexual, parthenogenetic viviparous 
reproduction. This means that summer populations entirely consist of 
females that do not lay eggs but instead give birth without mating to many 
dozen live nymphs; all these offspring are female and can mature into 
reproductive adults within a week. As a result, aphid infestations increase 
exponentially during the summer. Most aphid life cycles also include 
sexual reproduction in which males and nonparthenogenetic females are 
produced, mate, and lay eggs, which are winter hardy. Two PNW species, 
bird cherry-oat aphid and rose-grass aphid, are host-alternating (as their 
dual-host plant names suggest), which means the winged sexual forms 
migrate in the fall from cereals to a woody host where eggs are laid and 

Figure 11-2. Representative photos of adult, wingless aphids. Bird cherry-oat aphid (top left), ‘wheat 
and grass’ aphid (top middle), Russian wheat aphid (top right), English grain aphid (bottom left), rose-
grass aphid (bottom middle), and greenbug (bottom right). (Photos: top left, top middle, top right, and 
bottom left, Brad Stokes, University of Idaho; bottom middle, Claude Pilon Les Pucerons du Québec; 
bottom right, Kansas Department of Agriculture.)
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overwintering occurs. All the other PNW cereal aphid species overwinter 
in grassy habitats including winter wheat fields, either undergoing a 
sexual phase and laying eggs there or as hardy asexual forms. In all cases, 
seasonal migrations of winged forms from overwintering locations back 
into the wheat crops establish the pest populations each year. These fall 
and spring migratory movements have been tracked over years and their 
timing and size vary in response to weather patterns. Due to the timing of 
these movements and the production cycle in the region, spring-planted 
cereals in the PNW are at greater risk of aphid-induced injury than fall-
seeded cereals.

Host plants & damage

In the PNW, aphids feed on every commercially produced cereal crop: 
wheat, barley, oats, and rye. They feed on plants by inserting their 
mouthparts (stylet) into the phloem of the plant, extracting the nutritious 
phloem sap. Sufficiently high densities of aphids can deplete plant resources 
and reduce plant growth or kill plants outright. In addition, some aphids 
have toxic saliva that can injure plants and reduce yield. Russian wheat 
aphid, ‘wheat and grass’ aphid, and greenbug can cause this additional 
type of injury (Figure 11-3). Russian wheat aphid and ‘wheat and grass’ 

Figure 11-3. Damage on wheat from feeding by the ‘wheat and grass’ aphid is evidently caused by 
salivary toxins. Other aphids affecting wheat with salivary toxins that cause plant injury are greenbug 
and Russian wheat aphid. (Photo: Brad Stokes, University of Idaho.)
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aphid can cause considerably more injury per individual aphid than bird 
cherry-oat aphid, which is not known to introduce a toxin when it feeds.

Importantly, aphids can carry plant viruses that potentially cause much 
more severe plant injury than direct aphid feeding. A single aphid can 
transmit a pathogenic virus to the plant, which severely reduces yield. In 
the PNW, several different species of Barley yellow dwarf virus (BYDV) 
are the primary aphid-borne pathogens affecting cereals. Bird cherry-oat 
aphid, English grain aphid, rose-grass aphid, and greenbug are capable 
of transmitting BYDV. Recent research indicates that the ‘wheat and 
grass’ aphid is not a vector for BYDV (Sadeghi et al. 2016). Symptoms of 
a BYDV infection in wheat include leaf chlorosis (sometimes reddening) 
(Figure 11-4), leaf roll, stunted plants, small irregularly shaped seed heads, 
and reduced seed size after maturity. BYDV is an obligate pathogen of 
many grass species and overwinters exclusively in wild and cultivated 
grasses and volunteer cereal/corn and weedy grasses, including the newly 
invasive African wiregrass (Ventenata dubia) (Ingwell and Bosque-Pérez 

Figure 11-4. Wheat with barley yellow dwarf disease caused by Barley yellow dwarf virus (BYDV) in 
southern Idaho. (Photo: Juliet Marshall, University of Idaho.)
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2015). BYDV infections frequently result in the plant acquiring barley 
yellow dwarf disease, causing additional yield damage to wheat crops in 
the inland PNW.

Integrated pest management

Monitoring and thresholds

Scout for cereal aphids weekly from emergence until crop maturity since 
aphid populations can build rapidly. Use a standard 15-inch sweep net 
to detect early infestations when densities are low. When infestations 
are detected, frequent monitoring is advisable. Count aphids per 
stem to determine if the nominal thresholds for treatment have been 
exceeded. Both scouting for the presence of pests and monitoring for 
pest abundance should be done at multiple sites in field margins and 
interior since aphids are usually highly aggregated, especially during 
early infestations. Precise economic thresholds do not exist for cereal 
aphids in our region, but the literature provides some guidelines for 
the use of chemical treatments. Rules of thumb recommend treatment 
when aphids (regardless of species) reach two to ten per tiller, per 
stem, or per head, prior to dough stage. After dough stage, there are no 
benefits from treating aphids, as they are not damaging to yield after 
this growth stage. When the risk of virus is high, thresholds are not 
useful since a single aphid can transmit the virus. At this time, virus 
risk monitoring systems do not exist. In recent years, virus infection 
has been negligible in northern Idaho, but more prevalent in central 
Washington and eastern Idaho, where significant virus outbreaks have 
occurred.

Biological control

In our region, aphids are generally held below nominal thresholds for 
chemical control by generalist predators and parasitoids. Well-known 
aphid predators that can readily be observed at work in cereal crops include 
several species of lady beetles (Coccinellidae), fly larvae that specialize on 
aphids (Syrphidae), lacewing larvae and some adults (Chrysopidae and 
Hemerobiidae), big-eyed bugs (Geocoridae), assassin bugs (Reduviidae), 
minute pirate bugs (Anthocoridae), and rove beetles (Staphylinidae). In 
addition, PNW aphids are attacked by at least eight different species of 
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parasitic wasps (Hymenoptera) (Bosque-Pérez et al. 2002). Aphids also 
are susceptible to some specific entomopathogenic fungi, but these 
rarely have significant impacts in dryland systems because they require 
persistent humid conditions to create epidemics.

Cultural control

A well-known and often used practice to reduce the risk of aphids and 
their associated viruses is to plant spring wheat as early in the growing 
season as possible, reducing the amount of time for aphids to feed and/
or transmit viruses to the plant. Eliminating the green bridge for BYDV 
(wild, volunteer cereals and weedy hosts) may also reduce the number 
of primary infections in a given field. Aphids can also fly into the fall 
months, so early planting of winter wheat potentially places the crop at 
greater risk of virus infection.

Resistant varieties

Although sources of host plant resistance to several cereal aphid species 
are known, no PNW varieties carry deliberately developed resistance to 
any common aphid pests. This mirrors the situation globally. Research 
continues to improve understanding of the genetics and mechanisms of 
resistance to aphids, but few varieties have been released. Eventually, this 
knowledge, coupled with demand, may lead to adapted resistant varieties 
for our region.

Chemical control

Neonicotinoid seed treatments, often used for wireworm control, 
can also have some efficacy against aphids, and there is evidence that 
these treatments can also limit spread of BYDV for which some aphid 
species serve as vectors. Tighter regulations on these materials may 
limit their utility before long. Neonicotinoids are also available as foliar 
sprays for aphids in cereals, as are many pyrethroid products and a few 
organophosphate and carbamate products. Foliar applications especially 
run the risk of reducing natural enemy populations that are important for 
keeping aphids and other pests in check in cereals under most situations 
in our region. Please refer to the PNW Insect Management Handbook for 
current insecticide recommendations.
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Climate change

Aphids potentially respond to climate variability through changes in 
their geographic ranges and the timing and abundance of their annual 
migrations, which can affect their arrival into fall- and spring-planted 
crops, with implications for direct injury and viral disease epidemiology. 
Given the relatively abundant historic data and importance of aphids, 
they have received considerable attention in the context of climate 
change. Different species respond differently to climatic drivers. In the 
PNW, 20-year suction trap records indicate that bird cherry-oat aphid, 
rose-grass aphid, and Russian wheat aphid each responded differently 
to climate (Davis et al. 2014b). Russian wheat aphid abundances were 
negatively correlated with increasing temperatures, rose-grass aphid 
abundance was positively correlated with increasing cumulative 
precipitation, and bird cherry-oat aphid abundances were unrelated to 
any climate variables. This heterogeneity is similar to studies of aphids 
and climate around the world. At this juncture, no clear projections can 
be offered.

There are numerous ways climate change can potentially affect the bird 
cherry-oat aphid and hence BYDV (Finlay and Luck 2011), but there is 
scant research on the topic. Only two studies exist examining effects of 
climatic factors on BYDV. In separate controlled studies, elevated carbon 
dioxide and sharply elevated temperature (+5°C; 41°F) increased virus 
titer (abundance of virus particles) in infected plants, leading the authors 
to suggest that virus spread could be enhanced under future projected 
climate change conditions (Trebicki et al. 2015; 2016). In a surprising 
twist, recent work shows that BYDV-infected wheat plants tolerate 
drought stress better than non-infected controls, suggesting the system-
wide response to drought could be complex (Davis et al. 2015).

Hessian Fly

Pest status & distribution

The Hessian fly has been a pest of US wheat since its accidental 
introduction into the country over 200 years ago (Bosque-Pérez 2010). It 
has been present in parts of the inland PNW since the 1930s. Damaging 
infestations of Hessian fly have only occurred in the inland PNW over 
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the last two decades where climatic conditions are suitable for fly survival 
and development. In 2015, the fly was detected in southern Idaho for the 
first time. Wheat is the preferred host for Hessian fly, with spring wheat 
more commonly damaged than winter wheat.

Pest description

Adult Hessian flies are small (1/8”) dark brown-reddish colored midges 
(Figure 11-5). They do not feed, and die a few days after emergence as 
adults. Hessian fly has four life stages: egg, larva, pupa, and adult. After 
mating, female flies lay 200 to 300 eggs on the upper surface of wheat 
leaves (Figure 11-5).

Life cycle

Eggs develop in between five to ten days depending on temperature. 
Larvae emerge as very small, bright red, legless maggots, which migrate 
to a node or the crown of the plant where they begin feeding. When larvae 
are fully developed, their cuticle hardens and darkens to form puparia 
that are attached to stems under leaf sheaths (Figure 11-6). Puparia are 
protected from the elements during periods of unfavorable conditions. 
Puparia are often referred to as “flaxseeds,” which they resemble. Adults 
emerge from puparia during favorable environmental conditions in the 
spring. In the inland PNW, one or two generations of the fly occur per 
year (Castle del Conte et al. 2005).

Host plants & damage

Damage to the plant is caused solely by larval feeding. Larvae feed on the 
stem under the leaf sheaths, and high infestations can result in stunted 
plants or plant death. Feeding also causes reductions in grain quantity 
and quality, and weakened stems result in lodging and decreased yields. 
Yield reductions due to Hessian fly infestation of spring wheat without 
resistance range from 11–24% (Smiley et al. 2004). If infestations are 
severe, primary tillers may die, but sometimes plants develop new tillers 
(Schotzko and Bosque-Pérez 2002). Although no visible injury to the plant 
may be noticeable at the feeding site, infested plants might be stunted, 
lodged, exhibit erratic head heights in the field, or, in some genotypes, 
show erect dark green leaves.



485

Chapter 11: Insect Management Strategies

Figure 11-5. Adult Hessian fly with single egg on wheat. (Photo: Scott Bauer, Bugwood.org.)

Figure 11-6. Hessian fly larva and puparia on wheat. (Photo: Dennis Schotzko, University of Idaho.)
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Integrated pest management

The occurrence of fly infestations is difficult to predict. Therefore, control 
methods are mostly preventive, with the most common being resistant 
varieties and earlier seeding to escape infestation (Bosque-Pérez 2010). 
Additionally, crop rotation and destruction of volunteer wheat are 
important management tools. Fly parasitoids also provide some control. 
Parasitism levels vary widely depending on location and year, ranging 
from 10% to 85% (Bullock et al. 2004). Eight parasitoids are known to 
attack Hessian fly in the inland PNW (Bullock et al. 2004). Although the 
retention of wheat residue is known to increase fly survival (Clement et 
al. 2003), reduced tillage practices do not increase within-field abundance 
of the fly and have no consistent effect on spring wheat yield (Castle del 
Conte et al. 2005).

Fly biotypes (or genetic variants) that attack resistant varieties are known 
to exist in many parts of the US including the inland PNW (Ratcliffe et 
al. 2000). Such virulent biotypes pose a potential risk to the durability 
of resistant varieties. Utilization of multiple resistance genes and control 
via parasitoids will increase durability of resistance. Screening and 
breeding for resistance to Hessian fly is a continuous effort in the wheat 
breeding and host plant resistance programs in Idaho and Washington, 
and numerous resistant varieties are available for growers. Current wheat 
varieties include: ‘Jefferson,’ ‘Jerome,’ ‘Cataldo,’ ‘Diva,’ ‘Louise,’ ‘Kelse,’ 
‘Babe,’ ‘Whit,’ ‘Hollis,’ and ‘JD’. Spring barley ‘Baronesse’ is resistant to a 
predominant Hessian fly biotype. Additional varieties are in the pipeline 
and will be released in the future. In areas of heavy Hessian fly infestations 
such as northern Idaho and eastern Washington, growers are encouraged 
to always plant resistant spring wheat varieties to avoid economic losses.

Climate change

In the inland PNW, resistant varieties are used as the primary IPM 
tactic to manage Hessian fly (Ratcliffe et al. 2000; Schotzko and Bosque-
Pérez 2002). Although warming climates can change the timing of fly 
activity and even increase the number of generations per year, resistance 
technology should remain effective. However, currently all resistant 
varieties deployed are spring wheats. There is an indication that warmer 
falls and wetter springs associated with climate change might result in 
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higher incidence of Hessian fly in winter wheat. This will necessitate the 
development of Hessian fly-resistant winter wheat varieties adapted to 
the inland PNW region. There is one report of a Hessian fly-resistant 
gene that loses its efficacy under elevated temperatures, but that gene is 
not important for continuing resistance to the fly in inland PNW spring 
wheat varieties, which currently rely on a different set of Hessian fly-
resistant genes.

Cereal Leaf Beetle

Pest status & distribution

The cereal leaf beetle (CLB) is an invasive pest of cereal crops. It was 
accidentally introduced into Michigan in the 1960s and has since 
expanded its distribution westward to all of the wheat/barley/oat/rye 
growing counties of Idaho, Washington, and Oregon. In the US, at least 
30 states have confirmed CLB populations although they may be present 
in other regions where cereal crops are produced (Philips et al. 2011). 
Crop damage by this insect may result in significant yield quantity and 
quality reduction and reduced economic returns to producers. In some 
parts of its range in the US, CLB can cause up to 75% yield loss in cereal 
crops (Buntin et al. 2004).

Pest description

CLB adults are small (1/4”), oval-shaped beetles with blue-to-green 
metallic forewings (elytra) and a brightly colored red head, thorax, 
and legs (Figure 11-7). CLB eggs are very small and bright yellow as 
they are laid by the female, and then turn to a darker brown as they 
near maturity. CLB larvae have a brown head with a yellowish body; 
often they may appear darker because larvae use their own feces to coat 
themselves, and it is thought this behavior helps deter natural predators 
and parasitoids. CLB should not be confused with the similar-looking 
Collops beetles (Collops vittatus Say), which are beneficial insects that 
occur in cereal fields. The Collops beetle, or “red cross beetle,” has a red 
thorax, but not a red head, and elytra that are metallic blue and red. 
Males have distinct swellings at the base of their antennae; a female is 
shown in Figure 11-8.
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Figure 11-7. Adult cereal leaf beetle in a wheat field. (Photo: Nate Foote, University of Idaho.)

Figure 11-8. Adult female Collops beetle resting on a wheat head. (Photo: Brad Stokes, University of 
Idaho.)
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Life cycle

CLB completes only one life cycle per season in the inland PNW. They 
overwinter as diapausing, non-feeding/inactive adults and start emerging 
in mid-April to early May depending upon climatic conditions. Under 
a “typical” winter in the inland PNW, the adults emerge and move onto 
winter wheat where they usually cause little damage; they will then move 
onto spring wheat where they start laying eggs. Females lay eggs on the 
surface of wheat (or other hosts) singly or in clusters of two to three, 
primarily during the latter part of May. Females deposit at least 300 eggs 
on the top of the leaves or margins close to the leaf-mid-rib. Within four 
to 23 days after oviposition, larvae begin emerging and can be active until 
July. There are four larval instars (growth stages) for this particular pest 
before pupation begins. Pupation occurs in the soil at a depth of one to 
two inches during June and July, after which adults emerge in three weeks. 
Adults are active until late fall when they begin to search out protected 
overwintering sites, often in close proximity to the infested field.

Host plants & damage

CLB has a wide range of cultivated grass host crops (wheat, barley, oats, 
rye, corn, sorghum, and sudangrass), and many other wild and native 
grasses may be acceptable as hosts. The larval and adult life stages are 
the only economically damaging life stages for this cereal crop pest. The 
fourth instar CLB larva, rather than the other life stages, causes most of 
the crop damage. CLB larvae feed on the upper mesophyll part of the 
leaves, typically between the veins of leaves, causing a characteristic 
“window pane” look to the infested host plant (Figure 11-9). Adult CLB 
chew through the entire leaf, making small slits between leaf veins.

Integrated pest management

Monitoring and thresholds

Adults should be monitored using a standard 15-inch insect sweep net 
during the later parts of the spring months, after they have emerged from 
their nearby overwintering sites. Grasses close to field margins may also be 
monitored during this time to get a sense of the local population. Larvae 
are more difficult to scout for by visually examining a number of random 
plants in the suspected infested field as they tend to be hidden in the field. 
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Figure 11-9. Cereal leaf beetle larva feeding on wheat. The “window pane” injury is characteristic of 
feeding by adults and larvae. (Photo: Brad Stokes, University of Idaho.)

The economic threshold for CLB on wheat in the inland PNW is three 
eggs or three larvae per tiller before the booting stage, and subsequently 
one larva per flag leaf during the remaining growth stages. Populations 
should be scouted after plant emergence prior to the booting stage in 
the inland PNW, and a control action may be justified if the population 
is approaching the economic threshold. Degree day models for CLB are 
reliable and can be used to time scouting efforts: http://uspest.org/cgi-
bin/ddmodel.us?spp=clb&uco=1. When determining whether to spray, 
it is prudent to assess potential impacts of natural enemies and to avoid 
spraying when these are abundant.

Biological control

Classical biological control via the introduction of parasitoids from the 
CLB’s native range has been relatively successful. A pinhead-sized wasp, 
Tetrastichus julis Walker (Eulophidae), is known to parasitize all larval 
instars and is well established in the inland PNW (Figure 11-10) (Roberts 
et al. 2012). In the early 2000s, university and federal scientists released T. 
julis in key areas of the inland PNW to augment this parasitoid population. 
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Several other parasitoids exist, Diaparsis carinifer, Lemophagus curtus 
(Ichneumonidae), and the egg parasitoid Anaphes flavipes (Mymaridae), 
though they are not as well established as T. julis for CLB control. Lady 
beetles (Coccinellidae) consume CLB larvae. Other generalist predators 
may also be effective, including ground beetles (Carabidae), soft-winged 
flower beetles (Melyridae), notably the Collops beetle, which resembles 
the CLB, assassin bugs (Reduviidae), damsel bugs (Nabidae), minute 
pirate bugs (Anthocoridae), and green lacewings (Chrysopidae). In the 
past, CLB control has relied heavily on insecticides and that will likely 
continue. Least-toxic biorational insecticides may eventually have a place 
in CLB pest management, but currently these are too costly for use in 
production agriculture.

Cultural control

Factors such as late planting, lack of nitrogen fertilization, or poor soil 
health can reduce field populations of the CLB; lower seeding rate in 
oats, mixed cropping of oats and barley, and combinations of nitrogen 
and potassium fertilizers have a limited effect on the CLB. Growing 

Figure 11-10. Cereal leaf beetle larva (left) and its introduced natural enemy (right), the parasitoid 
wasp Tetrastichus julis. (Photo: Brad Stokes, University of Idaho.)
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a strip of oats between spring wheat and winter wheat may provide a 
viable option of trap cropping for CLB infestations. These effects have 
been observed in limited studies in other parts of CLB range and there 
are no definitive guidelines on how to implement them. An aggregation 
pheromone has been identified that has potential for use as a monitoring 
tool for the beetle (Rao et al. 2003).

Resistant varieties

Host plant resistance is known from varieties of wheat that have higher 
than normal silica-rich trichomes, narrow-leaved varieties, and others 
that produce the secondary compound DIMBOA (2,4-dihydroxy-7-
methoxy-1,4-benzaxazin-3-one) which has an antibiotic effect on the 
larvae. No inland PNW varieties are CLB resistant.

Insecticides

Numerous broad-spectrum, commercially available insecticides 
are registered and approved for use in wheat or other cereal crops 
for use in controlling CLB populations. Synthetic pyrethroids such 
as permethrin, cypermethrin, and fenvalerate have been effective 
in controlling leaf beetles; however, these compounds are lethal to 
natural enemies and should be applied judiciously. Please refer to 
the PNW Insect Management Handbook for current insecticide 
recommendations.

Climate change

The CLB has been studied for its potential response to climate change 
using bioclimatic models. Based on current models, CLB range in North 
America is expected to continue to expand northward (Olfert et al. 2004; 
Olfert and Weiss 2006). In much of the inland PNW, models indicate 
that the climate will become, in general, more hospitable for the beetle, 
making it a more serious pest. Furthermore, based on data from Utah, as 
the inland PNW climates warm, parasitism by T. julis is expected to be 
reduced, potentially releasing CLB from this very successful biological 
control agent and increasing its population to damaging levels (Evans et 
al. 2012).
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Cutworms

Pest status & descriptions

The term cutworm refers to immature stages of multiple species of moths 
belonging to the family Noctuidae. They are relatively large and soft-
bodied insects as larvae, and up to 2 inches long at their later stages of 
development. Cutworms are mostly active during the night and take 
refuge just below the soil surface during the day. Among several species 
of cutworms present in the inland PNW, black cutworms and variegated 
cutworms have been reported to emerge more frequently in numbers that 
may result in significant yield loss.

Black cutworm

Black cutworm (Agrotis ipsilon Hufnagel) adults are brownish-gray with 
a light silver-colored band (Berry 1998a) and “dagger-shaped” patterns 
(Cook et al. 2003) on the forewing (Figure 11-11). Larvae are dark gray 
with a dark brown or black head capsule; a lighter stripe runs along the 
backside of the body (Figure 11-12). In their final, largest instar, these 
larvae can be 1.5 inches long (Berry 1998a).

Figure 11-11. Black cutworm adult. (Photo: John Capinera, University of Florida, Bugwood.org.)
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Variegated cutworm

Variegated cutworm (Peridroma saucia Hübner) adult moths are brown 
to reddish brown. They possess darker markings on the forewings as 
well as a kidney-shaped spot (Figure 11-13). Full-grown larvae can be 
up to 2 inches long. Their body color may range from light gray to dull 
brown, with a row of yellow dots along their back (dorsal) (Berry 1998b) 
(Figure 11-14).

Large yellow underwing

Large (greater) yellow underwing (Noctua pronuba L.) adult moths are 
large with brown forewings and brightly colored yellow-orange hindwings 
with a broad black band around the margin, though ten different color 
variants have been reported from Europe (Figure 11-15). Larvae are 
usually olive brown, though some may have a distinct reddish tinge. 
Larvae are also marked with a bold black and cream dash on each side of 
the midline; the overall appearance is a series of dark broken dashes that 
run the length of the body (Figure 11-16). The final, largest instar can be 
1.5 inches long. This species is a recent but relatively minor invasive pest 
of cereal crops in the inland PNW, first reported from Oregon in 2001.

Figure 11-12. Black cutworm larva. (Photo: John Capinera, University of Florida, Bugwood.org.)



495

Chapter 11: Insect Management Strategies

Figure 11-13. Variegated cutworm adult. (Photo: Pests and Diseases Image Library, Bugwood.org.)

Figure 11-14. Variegated cutworm larva. (Photo: John Capinera, University of Florida, Bugwood.org.)
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Life cycles

Black cutworm is present across the inland PNW. They overwinter as 
pupae in areas with mild winters and emerge as adults in the spring. Adults 
could also migrate and disperse into areas with harsher winters, where 
survival of the overwintering larvae might have been jeopardized (Berry 
1998a). Females continue to lay eggs through June. Eggs hatch within a 
week. Young larvae initially utilize foliage, but older larvae remain at, or 

Figure 11-15. Noctua pronuba adult. Upper specimen is male; lower specimen is female. (Photo: 
Edward Bechinski, University of Idaho.)
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Figure 11-16. Noctua pronuba larva in Nez Perce County, Idaho. (Photo: Edward Bechinski,  
University of Idaho.)

just below, the soil surface for about a month before pupating. Adults will 
emerge from the pupae within two weeks and lay eggs to start another 
generation that may not successfully overwinter in some localities (Berry 
1998a).

Variegated cutworms may overwinter at different developmental stages, 
primarily as late instar larvae in the soil. Adults emerge in late spring 
and early summer, laying eggs in clusters of up to several hundred on the 
underside of leaves. Eggs will hatch within a week and larvae continue 
to feed for up to 6 weeks (Berry 1998b). There are two generations in the 
inland PNW, with the second generation forming in the overwintering 
stage.

Large yellow underwing cutworms overwinter as partially grown to 
almost full-grown larvae under plant residue. It is believed that this insect 
only has one generation per year in the inland PNW, though it may have 
two generations. This cutworm has six larval instars, each larger than the 
previous. Adults emerge in mid-summer, they mate, and females begin 
laying egg masses (up to 2,000 eggs per female) until late September 



498

Advances in Dryland Farming in the Inland Pacific Northwest

before dying off. During the winter and early spring when temperatures 
rise above 40°F, early to mid-instar larvae begin sporadically feeding on 
fall- and spring-planted crops throughout the night (nocturnal feeding) 
(Bechinski et al. 2009). Crop damage occurs from mid-September until 
early May. Damage is typical of other cutworms and includes stem 
girdling, crown feeding, leaf feeding, and leaf clipping (plants appear to 
be clipped with scissors) of various plants (Bechinski et al. 2009).

Host plants & damage

Feeding damage on the foliar tissue by black cutworm could occur during 
the early larval instars (Figure 11-17). However, later instars of the black 
cutworm feed on crowns and roots during the night. While young 
seedlings may be cut and eliminated, damage on the older plants may 
present as wilting plant leaves (Berry 1998a). Damage by the variegated 
cutworm can be devastating when they appear in large numbers as they 
may defoliate the crop (Berry 1998b) and cut seedlings off at the soil level. 
Large yellow underwing damage varies, though currently it is a minor 
pest with only a few isolated infestations in the inland PNW.

Figure 11-17. Typical cutworm damage on wheat. (Photo: Edward Bechinski, University of Idaho.)
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Sampling, monitoring, and thresholds

To achieve an effective control, cutworm presence must be detected early 
in the season when larvae are young and plants are still at the seedling 
stage (see the Insecticides section). Monitoring could be done on a regular 
basis by observing damaged plants, sweep netting for larvae (variegated 
cutworms), and inspecting the soil surface to find larvae. Field inspections 
for larvae are most effective in the dark, when larvae are most active, 
by using a flashlight or headlamp. No detailed studies are available on 
economic thresholds; however, degree days can be used to estimate time 
for scouting and to predict timing for the most damaging larval stages 
(Cook et al. 2003). For black cutworm infestations, chemical treatment is 
suggested where the presence of two or three damaged plants in a 10-foot 
row section is observed in multiple spots (Berry 1998a). In addition to 
field scouting, adult flight monitoring may also help with early detection 
of potential outbreaks (Bechinski et al. 2009).

Biological control

There are several predaceous (e.g., ground beetles, spiders, centipedes) 
and parasitoid (e.g., wasps and flies) arthropods, pathogens, and birds 
that can reduce cutworm numbers. Large populations of cutworms are 
highly susceptible to fungal diseases, especially under moist conditions.

Cultural control

Removal of volunteer and grassy weeds with cultivation or herbicide 
applications will eliminate food sources available to cutworms, prior to 
spring crop emergence.

Insecticides

Early detection of cutworms would also increase the likelihood of foliar 
insecticide application success. This is because it would facilitate targeting 
early instars before inflicting damage to the susceptible seedlings, and 
before they move down on the foliar tissue and take cover in dense crowns 
or under the soil surface. Insecticide applications need to be conducted 
after sunset or before sunrise to maximize chances of targeting active 
larvae and minimizing the negative impact on beneficial insects and bees. 
Numerous broad-spectrum, nerve-poisoning insecticides containing 
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the active ingredients beta-cyfluthrin, carbaryl, chlorpyrifos, gamma-
cyhalothrin, cyfluthrin, lambda-cyhalothrin, and zeta-cypermethrin are 
labeled for cutworm control in wheat. Please refer to the PNW Insect 
Management Handbook for current insecticide recommendations.

Resistant varieties

None are currently available.

Climate change

There are no studies we know of that suggest significant changes in 
pressure from these pests due to climate change. One study from wheat 
production systems in China detected no trend in injury by noctuid pests 
over a 25-year period, despite a warming trend associated with changes in 
aphid pressure, suggesting the cutworms may not be affected by climate 
change elsewhere including the inland PNW.

Wheat Head Armyworm

Pest status & distribution

The genus Dargida (Lepidoptera: Noctuidae) consists of eight species, 
which includes D. procinctus, D. gramminivora, D. quadrannulata, D. 
diffusa (known in the PNW as the wheat head armyworm), D. terrapictalis 
(known as the false wheat head armyworm), D. tetera, D. rubripennis, 
and D. aleada. All of these species are found north of Mexico (Michaud 
et al. 2007). The most prominent species in the PNW are the wheat 
head armyworm, the false wheat head armyworm, and more recently 
the olive-green cutworm, D. procinctus. Because of the similarity of 
larvae and adults within this genus, definitive identification should be 
left to a taxonomic expert. Nonetheless, all Dargida larvae feed on wild 
grasses, grains, wheat, or other cereal crops, and the insects matching the 
descriptions below should be considered potential pests of wheat.

Pest descriptions

The adult moths are yellow-brown with a brown stripe running down 
the length of each of the forewings. This coloration provides camouflage 
from predators in cereal crop fields that are drying down near the end 
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of the season; hindwings are darker in D. terrapictalis compared to D. 
diffusa (Figure 11-18). The larvae vary in color but have been noted as 
gray, cream, or green with distinct yellow, white, and brown strips along 
the length of the body (Figure 11-19).

Figure 11-18. Dargida diffusa, the true wheat head armyworm, adult. (Photo: Luc Leblanc,  
University of Idaho.)

Figure 11-19. Dargida terrapictalis, the false wheat head armyworm, adult. (Photo: Luc Leblanc,  
University of Idaho.)
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All three inland PNW species, D. diffusa, D. terrapictalis, and D. procinctus 
have four distinct life stages: egg, larva, pupa, and adult. Larvae go through 
five instars. During the winter months, the larvae pupate in the soil. When 
spring arrives, moths emerge and, within a few days, the moths lay eggs 
on wheat or barley crops. Larvae that develop from eggs feed on wheat 
as early as late May, with increasing numbers into mid-June. This late-
spring timing coincides with wheat flag leaf development. Larvae feed on 
wheat heads, primarily at night, when ambient temperatures are cooler. 
They crawl toward the base of stalks during hot days. D. diffusa larvae and 
moths are typically active only at night. In the western US, armyworms 
are considered sporadic pests. They can have up to two generations per 
year with a second generation developing on warm season grasses in 
the fall, after wheat has been harvested. The appearance of a typical later 
instar larva is shown in Figure 11-20.

Host plants & damage

All larvae of the genus Dargida feed on wheat and various other grain and 
grass crops in the PNW. Damage is caused exclusively by the larval stages 

Figure 11-20. Typical Dargida spp. larva. (Photo: Frank Peairs, Colorado State University, Bugwood.org.)
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of these pest insects, as they will often eat into part of the wheat/barley/
oat kernel causing direct damage to the product. Damage will often go 
unnoticed until screening at grain elevators. Damage takes the form of a 
small hole bored into the base of the floret. The pests are more likely to be 
found along field margins.

Integrated pest management

Sampling

Sampling for larvae and moths may be done with a sweep net. Focus on 
field margins for detection only. Once detected, sampling in the interior 
should be conducted if the aim is to assess field scale levels of infestation. 
A sex-attractant may be used to lure moths to the trap. Traps should be 
left in or adjacent to the field throughout the crop season and should 
be checked at least once per week. While no insecticides are specifically 
labeled for control of wheat head armyworms in the inland PNW, studies 
suggest pyrethroids may work well. Products specifically labelled for 
cereals can be legally used for Dargida control even though the pest is not 
cited on the label.

Biological control

There are confirmed accounts of parasitism of Dargida spp. by small 
wasps, but the species have not been identified. Similar to other armyworm 
species, wheat head armyworms are vulnerable to predation by ground 
beetles, spiders, birds, and rodents.

Cultural and chemical control

There are no established management plans or economic thresholds for 
this pest since they are sporadic. Infestations are usually concentrated 
around field margins, so it is recommended that scouting efforts focus on 
this area. There are no insecticides specifically labeled for this pest, but 
materials registered for other armyworms in wheat would likely provide 
control if applied sufficiently early. Larvae arriving with harvested wheat 
either die or emerge as moths, potentially surviving in storage. Please 
refer to the PNW Insect Management Handbook for current insecticide 
recommendations.
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Resistant varieties

No resistant varieties are available.

Climate change

To date, there is no scientific study or associated data that would suggest a 
correlation with wheat head armyworms and climate change, though we 
could speculate based on biology alone that the number of generations 
per year, growth rate, or their known range may increase due to warmer 
overall temperatures in the inland PNW.

Wheat Midge

Pest status & distribution

Wheat midge, Sitodiplosis mosellana (Gehin), is a European species first 
detected in the inland PNW in 1991 in Boundary County, Idaho. Pest 
distribution in Idaho has since expanded to Benewah and Kootenai 
counties. Surveys in Washington confirmed wheat midge at low to 
potentially damaging levels in Garfield, Lincoln, Spokane, and Stevens 
Counties.

Pest description

Adults resemble mosquitoes but are smaller (1/8” long) and with bright 
orange bodies (Figure 11-21). They are most often seen at dusk resting on 
wheat heads during plant flowering, hence their colloquial name “orange 
wheat blossom midge.” Mature larvae are 1/8 inches long, bright yellow-
orange, legless maggots.

Life cycle

Wheat midge develops through a single generation annually. Mature 
larvae overwinter 2 to 4 inches in the soil, pupate during May, and begin 
to emerge by late-June as adult flies. Adults remain close to the soil 
surface during the day but fly to flowering wheat heads on warm, calm 
evenings when air temperature is at least 60°F and wind speed is less than 
8 mph. Females lay eggs under the glumes and palea. Larvae feed on the 
developing kernels for 2 or 3 weeks, and then remain inactive on the head 
until rain or dew causes them to drop to the soil where they overwinter 
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Figure 11-21. Adult wheat midge resting on flowering wheat head (left) and larvae from dissected 
wheat head (right). (Photos: Robert Lamb, Ag and Food Canada; Diana Roberts, Washington State 
University.)

(Knodel and Ganehiarachchi 2008).

Host plants & damage

Wheat midge is primarily a pest of wheat. Non-economic infestations 
sometimes occur in barley, rye, and intermediate wheat grass.

Larvae are the sole damaging stage. They feed externally on the developing 
kernels but are hidden under the bracts that surround the seed and 
cannot be seen without dissecting the wheat plant head. Damaged wheat 
heads may lose their green coloration early in the field maturation, thus 
appearing unhealthy relative to the rest of the field. Injury ranges from 
shriveled, cracked, and underweight kernels to complete abortion of the 
seed (Figure 11-22).

Wheat is only susceptible to larval injury when eggs are laid on flowering 
heads from emergence to full flowering; larvae cannot complete 
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Figure 11-22. Wheat midge larval feeding injury to spring wheat as seen at crop harvest.  
(Photo: Dennis Schotzko, University of Idaho.)

development if oviposition occurs earlier or later than crop flowering. 
Infestations seldom develop in winter wheat because the crop flowers 
before midge ovipositional flights during late June and early July. 
In contrast, severe infestations can develop in spring wheat because 
flowering more likely coincides with midge oviposition.

Integrated pest management

Adult monitoring and thresholds

Larval management with foliar insecticides depends on field scouting for 
adult midges because applications must be timed to kill females before 
they lay eggs on flowering wheat heads.

Field studies by the University of Idaho showed that foliar insecticide 
applications are justified if sweep net sampling in flowering wheat fields at 
twilight on warm, calm evenings detects an average of 1 to 4 adult midges 
per five sweeps. This threshold is conservative and has a low probability of 
failing to treat an economic infestation, but a 1-in-3 chance of needlessly 
treating a non-economic infestation. Sweep net sampling during daylight 
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hours has no value for IPM decisions because midge adults remain close 
to the soil surface during the day and so escape collection.

Commercial sticky traps baited with the female wheat midge sex 
pheromone are highly attractive to adult males. North Dakota State 
University tentatively recommended insecticide treatment if cumulative 
midge captures with pheromone traps exceed 10 per trap at 3 days after 
heading, but those thresholds have not been validated in our area.
Forecasting the timing of midge ovipositional flights

Research by the University of Idaho showed that 80% of seasonal midge 
flight activity occurs between 735 and 915 cumulative degree days above 
5°C (41°F; DD5°C) since January 1, with seasonal maximum flight at 820 
DD5°C. Hence, it is not necessary to monitor spring wheat fields before 
735 DD5°C or after 915 DD5°C because oviposition does not occur before 
or after those periods.

Biological control

Carabid ground beetles can be important natural predators of midge 
larvae in the soil. Surveys have failed to detect any parasitoids of the 
wheat midge in Idaho and Washington.

Cultural control

Rotate crops to reduce likelihood of midge damage to spring wheat. The 
most effective rotation is spring wheat planted after canola or some other 
non-cereal crop; spring wheat after barley poses minimal risk, and spring 
wheat after winter wheat poses some but overall low risk. The worst 
cropping sequence is continuous spring wheat.

Plant spring wheat varieties as early as agronomically possible so that 
crop flowering does not coincide with peak seasonal midge oviposition 
during July. Midge-free seeding dates that allow spring wheat crops 
to escape egg-laying are given in Table 11-2 for Boundary County, 
Idaho. During “average years” (i.e., temperatures that occur 4 years in 
5), seeding earlier than 11–20 of April allows the wheat crop to grow 
beyond the susceptible flowering stage before midge activity reaches 
seasonal peaks.
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Table 11-2. Relative risk of wheat midge infestation as a function of spring wheat seeding date, 
Boundary County, Idaho.

infestation 
risk

temperature scenario (1 Jan - 31 Jul)
colder-than- 

normal average year warmer-than- 
normal

LOW:
20 April 11 April 23 March

seed before
HIGH:

2 May 25 April 5 April
seed during
LOW: 

13 May 7 May 17 April
seed after

LOW RISK flowers before 10% seasonal midge flight (735 DD5°C) or after 90% seasonal 
midge flight (915 DD5°C)

HIGH RISK flowers during maximum (50%) seasonal midge flight (820 DD5°C)

Resistant varieties

Montana State University released a midge-resistant spring wheat variety 
in 2016, ‘Egan,’ which incorporates the Sm 1 gene and causes plants to 
respond to larval feeding injury with elevated levels of phenolic acids that 
halt larval feeding. Midge-resistant Sm 1 red spring and hard red spring 
wheat varieties have been commercially available in western Canada 
since 2010.

Insecticides

The following insecticides are labelled as foliar sprays applied to wheat 
for control of wheat midge or orange blossom wheat midge or orange 
wheat blossom midge: chlorpyrifos, dimethoate, gamma-cyhalothrin, 
lambda-cyhalothrin, and malathion. All are broad-spectrum insecticides 
that potentially disrupt biological control of aphids and CLB. Please 
refer to the PNW Insect Management Handbook for current insecticide 
recommendations.

Climate change

Bioclimatic models (Olfert et al. 2016) suggest that the present climate of 
the inland PNW is marginally conducive to wheat midge outbreaks and 
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that pest expansion is unlikely beyond currently known distribution in 
the Idaho panhandle and adjoining eastern Washington. Based on 2030 
and 2070 climate change projections, these same models predict that the 
future climate of the inland Northwest will remain marginal with no pest 
expansion westward or southward into adjoining inland PNW wheat 
production regions.

Mites

Pest status & distribution

Mites, also called spider mites, are not technically insects but instead 
are classified as arachnids. Some mites feed exclusively on plants and 
can impact yield in agricultural crops, such as spring and winter wheat, 
barley, oats, or Timothy hay. Mite distribution is widespread, occurring 
across all the counties of Idaho, Washington, and Oregon. Several mite 
species of economic agricultural importance occur in these states: brown 
wheat mite (Petrobia latens Müller), Banks grass mite (Oligonychus 
pratensis Banks), winter grain mite (Penthaleus major Duges), and the 
wheat curl mite (Aceria tosichella Keifer). In addition to feeding on plant 
material, the wheat curl mite successfully vectors Wheat streak mosaic 
virus (WSMV), causing even more yield damage.

Pest descriptions

Mites are minute creatures. The use of a hand lens is essential for assessing a 
suspected mite infestation and attempting to identify the species involved.

Brown wheat mite 

Brown wheat mite (Petrobia latens) adults have a dark brown ovoid body 
with yellow-orange to slightly reddish legs and are 1/50 inches in total 
length (Figure 11-23) (Blodgett and Johnson 2002). They have a lighter 
stripe that extends from the head (cephalothorax) to the end of the body 
(abdomen). Larvae and nymphs resemble adults. As with most mite species 
this is difficult to see unless there is at least some magnification available.

Banks grass mite

Banks grass mite (Oligonychus pratensis) adults are dark green to a 
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Figure 11-23. Brown wheat mite adult. (Photo: Phil Sloderbeck, Kansas State University, Bugwood.org.)

Figure 11-24. Banks grass mite adult. (Photo: F.C. Schweissing, Bugwood.org).
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darker brown color and are 1/32 inches in total length (Figure 11-24) 
(Brewer 1995). They have a row of spots on each side of their abdomen 
that distinguishes them from other mites that feed on wheat. Larvae and 
nymphs resemble adults.

Winter grain mite

Winter grain mite (Penthaleus major) adults are iridescent black in color 
(cephalothorax and abdomen) with yellow, orange or more often red-
colored legs. They often have a red stripe, and unusually have an anal pore 
on the upper side of the abdomen (Bauernfeind 2005). This pest species 
only has two generations per year in Idaho, Washington, and Oregon. 
The first starting in late fall, September or October, with population 
and economic peaks in December or January. The second generation 
reaches high populations in the field during the months of March and 
April. This species excels in low temperature environments; females lay 
oversummering eggs as temperatures exceed their developmental limit. 
Larvae hatch later in the season and begin feeding on leaf tissue near the 
ground, wandering up the plant during cooler nights.

Wheat curl mite

Wheat curl mite (Aceria tosichella) adults are nearly microscopic white 
and 1/100 inches in total length. This species has a cigar-shaped body 
with only four legs (as opposed to eight in the other mite species listed 
above) pointed forward and a fleshly lobe located posterior. Even under a 
hand lens this species may be unrecognizable in the field. The wheat curl 
mite is unlike other mites because its main method of dispersing is wind. 
The most economically important factor with this species of mite is the 
ability of it to vector WSMV. WSMV was first detected in Kansas in 1987, 
with more infections found during the subsequent year (Townsend et al. 
1996). It has since moved east into Montana, North and South Dakota, 
Idaho, Washington and Oregon. Plants infected with WSMV appear to 
have bright yellow or orange streaking, often most severely near the tip 
of the leaf (Figure 11-25). WSMV also facilitates injury by seed-borne 
Wheat mosaic virus and mechanically transmitted Triticum mosaic virus; 
severity and yield losses in individual fields is greater when all three 
viruses are present. Symptoms of each virus are nearly identical, making 
proper identification difficult at best. The wheat curl mite is the only 
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Figure 11-25. Wheat streak mosaic virus (WSMV). (Photo: Mary Burrows, Montana State University, 
Bugwood.org.)
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known vector of WSMV, the mite remains infective for approximately a 
week after it obtains the virus.

Life cycles

Mites have a total of five life stages: the egg, larva, nymph (two nymphal 
stages), and the adult. Eggs are very small (1/200”), oval, and translucent 
on the plant, they are laid on the underside of leaves. Larvae are small 
(1/100”), green, yellow, or pale in color and have a total of six legs. Nymphs 
are slightly darker in color than the larvae and have a total of eight legs; 
there are two quiescent stages: one after each of the nymphal stages. Adults 
are small (1/50”), oval, and darker than the larval and nymphal stages. 
Eggs hatch in 3 to 10 days after they are laid, and numerous generations 
occur throughout the year; a complete generation may only take a total of 
10 days during the summer.

Host plants & damage

Mites are often polyphagous, feeding on numerous different host 
plants. All commercially grown cereal crops (oats, barley, spring wheat, 
winter wheat, and Timothy hay) in Idaho, Washington, and Oregon are 
susceptible to each species of mites. Fields infested with mites typically 
have a silver or gray coloration. Individual plants may have chlorotic 
lesions (yellow speckling) from feeding damage or have silk strung 
between leaves, a sure sign of a mite infestation. Feeding damage causes 
reduced photosynthetic potential and reduced yield. WSMV vectored by 
the wheat curl mite is an additional factor in host plant damage. Younger 
plants are more susceptible to mite damage and can result in stunted 
plants with reduced foliage and smaller yield potential.

Integrated pest management

Management of each mite infestation is dependent upon which species is 
present in the field as each mite has a slightly different biology/ecology/
behavior.

Adult monitoring and thresholds

Monitoring for mites should be done throughout the season depending upon 
your location and its history of mite infestation. Winter grain mite scouting 
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should begin in October and go until April, when small populations start 
infesting plants. Brown wheat, Banks grass, and wheat curl mites should 
be scouted from April throughout mid-summer, especially if local climatic 
conditions are hot and dry. Plants should be visually inspected early in their 
development when they are more susceptible to mite infestation damage. 
Scouting should take place in several parts of the field with multiple 
replications; often mite infestations start near the margin of the field where 
they are coming from adjacent host plants. Examining the newest leaf tissue, 
the base of the plant, as well as the soil surface is advisable for examining 
plants for mites. Visible silk (webbing) on plants is typically found in 
moderate to severe infestations. Plants without silk should be looked over 
carefully for the beginnings of an infesting population. Plant samples may 
also be taken by shaking leaves over a white piece of paper to inspect for 
mite activity. Chlorotic plants that may show a silvery appearance indicate 
a mite infestation. A 10× or 20× hand lens is very useful for examining mite 
infestations, as these pests are very small. Specific thresholds (economic 
injury levels) are sparse for mite pest species in cereal crops; though if 
populations are high early in the growing season (October à winter grain 
mite; April à brown wheat, Banks grass, and wheat curl), an acaricide 
treatment may be justifiable.

Biological control

Numerous predatory arthropods attack mites and can readily keep mite 
infestations below economic importance in agricultural fields. Some 
species of predatory mites (Phytoseiulus spp. and Neoseiulus spp.) and 
predatory thrips (Scolothrips spp.) are typically present and prefer to feed 
specifically on pest mite species. Additionally, several insects also predate 
on these mites, including damsel bugs, minute pirate bugs, big-eyed bugs, 
green/brown lacewing larvae, and some small black lady beetle species 
(Stethorus spp.). The listed arthropod predators all feed on each and every 
life stage of pest mite species.

Cultural control

Proper crop rotation with non-host crops should reduce or eliminate 
previously infested fields. Destroying volunteer wheat or other green 
bridge host plants in early spring will reduce food availability for 
developing mite larvae and nymphs. Planting winter wheat later in the 
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fall, as well as reducing any potential green bridge plant, would reduce the 
population of winter grain mite in certain fields and the amount of time 
they spend there.

Resistant varieties

Many varieties of spring and winter wheat may have partial resistance to 
WSMV and/or wheat curl mite.

Acaricides

Several commercially available acaricides are registered for use in treating 
mite infestations in cereal crops. Mite feeding is often on the underside of 
leaves, making acaricides difficult to directly apply to the pest in question. 
Please refer to the PNW Insect Management Handbook for current 
pesticide recommendations.

Climate change

With increasing temperatures and hotter/drier summer days in 
the not-so-distant future expect some mite species to become 
increasingly more abundant and economically important for cereal 
crop producers. Life cycles of all the pest species in our area may 
be sped up from increasing temperatures, hence lowering the total 
development time (from egg to adult) and increasing the number of 
generations per year.

Wireworms

Pest status & distribution

Wireworms are the larval stage of click beetles and common pests of 
field and row crops across the contiguous US and Canada, including 
inland PNW and Intermountain West cereal crops (Andrews et al. 2008; 
Milosavljević et al. 2016b). Surveys in the inland PNW found that the 
distribution and abundance of individual wireworm species varies across 
the region (Rashed et al. 2015; Milosavljević et al. 2016b). Wireworms 
are usually found in the greatest abundance in fields that have been 
planted to grasses, grains, or sod for several years (Andrews et al. 2008; 
Milosavljević et al. 2016b).
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Pest descriptions

Wireworm adults are elongated, parallel-sided, brown, reddish-brown, or 
black beetles with serrate (saw-like) antennae (Figure 11-26) (Milosavljević 
et al. 2015; Rashed et al. 2015). Wireworm larvae are cylindrical, slender, 
flattened, and often elongated light yellow to dark brown and resemble 
mealworms (Figure 11-27). Wireworm larvae have fixed urogomphi (tails 
at the tip of the abdomen). The sugar beet wireworm [Limonius californicus 
(Mannerhein)], the western field wireworm (L. infuscatus Motschulsky), 
the Pacific Coast wireworm (L. canus Le Conte), the Great Basin wireworm 
[Selatosomus pruininus (Horn)], and the green wireworm [S. aeripennis 
(Kirby)] are some of the most commonly found wireworm species in the 
inland PNW (Milosavljević et al. 2015; 2016b; Rashed et al. 2015). Other 
genera in the region include Agriotes and Melanotus.

Life cycles

Overwintering adult click beetles generally emerge during spring and 
early summer and lay eggs on the surface or in the soil (Andrews et al. 
2008). Soon after hatching, larval wireworms move within the soil until 

Figure 11-26. Wireworm adult (click beetle). (Photo: Arash Rashed, University of Idaho.)
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Figure 11-27. Wireworm larva feeding at the base of a wheat plant. (Photo: Arash Rashed, University of 
Idaho.)

they orient themselves by detecting volatiles and carbon dioxide released 
from sprouting seeds and root tissue. Wireworms may persist as larvae 
in the soil for 1 to 11 years, depending upon nutrition, host plant quality, 
and climatic conditions (Andrews et al. 2008).

Host plants & damage

Wireworms cause considerable damage to cereal crops by feeding 
on germinating grains, roots, and stems (Figure 11-28) (Andrews et 
al. 2008; Higginbotham et al. 2014; Esser et al. 2015). Crops attacked 
have poor stands that deteriorate over time because wireworms bore 
into underground portions of the stem. Early signs of damage may 
be characterized by the presence of a dead central leaf in developing 
seedlings (Esser 2012). Depending on the growth stage, this injury can 
cause eventual plant death. Plants affected at later stages of development 
would suffer from delayed growth/maturity (Andrews et al. 2008).

Factors affecting wireworms

The seasonal feeding activity of wireworms varies considerably across 
species, mediated by the crop and environmental conditions (Andrews et 
al. 2008; Milosavljević et al. 2016a; 2016b). For instance, in the inland PNW, 
while the sugar beet wireworm (Limonius californicus) remains active 
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Figure 11-28. Wireworm damage to wheat. (Photo: Arash Rashed, University of Idaho.)

throughout the season, other species such as L. infuscatus and L. canus 
show peak activities earlier in the season and cause significant damage to 
the planted seeds and/or young roots (Milosavljević et al. 2016a). Ambient 
temperature drives wireworm development. Larger larvae can withstand 
higher temperatures during the summer if there is plenty of moisture, 
whilst younger larvae tend to burrow downward into the soil if it becomes 
too warm (Andrews et al. 2008). The responses of wireworms to soil 
temperature are species-specific. For example, in Washington, optimal 
temperatures for L. canus and L. californicus are 70–74°F. Selatosomus 
pruininus, S. aeripennis, S. destructor, and Hadromorphus glaucus can 
withstand lower soil temperatures, and thus attack crops early in the season. 
Wireworm species in the inland PNW also differ in their moisture needs; 
L. californicus inhabits mostly damp soil, while S. pruininus is an obligate 
dryland species (Andrews et al. 2008; Milosavljević et al. 2016a).

The tolerance of wireworms to soil pH also varies among and within 
genera (Milosavljević et al. 2016a). Previous studies have suggested that 
Limonius larvae cause most injury in more alkaline soils, whereas Agriotes 
and Melanotus species usually prefer acidic soils. Limonius species can 
survive a considerable range of soil pH and can thus cause significant 
damage to the crops on both alkaline and acidic soils if other factors are 
favorable (Milosavljević et al. 2016a).
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Integrated pest management

Adult and larval monitoring and thresholds

Random soil sampling and solar bait traps have been the two approaches 
used for monitoring larval presence (Esser 2012; Rashed et al. 2015). 
Establishing a solar bait trap consists of burying a mixture of germinating/
soaked cereal and corn seeds 6 inches deep in the soil, which is then covered 
by a dark plastic (Esser 2012). As the dark plastic cover absorbs heat from the 
sun and keeps carbon dioxide, moisture, and volatiles localized, it provides 
an environment that would attract wireworms to the bait. The number of 
wireworms collected in the trap could be counted in about 10 to 14 days 
after placement. Ideally one to two solar bait traps per acre would provide 
a good assessment of wireworm situation. Trapping is most effective early 
in the season when soil temperatures reach 45°F (Esser 2012; Rashed et al. 
2015). Using this method, an average of 1–2 wireworms per trap indicates 
insecticide treatments are merited (Esser 2012). Consult the PNW Insect 
Management Handbook for materials and rates.

Biological control

Biological control of wireworms has been a subject of very few studies, 
and more work is needed to evaluate the effectiveness of various 
biocontrol agents in reducing wireworm populations (Ansari et al. 2009; 
Reddy et al. 2014). While entomopathogenic nematodes have been 
isolated from wireworms, recent studies have indicated several species 
of entomopathogenic fungi can be effective in reducing wireworm 
populations and increasing stand counts in spring wheat (Reddy et al. 
2014), although further studies are needed. Ground-foraging beetles like 
carabids and some birds are predators that might provide some biological 
control of wireworms (Andrews 2008).

Cultural control

To date, multiple studies have been conducted to examine effects of crop 
rotations in wireworm management; however, results have been context-
dependent and differ based on the wireworm species present, cropping 
system, and region (Esser et al. 2015). Winter wheat-fallow rotations in the 
inland PNW have been shown to reduce wireworm populations by 50% 
compared to continuous spring wheat systems, suggesting that incorporating 
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fallow into rotations will provide benefits for wireworm control (Esser et 
al. 2015). Studies have also indicated that dense soil would have a negative 
impact on wireworms. Thus, proper seedbed preparation, in which the soil 
is well packed, will not only support healthy and vigorous plant growth but 
will also limit wireworm movement and reduce feeding damage. Repeated 
years of no-till planting may cause an increase of wireworm damage, 
creating a central linear furrow in fields where wireworms may concentrate 
and cause even more damage than usual.

Results of several studies have also shown that wireworm damage is not 
uniform across crops. Oats are highly tolerant of wireworms, with no 
insecticides needed for wireworm control in this crop (Higginbotham et 
al. 2014). Barley seems to be fairly tolerant of wireworms as well, although 
insecticides can increase yield compared to controls. In contrast, wheat is 
highly susceptible to wireworms, and insecticides will provide significant 
economic benefits for multiple wireworm species present (Higginbotham 
et al. 2014; Esser et al. 2015).

Resistant varieties

Although variation in susceptibility to wireworm damage has been 
documented among wheat genotypes, no resistant varieties are currently 
available. One study that evaluated 163 wheat genotypes found some 
genotypes were consistently tolerant (performed well in the presence of 
wireworms), but the mechanisms or whether the effect was genetically 
based are not known (Higginbotham et al. 2014).

Insecticides

Seed treated with neonicotinoids can provide stand and yield 
protection from certain wireworm species. In the inland PNW, applying 
thiamethoxam and imidacloprid as seed treatments can reduce wireworm 
populations and increase yields and economic returns in areas with 
Limonius spp. (Esser et al. 2015). However, it is also known that not 
all species respond similarly to insecticidal treatments. Higher rates of 
neonicotinoids are more effective against L. californicus, possibly because 
this species has a higher susceptibility to these compounds, as compared 
with other wireworm species (Esser et al. 2015). Please refer to the PNW 
Insect Management Handbook for current insecticide recommendations.
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While insecticides can be effective tools for managing wireworms in 
cereals, neonicotinoids do not eliminate, but may reduce, populations to 
non-economically important infestations from fields (Esser et al. 2015). 
IPM strategies are likely to be most effective when cultural management 
practices are combined with insecticides.

Climate change

To date there is no scientific study or associated data that would suggest 
a correlation with wireworms and climate change, though we could 
speculate based on biology alone that number of generations per year, 
developmental time, life cycle, growth rate, or their known range may 
increase due to warmer overall temperatures in the inland PNW.

Haanchen Barley Mealybug

Pest status & distribution

Haanchen barley mealybugs (Trionymus haancheni McKenzie) were 
officially reported from California in the 1960s (McKenzie 1962). They 
were later found in other states including Montana, Wyoming, and the 
PNW states of Idaho and Washington (e.g., Garfield County). In Idaho, 
their distribution has been mainly limited to dryland production in 
eastern (e.g., Bonneville and Madison Counties) and southeastern (e.g., 
Caribou County) parts of the state. Haanchen barley mealybugs feed on a 
wide variety of grass crops, including barley, wheat, rye, and oats, but in 
our region have become pests on barley.

Pest description

Adult females are oval-shaped, 1/5 inches long, and may be covered with 
white powdery secretions (Figure 11-29), forming hair-like filaments 
along their body outline. Eggs are pinkish-red, microscopic, and protected 
in cottony wax secretions, also known as an ovisac. Immature stages of 
the mealybugs are named crawlers. There are several nymphal instars. 
Overall they resemble adults, as they are also oval-shaped and have three 
pairs of legs. Their presence, however, is hard to spot with the naked eye 
due to their very small size. Crawlers are also the most mobile stage of the 
mealybug life cycle; they may disperse short distances to nearby plants by 
crawling, or they may travel long distances by wind (Alvarez 2003).
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Figure 11-29. Haanchen barley mealybug adult. (Photo: Juan Manuel Alvarez, University of Idaho, 
Bugwood.org.)

Life cycle

The Haanchen barley mealybug life cycle is yet to be described in detail. 
To date, observations indicate that they may overwinter as eggs, protected 
by soil and plant residue, in eastern Idaho (Alvarez 2003). The presence of 
adults and cottony secretions are detectable later in the spring and early 
summer at the very base of the infested plants. As plants grow, insects 
may move up the stem to feed on fresh leaf tissues. Their presence in 
late summer, under the upper leaf sheaths, can be spotted in the form of 
visible brownish water stains.

Females lay eggs in protected areas of the plant close to the stem bases 
and roots, as well as leaf sheaths. Females are capable of ovipositing up 
to several hundred eggs in a relatively short period of time; the presence 
of males does not appear to be necessary for reproduction. Following egg 
hatch, crawlers disperse via crawling, by wind, and/or by assistance from 
animals and human traffic passing through infested fields. Haanchen 
mealybug outbreaks seem to be associated with mild winter conditions 
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and dry summer months (Alvarez 2003). The exact number of generations 
is yet to be determined.

Host plants & damage

Although Haanchen barley mealybugs are known to be primarily damaging 
in barley, they also feed on wheat and other grasses. Later into the spring 
and early in the summer, the presence of the mealybug can be detected 
by the formation of white cottony elements at the very base of stems right 
around the soil surface (Figure 11-30). Adults can also be seen at the base of 
a leaf sheaf (Figure 11-31). Direct damage, in forms of excessive yellowing, 
may be caused by both adult and immature stages of the mealybug, as they 
use their piercing sucking mouthparts to utilize phloem sap (Mani 2016). 
Damage appears in fields as irregular bare patches and/or patches of weak 
plants. Although the exact cause of the reduction in chlorophyll content is 
yet to be determined, toxic saliva compounds injected into the plant tissue 
during the feeding process may be a contributing factor (Alvarez 2003; 

Figure 11-30. Mealybugs on the plant, showing the white cottony elements. (Photo: Juan Manuel 
Alvarez, University of Idaho, Bugwood.org.)
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Mani 2016). Indirect damage can be caused through honeydew production 
by the insect during feeding. Excessive honeydew (sugar-laden excretions) 
left on the plant tissue can reduce grain quality, interfere with harvest 
(Alvarez 2003), and facilitate fungal infections.

Integrated pest management

Currently, there are no established economic thresholds, registered 
pesticides, or effective integrated management programs for the Haanchen 
barley mealybug. Although variations in the degree of susceptibility have 
been reported among various barley varieties, studies are yet to screen for 
resistance to Haanchen barley mealybugs.

Biological control

Parasitoids and predators have been shown to provide the most effective, 
and relatively more sustainable, management option with other species 
of mealybugs. Rhizopus spp. (Encyrtidae) has been the predominant 

Figure 11-31. Mealybug at the base of a barley leaf sheath. (Photo: Juan Manuel Alvarez, University of 
Idaho, Bugwood.org.)
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parasitoid species found on Haanchen barley mealybugs in Idaho 
(Blodgett 2009; Mani 2016). Generalist predators, such as lady beetles, 
have been frequently encountered in infested field plots and may provide 
some control of the mealybug.

Given current information on the life history traits of Haanchen barley 
mealybugs, proper rotation with non-cereal crops and proper seeding 
bed preparation (e.g., cultivation) is expected to interrupt the continuity 
of the insect life cycle in affected fields. 

Chemical control

Currently there are no recommended foliar insecticides for managing 
Haanchen barley mealybugs in cereals. Having a concealed feeding 
habit, protective waxy cover, likely asexual reproduction capability, 
short generation time, and high dispersal potential, chemical control 
of Haanchen barley mealybugs is greatly challenging. In other crops, 
targeting crawlers with foliar insecticides, timed approximately a week 
after egg-laying, may offer a relatively greater chance of success in 
effectively reducing populations (Alvarez 2003). While seed treatments, 
foliar spray applications (with a surfactant), and systemic chemistries 
may help to reduce mealybug populations (Mani 2016), they may not 
be cost-effective especially under dryland production systems. In 
addition, excess use of broad-spectrum pesticides can potentially lead 
to subsequent outbreaks due to the elimination of the natural enemies 
(Alvarez 2003). Please refer to the PNW Insect Management Handbook 
for current insecticide recommendations.

Climate change

There are no scientific studies or indications of potential response to 
climate change by the Haanchen barley mealybug. Its range as a pest of 
wheat is very limited and it has not been well studied.

A Bigger Picture

Space – Production Landscapes

Cereal crops are grown in heterogeneous landscapes. Even in the most 
wheat-intensive portions of the inland PNW, wheat fields occur within 
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matrices of other habitat types including fallow or rotational crops with 
wheat, perennial grasses (pasture or Conservation Reserve Program), 
and a variety of other crops especially in irrigated areas, scablands, and 
forests. Insect pests and beneficial organisms live within varied landscapes 
that include agricultural fields and other habitats. They move among 
these while foraging and during their annual life cycles. Aphid species, 
like bird cherry-oat aphid, must overwinter on woody hosts while other 
aphids overwinter in grassy habitats, and both types then recolonize 
wheat. Similarly, predators and parasitoids that attack aphids and other 
pests move into wheat fields out of this larger landscape. The benefits 
of this free and natural pest control are enormous. A simple experiment 
in which cereal aphids are protected from natural enemies by exclusion 
cages reveals that the unprotected populations can exponentially increase 
and kill wheat plants in just a few weeks. When feasible, natural or 
perennial habitats can be conserved to help sustain these benefits on or 
near production fields. The viability of inland PNW cereal systems in 
future decades will continue to depend upon these biological services.

Complexity – The Wheat Agroecosystem

Just as individual fields are part of a larger landscape-scale system, 
within each field, the crop, soil organisms, weeds, pathogens, and insects 
constitute an interactive system. The interactions among the components 
of this system contribute to its net productivity. A schematic of the 
continuous winter wheat systems in the inland PNW (Figure 11-31) 
illustrates the direct effects and interactions among its components. Some 
of these interactions are characterized well enough to be managed, like 
biological control of pests by parasitoids and predators. Others remain 
less well understood but potentially important. For example, evidence is 
accumulating that soil organisms and the conditions they promote can 
have emergent effects on pests and diseases that affect the aerial portions 
of plants. Disease-causing agents, like plant viruses, can affect the insects 
that are vectors of these pathogens or even the responses of plants to 
environmental stressors like drought. Going forward, we expect to gain 
a better understanding of these interactions and to find management 
approaches that exploit this knowledge to improve plant protection and 
productivity.
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Time – Changing Conditions

Production conditions are always in flux. As climate, insect pests, weeds, 
diseases, technology, markets, and cultures change, agricultural systems 
must adjust to the new conditions. The scales of operation, extent of the 
influence of global markets, and types of technology in use on today’s farms 
would have been difficult or impossible to imagine a few generations ago. 
We can be certain that the same will be true a few generations hence. To the 
credit of our farmers and partnerships between industry and agricultural 
universities, cereal production has continued to thrive in the US and the 
inland PNW. These dynamics may present significant challenges in the 
coming decades, but building on traditions, healthy partnerships, and 
new science should enable resilience and continued productivity.

Resources and Further Reading

Hessian fly

Bosque-Pérez, N.A. 2010. Hessian Fly. In Compendium of Wheat 
Diseases and Insects 126–128, 3rd ed. W.W. Bockus, R.L. Bowden, R.M. 
Hunger, W.L. Morrill, T.D. Murray, and R.W. Smiley, eds. The American 
Phytopathological Society Press, St Paul, MN.

Wheat midge

Knodel, J., and M. Ganehiarachchi. 2008. Integrated Pest Management 
of the Wheat Midge in North Dakota. North Dakota State University 
Extension Service.

Cereal Leaf Beetle

Kher, S.V., L.M. Dosdall, and H. Cárcamo. 2011. The Cereal Leaf Beetle: 
Biology, Distribution and Prospects for Control. Prairie Soils and Crops 
Journal 4: 32–41.

Armyworms, cutworms, and headworms

Bechinski, E.J., Smith, L.J., Merickel, F.W. 2009. Large Yellow Underwing, 
a New Cutworm in Idaho. University of Idaho Current Information Series 
1172.
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Berry, R.E. 1998a. Black Cutworm Factsheet. Modified from Insects and 
Mites of Economic Importance in the Northwest, 2nd ed. p. 221. http://
mint.ippc.orst.edu/blackcutfact.pdf.

Berry, R.E. 1998b. Variegated Cutworm. Modified from Insects and Mites 
of Economic Importance in the Northwest. 2nd Ed. p. 221. http://mint.
ippc.orst.edu/vcfact.pdf.

Cook, K.A., S.T. Ratcliffe, and M.E. Gray. 2003. Black Cutworm (Agrotis 
ipsilon Hufnagel). Insect Fact Sheet, University of Illinois IPM. https://
ipm.illinois.edu/fieldcrops/insects/black_cutworm.pdf.

Peairs, F.B. 2006. Crops: Caterpillars in Small Grains. Insect Series 5.577. 
Fort Collins, CO: Colorado State University Cooperative Extension.

Royer, T. 2007. Armyworms and Wheat Head Armyworms: How to 
Tell the Difference. Oklahoma State University Plant Disease and Insect 
Advisory 6(15).

Wireworms

Esser, A.D. 2012. Wireworm Scouting: The Shovel Method and the 
Modified Wireworm Solar Bait Trap. Washington State University 
Extension Fact Sheet FS059E.

Milosavljevic, I., A.D. Esser, and D.W. Crowder. 2015. Identifying 
Wireworms in Cereal Crops. Washington State University Extension 
Bulletin F5175E.

Rashed, A., F. Etzler, C.W. Rogers, and J.M. Marshall. 2015. Wireworms in 
Idaho Cereals: A Guide to Monitor Numbers and Identify Predominant 
Species in the Intermountain Region. University of Idaho Extension 
Bulletin 898.

Haanchen barley mealybug

Alvarez, J.M. 2003 Haanchen Barley Mealybug, A New Pest of Barley in 
Idaho. University of Idaho Current Information Series 1109.

Blodgett, S. 2009. High Plains Integrated Pest Management Guide.  
http://wiki.bugwood.org/HPIPM:Haanchen_Mealybug.
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Mani, M. 2016. Management of Mealybugs in Agricultural and 
Horticultural Crops, Barley. In Mealybugs and their Management in 
Agricultural and Horticultural crops, p. 249. M. Mani and C. Shivaraju, 
eds. Springer India.

Mites

Bauernfeind, R. 2005. Winter Grain Mites. Kansas State University. 
Extension Publication MF-2073. 

Brewer, M.J. 1995. Banks Grass Mite Oligonychus pratensis. University of 
Wyoming Extension Publication B-1013. 

Blodgett, S., and G.D. Johnson. 2002. Brown Wheat Mite. Montana State 
University Extension Publication MT200212 AG 12/2002. 
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Abstract

This chapter provides an overview of farm policies up to the most recent 
2014 Farm Bill, the expected focus of future policies, and the potential 
role decision support and precision agriculture tools can play in both 
developing and analyzing farm policies. Farm policies have often been 
designed to manage risk and incentivize desired management practices 
and will continue to do so. The defining characteristic of future policy is 
expected to reside around the use of spatially explicit data and decision 
support tools that will inform policymakers regarding the design of future 
farm policies and inform farmers regarding the effect farm policies will 
have on net returns. The same spatially explicit data will also help farmers 
optimize the use of inputs, reduce costs, and improve environmental 
outcomes. In addition, this chapter will provide a sampling of decision 
support tools as they relate to agricultural policies and a reference guide 
for additional sources for tools and resources. We then provide an example 
of how spatially explicit data and a decision support tool such as AgBiz 
Logic can be used by growers and policymakers to examine the impact on 
net returns of a targeted conservation policy.
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Key Points
• Policy will play a key role in influencing management practices 

in inland Pacific Northwest grain production systems including: 
conservation cropping, residue and soil water management, crop 
rotations, and pest management.

• The influence of policy will occur through the development of 
risk management options, management recommendations and 
incentives, and the adoption of agricultural technologies.

• The use of spatially explicit data and regional impact models will 
likely play a larger role in the design and implementation of future 
farm policies.

• Precision farming tools allow for spatially explicit management 
and have the potential to improve sustainability of management 
practices.

• Decision support tools, such as AgBiz Logic, can be used by 
growers and policymakers to assess potential impacts a variety 
of agricultural policies may have on farm level net returns and 
profitability.

Brief History of Farm Policy (up to the 2014 Farm Bill)

Prior to 1933, the policy of the United States Department of Agriculture 
(USDA) was primarily directed toward on-farm support and services. 
Services included agricultural research projects at land grant institutions, 
marketing services, and Extension programs. The Great Depression and 
the Dust Bowl changed farm policy. During this time, farm households 
accounted for nearly a quarter of the US workforce and 8 percent of 
gross domestic product, or GDP (Dimitri et al. 2005). Farm prices were 
falling and farm foreclosures were on the rise. In an attempt to increase 
the welfare of many rural Americans, Congress passed the Agricultural 
Adjustment Act of 1933 in order to raise the value of crops. The act 
created the first income-support subsidies and production controls for 
basic commodities, which at that time consisted mostly of corn, wheat, 
cotton, rice, and dairy products. Shortly thereafter, the Agricultural 
Adjustment Act of 1938 created a more permanent farm bill with a 
built-in requirement to update it every five years and the Federal Crop 
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Insurance Corporation was also created. The act was made permanent 
in 1949, but subsequent farm bills have regularly amended its provisions 
roughly every five years since then. 

The various farm bills since 1949 have represented an evolution of farm 
policies in response to various market factors and political and social 
pressures of the time. This evolution is evident in the summary of the 
major changes in farm policies presented in Table 12-1. For example, the 
1985 Farm Bill introduced a major new environmental provision: the 
Conservation Reserve Program. Changes in the 1996 Farm Bill eliminated 
deficiency payments and replaced them with production flexibility contract 
payments. These changes were precipitated by a gradual decrease in the 
reliance on Commodity Credit Corporation storage programs and more 
on direct payments to support commodity prices and farm incomes as well 
as the rising popularity of deregulation and less governmental interference 
(Ray 2001). The 2002 Farm Bill reinstated deficiency payments in the form 
of counter-cyclical payments. The 2008 bill created a new revenue support 
program called Average Crop Revenue Election (ACRE). The most recent 
2014 Farm Bill brought about several more changes by eliminating direct 
payments, counter-cyclical payments, and ACRE, and replaced them 
with two new commodity programs aimed at risk management called 
Agriculture Risk Coverage (ARC) and Price Loss Coverage (Effland et al. 
2014). The 2014 bill also consolidated environmental programs, expanded 
the crop insurance program, and tied crop insurance closer to commodity 
programs and conservation programs (Chite 2014; ERS n.d.). The Wildlife 
Habitat Incentive Program (WHIP) was combined with the Environmental 
Quality Incentives Program (EQIP); The Grassland Reserve Program, 
Wetlands Reserve Program, and Farm Ranchland Protection Program were 
combined into one easement program titled Agricultural Conservation 
Easement Program. The 2014 Farm Bill also strengthened and expanded the 
Federal Crop Insurance (FCI) program to include a whole farm policy, and 
required conservation compliance in order to receive premium subsidies. 
Although the features of the farm bill have changed over time, the idea of 
supporting income and minimizing risk for farmers and food production 
has remained constant.

The new farm bill also slightly increased funding for Research, Extension, 
and Related Matters: Title VII. Part of this funding went to establish the 
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Table 12-1. Summary of key agricultural policies, 1933–2015.

Program Title Policy Enacted
Agricultural 
Adjustment Act of 
1933

Introduced price and income-support programs, 
created the Commodity Credit Corporation (CCC), 
and made price-support loans for designated basic 
storable commodities (corn, wheat, and cotton). The 
government also agreed to buy excess grain from 
farmers, which could be released in later years when 
bad weather affected yields. 

Soil Conservation 
and Domestic 
Allotment Act of 
1936

Provided for soil conservation and soil-building 
payments to participating farmers. First link between 
soil conservation and commodity programs.

Agricultural 
Adjustment Act of 
1938

Requirement to update the farm bill every five years. 
Created mandatory price supports for corn, cotton, 
and wheat.

Federal Crop 
Insurance Act of 
1938

Also established the Federal Crop Insurance 
Corporation.

Agricultural Act of 
1949

Established high, fixed-price supports and acreage 
allotments as permanent farm policy. Programs 
revert to the 1949 provisions anytime a new farm bill 
fails to pass.

Agricultural Act of 
1954

Introduced flexible price supports for basic 
commodities, and authorized a CCC reserve for 
foreign and domestic relief.

Agricultural Act of 
1956.

Created the Conservation Reserve Program (CRP), 
and the Acreage Reserve Program (ARP) for wheat, 
corn, rice, cotton, peanuts, and tobacco.

Agricultural Act of 
1965. 

Introduced new income-support payments in 
combination with reduced price supports and 
continued supply controls.

Agriculture 
and Consumer 
Protection Act of 
1973

Established target prices and deficiency payments 
to replace former price-support payments, and 
authorized disaster payments and disaster reserve 
inventories to alleviate distress caused by natural 
disaster.
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Program Title Policy Enacted
Agricultural 
Adjustment Act of 
1980

Amended the Food and Agriculture Act of 1977 
primarily to raise the target prices of wheat and corn.

Federal Crop 
Insurance Act of 
1980

Expanded crop insurance into a national program 
with the authority to cover the majority of crops. 

Federal Crop 
Insurance Reform 
Act of 1994

Made participation in the crop insurance program 
mandatory for farmers to be eligible for deficiency 
payments under price-support programs, certain 
loans, and other benefits.

The Food Security 
Act of 1985 

Created a Conservation Reserve Program under 
which the Federal Government entered into long-
term retirement contracts on qualifying land.

Federal 
Agricultural 
Improvement and 
Reform Act of 1996

Introduced a 7-year phase-out of government 
income-support payments by replacing price 
support and supply control programs with direct 
payments. Repealed the mandatory participation 
requirement for crop insurance, but required 
farmers who accepted other benefits to purchase 
crop insurance or waive their eligibility for disaster 
benefits. 

Farm Security and 
Rural Improvement 
Act of 2002

Brought back price supports with the Direct 
and Counter-cyclical Payments program (DCP). 
Introduced working-lands conservation payments 
through the Conservation Security Program (CSP).

Food, 
Conservation, and 
Energy Act of 2008

Created Supplemental Revenue Assurance (SURE) 
– insures against crop revenue losses and Average 
Crop Revenue Election (ACRE), an alternative to 
counter-cyclical payments.

Agricultural Act of 
2014

Replaced Direct and Counter-cyclical Program, and 
ACRE with Price Loss Coverage (PLC) and Agriculture 
Risk Coverage (ARC)

For a complete description of these agricultural policies and others, see Becker (2002), Bowers et 
al. (1984), Dimitri et al. (2005), Limpton and Pollack (1996), Mercier (2012), O'Donoghue (2016), 
or Womach (2005).
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Foundation for Food and Agriculture Research, which is designed to 
encourage public-private partnerships in research by requiring private 
matching funds. This slightly reduced the downward trend in public 
funding of research and development, but also encouraged the shift 
from public funding to private funding. This may increase total funding 
for research and development, but it also changes the research focus 
more towards post farm research and development and less towards 
productivity, efficiency, and conservation issues (Pardey et al. 2015).

Policy Impacts in the Pacific Northwest

According to the 2007 Census of Agriculture, 38% of US farms received 
some form of government payment. Using individual responses to the 
2007 Agricultural Census, Antle and Houston (2013a; 2013b) examined 
the distribution of the major types of farm program payments for the 
wheat region of the Pacific Northwest (PNW), along with three other 
regions of the country. These farm programs included Direct Payments; 
Conservation Programs, such as the Conservation Reserve Program 
(CRP), Wetlands Reserve Program (WRP), Conservation Security 
Program (CSP), and EQIP; Market Assistance Loans; and Loan Deficiency 
Payments. The census does not provide information on crop insurance 
premium subsidies or insurance indemnity payments so these types 
of payments were not included in the analysis. About 44% of farms in 
this region received government payments from these programs. Direct 
payment subsidies represented about 40% of total mean government 
payments for most farms, and as much as 83% for some large farms (Antle 
and Houston 2013a; 2013b). The recent elimination of direct payments in 
the 2014 Farm Bill, along with current and upcoming changes in crop 
insurance, may significantly change the amount and distribution of farm 
payments. It may also play a role in the ability of farmers in the region 
to adopt new technologies, such as precision agriculture technologies, 
that have the potential to both improve net returns and environmental 
outcomes. The magnitude of the impact will depend on the extent to 
which changes in crop insurance subsidies compensate for the losses 
from direct payments (Antle and Houston 2013b). 

The Center for Agricultural and Environmental Policy at Oregon State 
University has provided a preliminary analysis of the impacts of the most 
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recent Farm Bill on California, Oregon, and Washington (Olen and Wu 
2014). Most notably, for the major commodities (including small grains) 
and the dairy/livestock sectors, the 2014 Farm Bill ends direct payments, 
counter-cyclical payments, and crop revenue election programs; 
establishes price loss coverage and risk coverage programs; establishes 
margin protection programs for dairy; establishes supplemental 
agricultural disaster assistance programs for livestock; establishes 
payment limits and income caps for payments; and provides weather-
related coverage for commodities not included in crop insurance policies. 
Farmers in the West, including wheat farmers in Oregon and Washington, 
will benefit from the expanded crop insurance program known as the 
Supplemental Coverage Option (SCO) (Olen and Wu 2014). According 
to the Risk Management Agency (RMA n.d.) state profiles, 77% of the 
wheat acreage in Oregon and 90% of the wheat acreage in Washington 
was insured in 2013. This is expected to increase in 2015 and 2016 as a 
result of the SCO. The flexibility to choose different levels of protection 
for irrigated and non-irrigated crops may also boost insurance usage for 
many crops (Olen and Wu 2014). 

Agriculture also depends on support from the research programs and 
Extension efforts of land-grant universities. These institutions provide 
essential research regarding many aspects of agricultural production, 
such as improvements in crop varieties, food safety, environmental 
conservation, effectiveness of cropping systems, and short-term and 
long-term climate projections and their effects on crop yields and soil 
quality, just to name a few. The agriculture industry also depends heavily 
on outreach and Extension efforts such as field days and a variety of 
special workshops. 

Better prediction of the impacts of farm policies will be possible as the 
analyses of farm programs are spatially downscaled. The use of farm-level 
decision support tools coupled with regional impacts models is needed 
for fine-tuning the effects on individual growers and regions, and for 
predicting overall participation rates in numerous federal programs. Big 
data initiatives will help to provide some of the data necessary to accurately 
assess the impact of current and future farm programs on farm welfare, 
sustainability, food security, and environmental outcomes. Big data refers 
to extremely large data sets that may be analyzed computationally to 
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reveal patterns, trends, and associations. The Agriculture and Technology 
department of The State University of New York is currently in the process 
of building a cloud-based big data clearinghouse for agriculture they 
call BRAG cloud (short for Broadband Rural Agriculture cloud). Their 
goal is to help farmers and others in the food industry make use of the 
large amount of data that is being generated from the increasing use of 
precision agriculture tools and strategies (Desmond 2016).

Prospects for Agricultural Policy in the Future

United States farm policies cover a wide range of objectives such as 
stabilizing farm income, assuring adequate nutrition, food security, and 
safety, and protecting the environmental. Among all these objectives, 
there are several possible directions for agricultural policy. It is fairly 
certain however, that these basic priorities will remain and that the 
projected expansion of the world’s population along with climate change 
will shape future policy. With the world’s population expected to grow 
by more than 2 billion people by 2050 (UN 2015), the stagnated yields 
of the world’s major cereal crops (Ray et al. 2012), and the projections 
that climate change will have a detrimental impact on crop yields in 
the future (Hatfield et al. 2014), agricultural policies will need to focus 
on reducing waste, improving the equitable distribution of food, and 
increasing production efficiencies, food quality, and nutrition while 
managing risk and environmental outcomes. In order to feed more than 
2 billion additional people under these conditions, we will need to make 
more efficient use of our resources. 

Future agricultural policies will likely focus more on sustainable 
management of agricultural landscapes with an aim to maintain and 
improve food availability and quality while also maintaining and enhancing 
the natural resource base and risk management. Sustainable management 
will target soil quality, water quality, nitrogen (N) cycles, and greenhouse 
gas emission reductions including nitrous oxide (N2O), carbon dioxide 
(CO2) and methane (CH4). These goals are evident in the current calls 
for climate-smart agriculture, sustainable intensification, managing agro-
ecosystems to enhance ecosystem services, and land-use policies calling for 
land sparing or land sharing (Power 2010; Phalan et al. 2011; Garnett et al. 
2013; The World Bank 2011; 2014). The current Strategic Plan for the USDA 



545

Chapter 12: Farm Policies and the Role for Decision Support Tools

encourages voluntary practices such as conservation tillage, manure and 
nutrient management, fertilizer efficiency, increasing energy efficiency, and 
developing renewable sources of energy (USDA 2014). The USDA has also 
established seven Regional Climate Hubs in order to deliver science-based 
knowledge and practical information to farmers. The information and 
guidelines within previous chapters are also geared toward understanding 
how to more effectively meet these goals and provide timely information to 
growers and land managers.

One way to address these concerns about sustainable management is 
through policies and programs that address plant breeding to increase 
resiliency, yields, and nutritional qualities of crops while also reducing 
input requirements. Genetically modifying organisms has the potential 
to increase crop yields, reduce herbicide and pesticide use (Klümper and 
Qaim 2014), as well as increase shelf life, vitamin content, and resistance 
to diseases (NAS 2016). The debate over genetically modified organisms 
(GMOs) and the strict regulations in some countries concerning them, 
may hinder this mode. However, there are new plant breeding techniques 
that use genome editing which may potentially be more acceptable to 
consumers (Hartung and Schiemann 2014). Genome editing allows 
breeders to determine if a plant will have the desired characteristics 
before the plant is fully mature. It is a much quicker process that imitates 
the traditional mutation process of conventional breeding. Unlike GMO 
techniques that introduce genes that do not arise naturally in the species 
into a plant’s DNA, genome editing allows breeders to develop plants 
that do not differ in any way from a plant whose genome was altered 
through breeding (Rosch 2016). Hartung and Schiemann (2014) and the 
National Academies of Sciences (2016) argue that new plant varieties 
should be regulated based on novel characteristics and hazards rather 
than the technique used to create it. Current policy in the US is product-
based in theory, but the USDA and the Environmental Protection Agency 
determine which plants to regulate at least partially on the process by 
which they are developed (NAS 2016). We view this as an emerging 
field that agricultural policy will grapple with in the near future as more 
varieties are developed using genome editing. 

Another way to meet these goals is by closely linking commodities, crop 
insurance, and environmental conservation programs and by designing 
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targeted agricultural policies that will strengthen the farm financial safety 
net. The next farm bill may introduce hybrid conservation-risk policies 
that incorporate counter-cyclical and risk components of current farm 
programs and crop insurance (Coppess 2016). Currently, crop insurance 
has links to commodity programs, but these two programs work mostly 
independent of conservation programs. By linking these policies, there 
should be less adverse consequences from policies that target only one 
goal. As a move in this direction, the USDA plans to expand crop insurance 
availability and product coverage, and to use geographical information 
systems, remote sensing, precision agriculture and data mining, to 
improve crop insurance products and rapidly assess damage (USDA 
2014). A Working Landscapes Initiative, regarding conservation and crop 
insurance advocated by the Meridian Institute, is also supporting a policy 
move in this direction (AGree 2016). This initiative supports several 
research and advocacy efforts to assess the correlation between soil type 
and yield risk; update the USDA’s data collection system to increase the 
efficiency of data collection and integration of data and reduce respondent 
burden; and initiate changes in crop insurance that will support innovation 
and conservation. These initiatives will require gathering spatially explicit 
data. Until recently, designing targeted agricultural policies was virtually 
impossible on a large scale due to lack of data and the cost of obtaining 
it. However, advances in technology and data management have begun to 
make processing large quantities of spatially explicit climatic, geographic, 
and economic data possible and affordable. (For more detail about data 
and precision agriculture, see Chapter 8: Precision Agriculture.) Privacy 
and confidentiality concerns regarding such data gathering and sharing 
have been a concern of many farmers and commodity organizations 
(AGree 2014). In response, the American Farm Bureau together with 
a consortium of farmer organizations and agriculture data technology 
providers, is developing data privacy and security principles in order to 
ensure that data not be misused (Plume 2014). For a larger discussion on 
the use of big data for agro-environmental policies, see Antle et al. (2015). 

Climate initiatives will also frame future agricultural policies. The 
USDA Building Blocks for Climate-Smart Agriculture and Forestry: 
Implementation Plan and Progress Report (USDA 2016) provides details 
regarding the USDA’s framework for helping farmers, ranchers, and 
forestland owners respond to climate change. The framework will work 
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within many existing conservation programs such as EQIP and CRP, and 
make them more flexible to unique conditions on farms in different parts 
of the country. The plan also focuses on soil quality to increase organic 
matter and improve microbial activity. This will sequester more carbon, 
which will have several benefits beyond the reduction of greenhouse gases, 
such as improved water management, improved wildlife and pollinator 
habitat, as well as improved yields. The USDA also established a Soil 
Health Division at the Natural Resources Conservation Service (NRCS) 
in 2015, to focus on providing financial and technical assistance to 
farmers to implement conservation practices such as tillage management, 
cover crops, and grassed waterways. Additionally, ‘sensitive lands’ will be 
identified and NRCS will target owners of this land and encourage the 
adoption of conservation systems using financial and technical assistance 
incentives.

Future policies will likely take advantage of ‘big data’ to design spatially 
explicit policies to enhance the efficiency and reduce the cost of farm 
programs such as crop insurance subsidies, which are expected to increase 
substantially in the next ten years and to outpace spending on traditional 
commodity programs by about one-third (Shields 2010). An example of 
a policy that could benefit from a more targeted approach would be the 
requirements in the 2014 Farm Bill which states that farmers must practice 
soil and water conservation measures on vulnerable lands in exchange for 
receiving subsidies for crop insurance premiums. Having spatial information 
about the effectiveness of various practices at specific locations would allow 
policymakers to target highly sensitive parcels and provide landowners 
with information necessary to make informed decisions at the farm level to 
maximize net returns and minimize environmental impacts. Landowners 
with highly sensitive parcels of land could then be incentivized to adopt 
specific conservation practices on these lands by offering larger subsidies 
or lower crop insurance premiums for farmers with the most effective 
conservation outcomes, sometimes referred to as precision conservation. 
This would increase the efficiency by increasing enrollment of highly 
sensitive lands, and possibly reduce the subsidy payments for less sensitive 
land, improve the environmental benefits, and reduce the social cost of 
achieving the environmental benefits. Thus, we foresee a movement toward 
a more spatially oriented form of policy that is more efficient and better 
able to meet both the needs of growers and policymakers by providing risk 
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management while also emphasizing sustainability. We also note, however, 
that better data and targeted approaches that are parcel-specific may not 
be applicable for all conservation strategies, especially ones that require 
conservation efforts across large areas of land encompassing many different 
landowners and land uses.

Additional Sources of Information for Farm Policies

Farm policies are constantly changing and it is often difficult to find 
current information regarding farm policies and what they mean at the 
farm level. This section does not provide specific information on current 
farm polices due to the changing nature of policies. However, we provide 
several sources for obtaining information about current policies as well as 
sources that analyze current or proposed policies.

United States Department of Agriculture

http://www.usda.gov/wps/portal/usda/usdahome?navid=farmbill

The most current information about the current farm bill can be obtained 
from the United States Department of Agriculture’s (USDA) website for the 
farm bill. This page also contains links to the latest farm bill news and blogs. 

National Agricultural Law Center

http://nationalaglawcenter.org/farmbills/

The National Agricultural Law Center provides a complete list of web 
links to both current and historical farm bills as well as Congressional 
Research Service reports related to farm bills and agricultural programs.

Farm Services Agency

http://www.fsa.usda.gov/programs-and-services/farm-bill/index

http://www.fsa.usda.gov/programs-and-services/index

The Farm Services Agency (FSA) within the USDA also provides 
information about the farm bill. This site provides highlights of the farm 
bill as well as specific information on various policies. Individuals can sign 
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up to receive email updates on a regular basis. A listing of all Programs 
and Services offered by the Farm Service Agency such as Farm Loan 
Programs and Price-Support Programs is also provided on this page.

Economic Research Service

http://www.ers.usda.gov/topics/farm-economy/farm-commodity-policy.
aspx

The Economic Research Service (ERS), which is also part of USDA, has 
a webpage for Farm & Commodity Policy. This page covers evolving 
farm and commodity policies. Often new farm bills extend, revise, and 
replace provisions of previous farm bills. In other cases, provisions of 
a new farm bill extend, revise, and replace language in laws regulating 
areas that overlap farm bill authorities, including food and nutrition, 
food safety, trade, credit, research and Extension, forestry, food safety, 
organic production, pesticides, and crop insurance. Details on farm bill 
provisions and related legislation are available at this site as well as reports 
and articles that analyze the impacts and implications of these policies.

National Association of Wheat Growers

http://www.wheatworld.org/

National Association of Wheat Growers provides weekly news updates 
on activities and policies that directly impact wheat producers. 

OreCal

http://oregonstate.edu/caep/

http://aic.ucdavis.edu/

OreCal publishes briefs as a collaboration between the Center for 
Agricultural & Environmental Policy at Oregon State University and the 
University of California Agricultural Issues Center at UC Davis. Their 
mission is to improve public and private decision making by providing 
objective economic analysis of critical public policy issues concerning 
agriculture, natural resources, food systems, and the environment, with 
an emphasis on the western United States.
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Center on Budget and Policy Priorities

http://www.cbpp.org/research

The Center on Budget and Policy Priorities is a research and policy 
institute that analyzes federal budget priorities.

Farm Policy Facts

http://www.farmpolicyfacts.org/about-farm-policy-facts/

Farm Policy Facts is a coalition of farmers and commodity groups created 
to educate Congress about the importance of agriculture and to ensure 
farmers have a voice in the legislative process.

Decision Tools for Sustainable or Climate-Smart 
Agriculture

The projected impacts of alternative farm policies are dependent upon 
who adopts the policy changes or who agrees to participate in the new or 
revised policies. For example, if only 10% of eligible farms are enrolled 
in a given policy in a specific area, the impacts will be quite different 
than if there is 90% participation. Often times, policy analysts make 
assumptions about the level of participation or adoption that may not 
reflect the actual behavior of farmers in the area. These projections 
may be significantly off base, especially regarding policies that require 
substantial changes to existing practices. Without a tool that farmers can 
use to project or explore the advantages of changing their management 
practices, and without some means to communicate the resulting 
changes in net returns to research and policy community, there is little 
information to guide adoption decisions and little information to make 
informed ex-ante participation rates projections for proposed policy or 
policy changes. For example, recent changes in the 2014 Farm Bill have 
expanded crop insurance and eliminated direct payments, which could 
lead to marginal lands being brought into production due to the absence 
of risk. Decision support tools that examine effects of these programs on 
farm-level decisions and net returns could be used to examine the extent 
to which this would be true, and to target or adjust problematic areas of 
the policy. 
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Being able to make informed decisions at the farm scale is essential to 
enhancing and expanding sustainable and climate-smart agriculture. 
Without information that is readily accessible to farmers on the farm-
level economic costs and returns of taking certain actions farmers may 
be reluctant to take those actions (GAO 2014). With this in mind, the 
USDA is working to provide this type of information to farmers, and the 
regional climate hubs will be a clearing house for supporting, collecting, 
and disseminating this type of information. 

The advent of mobile computing and communication devices has 
enhanced our ability to make these informed decisions (Antle et al. 
2015). Therefore, it is critical that farmers and land managers have access 
to decision support tools that will allow them to make more efficient 
use of inputs and capital and better analyze outcomes and tradeoffs of 
alternative management pathways. Many farm-level data and decision 
tools from private and public sources are currently in use and are 
developing rapidly (Antle et al. 2015). These tools can help farmers better 
understand the likely impacts external factors, such as changing weather 
patterns, long-term climate projections, and agricultural policies, could 
have on the sustainability of their operations. They can also help farmers 
track and understand the spatial variability on their farms, which can 
lead to greater efficient use of inputs and enhance the economic and 
environmental sustainability of their farm. 

Presented here is a small sampling of tools and resources that can aid 
farmers in informed decision making regarding the economic implications 
of various farm bill policies, daily and long-term management options, 
as well as enhancing the ability to track and monitor spatial variations 
in fields which is necessary for efficient allocation of inputs. The reader 
should be aware that this is not a comprehensive list of tools, nor is it an 
endorsement of these tools, rather it is a compilation of resources that are 
available, and some may be more appropriate for individual applications 
than others. The reader should be aware of that. The decision tools 
discussed in this section provide users with likely changes in directions 
and relative magnitudes of key outcomes and indicators. Thus, many of 
these tools are most useful from a comparative or relative perspective and 
are not intended as prescriptive recommendations.
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Policy Tools and Resources

National Association of Agricultural and Food Policy

https://usda.afpc.tamu.edu/

Several departments within the USDA provide tools and resource 
aids to farmers. For example, the National Association of Agricultural 
and Food Policy has developed several tools to better understand the 
economic implications of choices under the 2014 Farm Bill. The suite of 
integrated tools is designed to help farmers make the choices required for 
participation in the 2014 Farm Bill and for choices available under crop 
insurance. 

Natural Resource Conservation Service

http://www.nrcs.usda.gov/wps/portal/nrcs/main/national/technical/
tools/

The NRCS also has a suite of tools and resources available to farmers. This 
site offers links to information, tools, and technical assistance regarding 
climate change, energy use, cover crops, nutrient management, and many 
other resources. In the economic tools section for example, there are links 
to tools in information about general conservation planning, watershed 
protection, general economic planning, financial functions, investments 
and retirement, etc. Each link also has a contact person so individuals can 
quickly email knowledgeable personnel regarding questions they may 
encounter while researching the tools and resources provided. 

Cover Crop Economics Tool

http://www.conservationwebinars.net/webinars/cover-crop-economics-
decision-support-tool

An example of one of the tools offered on the NRCS website that would 
be particularly useful tool for wheat growers in the PNW considering 
incorporating cover crops into their rotation is the Cover Crop Economics 
Tool. This is a spreadsheet that measures direct nutrient credits, input 
reductions, yield increases and decreases, seed and establishment costs, 
erosion reductions, grazing opportunities, overall soil fertility levels, and 
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water storage and infiltration improvements. The tool focuses on monetary 
benefits and costs. Though there are many benefits to cover crops, they may 
not always be cost effective in the short run. This tool helps the farmer 
determine if a cover crop makes sense for their individual situation. 

Web Soil Survey (3.1) Tool.

http://websoilsurvey.sc.egov.usda.gov

Another useful tool for planning is the Web Soil Survey (3.1) tool. This tool 
can be used for general farm, local, and wider area planning by providing 
maps and tables of soil property data and information. The information 
is downloadable for use in a local geographic information system. It will 
also generate a custom soil survey report for any selected area. 

Energy Estimators

Other useful tools that estimate economic gains or losses from farm 
activities include: 

Energy Estimator for Irrigation

http://ipat.sc.egov.usda.gov

The Energy Estimator for Irrigation which estimates potential energy 
savings associated with pumping water for irrigation.

Energy Estimator for Nitrogen

http://nfat.sc.egov.usda.gov

The Energy Estimator for Nitrogen which calculates the potential cost-
savings related to N use on a farm or ranch.

Energy Estimator for Tillage

http://ecat.sc.egov.usda.gov

The Energy Estimator for Tillage which estimates diesel fuel use and costs 
in the production of key crops in a region and compares potential energy 
savings between conventional tillage and alternative tillage systems.
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Other commonly used NRCS tools can be accessed at: 
http://www.nrcs.usda.gov/wps/portal/nrcs/detail/national/
programs/?cid=STELPRDB1261051

Decision Support Tools Developed and Assembled by the Regional 
Approaches to Climate Change Project 

https://www.reacchpna.org/tools 

The decision support tools assembled on the Regional Approached 
to Climate Change (REACCH) website have been developed based on 
specific needs faced by dryland cereal farmers in the PNW. Below is a 
sampling of some of the tools currently available.

• Wireworm Identification Tool—this tool helps identify the species 
of wireworms in your field.

• Aphid Tracker Map and Aphid Tracker Calculators—interactive 
maps and aphid calculators are designed to help manage for 
aphids and aphid viruses in cool season legumes.

• Weather and Winter Wheat Yield—this tool allows the user 
to visualize year-to-year variability in winter wheat yields for 
Oregon, Washington, and Idaho over the past three decades and 
its relationship to variability in climate.

• A variety of climate and weather tools allow users to explore 
past climate, short-term forecasts and long-term projections for 
specific locations, these include:

◆ Climate Dashboard 
◆ Climate Projections 
◆ Seasonal Climate Forecasts 
◆ Climate Historical Averages 
◆ USDA Plant Hardiness Zone Maps 

AgWeatherNet

http://www.weather.wsu.edu/

This website provides access to current and historical weather data from 
Washington State University’s automated weather station network along 
with a range of models and decision aids. Weather variables include air 
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temperature, relative humidity, dew point temperature, soil temperature 
at 8 inches, precipitation, wind speed, wind direction, solar radiation, and 
leaf wetness. Some stations also measure atmospheric pressure. These 
variables are recorded every 5 seconds and summarized every 15 minutes 
by a data logger.

Precision Farming Tools

With the recent proliferation of spatially oriented technologies and data 
processing, the use of precision agriculture technologies is on the rise, 
but not all farming locations can take full advantage of these technologies 
due to lack of broadband data services. The Palouse area, for example, has 
historically been a difficult region to secure effective broadband coverage 
due to the terrain. This is partly why President Obama signed an Executive 
Order in 2012 to make broadband construction along federal roadways 
and properties up to 90% cheaper and more efficient. Additionally, 
the Precision Farming Act of 2016 was introduced to help expand the 
adoption of precision agriculture by providing funding for the expansion 
of broadband infrastructure and services to cover rural areas. If this act 
or some variation of this act is passed, more farmers in rural areas will be 
able to take advantage of precision agriculture technologies that require 
the use of broadband services to guide tractors, manage data, and access 
mobile apps. 

Precision farming techniques will also help farmers adapt to policies 
that will likely result from recent initiatives focused on climate-smart 
agriculture, sustainability, spatially explicit management such as 
precision conservation, risk management, and environmental policies. 
Tools such as variable rate technology, unmanned aerial vehicles, 
and global positioning systems (GPS) will allow farmers to be more 
precise in their input use, thus benefitting quality and yield outcomes 
and environmental impacts. For example, variable rate technology can 
automatically adjust seeding, spraying, and spreading based on such 
variables as slope, soil texture and moisture content. It can be either 
map-based or sensor-based; unmanned aerial vehicles can fly over fields 
and inform farmers about the spatial differences in their fields regarding 
N needs on specific areas of their fields, or the extent of weeds or insect 
damage in certain zones; and GPS can enable farmers to geo-reference 



556

Advances in Dryland Farming in the Inland Pacific Northwest

trouble spots in fields or to guide machinery for more precise tillage and 
application of seeds and sprays. 

Large agricultural and chemical companies such as Monsanto, DuPont, 
and John Deere have been investing heavily in precision agriculture 
technologies. For example, Monsanto has developed a system which 
provides field-by-field recommendations for ways to increase yield, 
optimize inputs and enhance sustainability, as well as an iPad app that 
combines historical yield data, satellite imagery, field information about 
soil and moisture, and plant varieties to make customized variable rate 
seeding prescriptions for individual fields in order to maximize yield 
potential on a field-by-field basis. Similarly, DuPont has also developed 
software to help growers make informed management decisions. Their 
software combines current and historical field data with real-time 
agronomic information. They have also developed an app for taking field 
notes and photos with GPS tags to track field agronomic status. Likewise, 
John Deere has also invested in the development of GPS guidance and 
variable rate application systems that help control input costs.

Smartphone Apps for Agriculture

There are numerous smartphone apps for agriculture that range from 
storm and frost alarm weather apps to weed identification apps. A few 
sources for farm apps are AgWebAppFinder, Farms.com, and Croplife.
com. These sites have application directories that allow users to search 
for apps by key word. The AgWebAppFinder site also has an Editor’s Best 
and Highest Rated tab to help you find useful apps. Croplife.com and 
AgWebAppFinder also post periodic reviews of farm apps. 

AgWebAppFinder

http://www.AgWebAppFinder.com

Farms.com

http://www.farms.com/agriculture-apps/

Croplife.com

http://www.croplife.com
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Fertilizer and Spray Application Decision Tools

Washington State University Fertilizer Application Tools

http://wheattools.wsu.edu/Applications/Fertilizer%20Use%20
Calculator/

Nitrogen fertilizer represents a significant portion of input costs. Overuse 
of N also contributes to air and water pollution. Therefore, it is important 
to be able to accurately evaluate the need for fertilizer on a variety of 
different terrains and soil types. Washington State University has two 
fertilizer application tools, one is an N calculator and the other is a post-
harvest calculator. 

Nitrogen Index App

https://play.google.com/store/apps/details?id=gov.usda.ars.spnr.
driver&hl=en

This tool can be used to assess the potential risk of N losses associated 
with a given set of management practices. Users can evaluate how changes 
in management can reduce the potential risk of nitrate leaching.

The Nitrogen Index for desktop and laptop computers is also available for 
download at the USDA-ARS Soil Plant Nutrient Research Unit website: 
http://www.ars.usda.gov/npa/spnr/nitrogentools. 

Aphid Calculator

See the section on REACCH decision support tools above.

Greenhouse Gas Tools

Agriculture in the United States produces about 9% of total US greenhouse 
gas emissions (EPA n.d.). With growing concerns about climate change 
and the push for either a carbon market or a carbon tax, carbon calculators 
will be useful tools for analyzing sources of on-farm emissions that will 
allow producers to determine sources of emissions on their farm as well 
as possible sequestration options. NRCS has developed three carbon 
planning tools: COMET-Farm, COMET-Planner and COMET-Energy.
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COMET-Farm

http://www.comet-farm.com

COMET-Farm calculates farm-scale greenhouse gas emissions and 
carbon sequestration associated with farm management practices 
and strategies. It allows producers to evaluate alternative management 
strategies and the associated impact on greenhouse gas emissions and 
carbon sequestration. The user inputs site-specific management data, 
and then site-specific soil and climate data is used to generate reports 
that compare current greenhouse gas emissions with emissions from 
alternative management scenarios that are accurate estimates tailored to 
an individual’s specific situation. It is applicable to all agricultural lands 
in the lower 48 states. 

COMET-Planner and COMET Energy

COMET-Planner and COMET Energy evaluate potential carbon 
sequestration and greenhouse gas reductions from adopting NRCS 
conservation practices and reductions in greenhouse gas emissions based on 
anticipated fuel savings. 

For an overview and comparison of more than 30 publicly accessible 
carbon calculator tools for the agriculture and forestry sectors, see Denef 
et al. (2012).

Crop Simulation/Yield Tools

The crop simulation and yield tools consist primarily of agronomic 
relationships among key biophysical factors and management inputs. 
For the most part, they do not explicitly incorporate economic variables 
or optimization algorithms and approaches. These tools are essential 
for building economic tools that require changes in projected yields 
associated with policy, weather, and management changes. 

Decision Support for Agro-Technology Transfer

http://dssat.net/

Decision Support for Agro-Technology Transfer (DSSAT) is a crop 
simulation model that has been in use for over 20 years, developed through 
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a collaboration of scientists at the University of Florida, University of 
Georgia, University of Guelph, University of Hawaii, the International 
Center for Soil Fertility and Agricultural Development, USDA-Agricultural 
Research Service, Universidad Politecnica de Madrid, Washington 
State University, and other scientists associated with the International 
Consortium for Agricultural Systems Applications. The simulated yields 
are based on site-specific daily weather data, soil characteristics, and crop 
management activities. The tool is used to evaluate how changes in crop 
characteristics, management and environmental conditions may impact 
crop yields. 

Kansas Wheat Yield Calculator

https://itunes.apple.com/us/app/kansas-wheat-yield-calculator/
id925624508?mt=8

The Kansas Wheat Yield Calculator is a phone app developed by the 
Kansas Wheat Commission and allows growers to estimate potential 
wheat yields by collecting information about wheat fields to assess 
potential yield ahead of harvest. 

CropSyst

http://modeling.bsyse.wsu.edu/CS_Suite/CropSyst/index.html

CropSyst is a user-friendly, multi-year, multi-crop daily time step 
simulation model. The model simulates the soil water budget, soil-plant 
N budget, crop canopy and root growth, dry matter production, yield, 
residue production and decomposition, and erosion. Management 
options include cultivar selection, crop rotation (including fallow years), 
irrigation, N fertilization, tillage operations (over 80 options), and 
residue management. The model is designed to be an analytic tool to 
study the effect of cropping systems management on productivity and 
the environment. 

Whole Farm Assessment Tools

Whole farm assessment tools address impacts and tradeoffs at the farm 
scale rather than on a field-by-field basis. These are more complex tools 
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that capture the scale and complementarities inherent in farm-level 
planning, and, for the most part, allow for tradeoffs among operations. For 
example, we describe two whole farm assessment tools here: AgBalance™ 
and AgBiz Logic™. 

AgBalance

AgBalance is an assessment tool designed by BASF Corporation to analyze 
agricultural practices on the farm and throughout the chain of production. 
It is based on environmental, economic, and social indicators that are 
aimed at helping producers balance demand with sustainable production. 
It can be used to assess current agricultural practices, identify areas for 
potential improvements, assess the impact of regulations on products and 
farming practices, and demonstrate the relationship between farming 
practices and biodiversity or resource consumption. Findings from this 
process can be presented to policymakers and partners throughout the 
food production chain.

AgBiz Logic

AgBiz Logic developed at Oregon State University (with support from 
REACCH, the Northwest Climate Hub, and a USDA-SCRI grant) 
consists of several modules: AgBizProfit, AgBizLease, AgBizFinance, 
AgBizClimate, and AgBizEnvironment (Figure 12-1). The modules 
are designed help growers assess operational investment choices to 
make profitable decisions. AgBizProfit can help make short-, medium-, 
and long-run investment decisions based on profitability. AgBizLease 
can help establish equitable short- and long-run crop share and cash 
rent payment leases based on each party’s contributions to the lease. 
AgBizFinance can assist in making long-run decisions on a whole farm 
and ranch basis based on financial ratios and performance measures. 
AgBizClimate and AgBizEnvironment (both under development) will 
incorporate climatic projections and environmental considerations into 
the decision-making process.

Using a Whole Farm Assessment Tool to Evaluate Tradeoffs

In this section we use AgBiz Logic to illustrate how whole farm decision 
support tools can be used to evaluate farm-level decisions related to 
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agricultural policies and related investment decisions. As mentioned 
earlier, requirements in the 2014 Farm Bill state that farmers must 
practice soil and water conservation measures on vulnerable lands in 
exchange for receiving subsidies for crop insurance premiums. There is 
also a movement towards more targeted farm policies. Let’s assume, then, 
that in the future, NRCS will be able to offer farms with highly vulnerable 
land a higher subsidy for crop insurance premiums if they enroll those 
lands in CRP or some other conservation program. We will illustrate how 
farmers can use AgBiz Logic to determine if it makes economic sense for 
their operation to target their conservation efforts. 

What follows is an example of a hypothetical case study using the 
mid-Columbia region of Umatilla County, Oregon, to examine the 
impacts on profitability and feasibility of alternative cropping systems 
on leased land when considering precision conservation practices. (In 
other words, can a grower make money in an investment and does the 
grower have the financial resources to implement the decision?) We will 
first present an example of how the AgBizProfit module can be used to 
evaluate the profitability of various cropping systems using precision 
conservation. Then we show how AgBizLease can determine if current 
lease arrangements are equitable given the changes in cropping systems 

Figure 12-1. AgBiz Logic platform. (NPV = net present value; IRR = internal rate of return.)



562

Advances in Dryland Farming in the Inland Pacific Northwest

AgBiz Logic Platform

http://www.agbizlogic.com/
AgBiz Logic consists of the following economic and financial 
calculators: 

AgBizProfit is a capital investment tool that evaluates an array of 
short-, medium-, and long-term investments. The module uses the 
economic concepts of net present value, annual equivalence, and 
internal rate of return to analyze the potential profitability of a given 
investment. 

AgBizLease is designed to help agricultural producers establish 
equitable short- and long-run crop, livestock and other capital 
investment leases. The module uses the economic concept of net 
present value to analyze an equitable crop share or cash rent lease for 
a tenant and landowner. 

AgBizFinance is designed to help agricultural producers make 
investment decisions based on financial liquidity, solvency, 
profitability, and efficiency of the farm or ranch business. After an 
AgBizFinance analysis has been created, investments in technology, 
conservation practices, value-added processes, or changes to 
cropping systems or livestock enterprises can be added to or deleted 
from the current farm and ranch operation. Changes to a business’s 
financial ratios and performance measures are also calculated.

AgBizClimate (under development at the time of this publication) 
delivers essential information about climate change to farmers and 
land managers that can be incorporated into projections about future 
net returns, via changes in expected yields. By using data unique to 
their specific farming operations, growers can develop management 
pathways that best fit their operations and increase net returns under 
alternative climate scenarios. 

AgBizEnvironment (under development at the time of this 
publication) uses environmental models and other ecological 
accounting to quantify changes in environmental outcomes such 
as erosion, soil loss, soil carbon sequestration, and greenhouse gas 
emissions resulting in the ability to incorporate on-farm and off-farm 
environmental outcomes into the decision support software and 
platform.
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and, if not, what would make a lease equitable and how AgBizFinance can 
be used to evaluate the feasibility of working capital and solvency when 
investing in the new equipment and technologies. We then examine the 
tradeoffs that the farm manager must weigh when making precision 
agriculture and precision conservation decisions.

Initial setup

In this hypothetical example the farm operation is a representative 2,000-
acre dryland farm growing annual crops in a region that receives between 
18 to 24 inches of precipitation annually. In keeping with common 
practice, the producer uses a winter wheat, spring barley, and dry pea 
crop rotation that includes direct seeding to conserve soil moisture, 
increase yields, reduce soil erosion, and reduce fuel usage. The farm’s 
average yields for winter wheat are 104.5 bushels of winter wheat, 1.8 tons 
of spring barley, and 1,900 pounds of dry peas per acre. Approximately 
867 acres are leased and the farm operator owns the remaining acres. The 
land lease is based on the landowner receiving 1/4 of the crop and paying 
1/4 of the weed control, fertilizer, and crop insurance costs (hail, fire, and 
crop revenue coverage) and 100% of the property insurance and taxes.

On the 867 acres of leased land the farmer has 307 acres that are identified 
as highly vulnerable and qualifies the farmer and landowner to receive the 
higher crop insurance premium subsidy offered for highly vulnerable land 
areas. The soil on much of this acreage is very cobbly loam, consisting of 
45% sand, 43% silt, and 12% clay with 1–7% slope; other vulnerable soils 
are heavy clays that are extremely saturated in years with above average 
moisture, which greatly reduces yields (Figure 12-2). Note that this type 
of soil information can be obtained for any parcel of land from the Web 
Soil Survey Tool developed by NRCS. Due to the soil quality on these 
acres, crop yields are generally about 15% lower than average yields for 
the rest of the farm.

Before the farmers decide to enroll these acres in the conservation program, 
they will want to examine the cost of investing in precision agriculture 
equipment that will be necessary for this targeted conservation as well as 
the impact on net returns. In this example, the initial costs to the tenant 
for the GPS technologies is assumed to be $25,000, with a 5-year life and 
a maintenance cost of 2% of the initial cost, resulting in $2.75 per acre 
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Figure 12-2. Aerial view of the rented land, within the yellow boundary line. Thirty-five percent (or 307 
acres) of the leased land that qualifies as highly vulnerable land, within each of the four red boundary 
lines. The majority of the vulnerable soils are very cobbly loam, consisting of 45% sand, 43% silt, and 
12% clay with 1–7% slope. The other vulnerable soils are heavy clays that are extremely saturated in 
years with above average moisture, which greatly reduces yields.

for all acres on the farm. The landowner has agreed to pay $1,700 for the 
upfront costs to establish the conservation practices, and the tenant pays 
the annual costs to maintain the land of $52. 

To make a fully informed decision, the landowner and the tenant will 
want to examine the impacts on the lease arrangement to determine if the 
current 1/4 crop share lease to the landowner is equitable if the additional 
land is taken out of production, as well as examine financial feasibility of 
investing in the new equipment necessary for each scenario. With this 
information, they can then determine how much of a premium would be 
needed to compensate for taking land out of production. To do this, the 
farm operator would initially use the AgBizProfit module to analyze this 
precision conservation investment strategy based on three options. 

The first option is to continue with the current situation of winter wheat, 
spring barley, and dry peas. The other two options require the farmer 
to purchase precision agriculture technology such as a GPS guidance 
and yield mapping systems. Option two is to plant less valuable crops 
such as canola and camelina on the vulnerable acreage that has lower 
yielding soils. These crops generally result in lower returns but also have 
less input costs and have the added benefit of diversifying the crop mix 
to include bioenergy crops. The third option is to implement a long-
term conservation plan of a CRP-type planting. Options two and three 
require the farmer to purchase precision agriculture technology such as 
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GPS guidance and yield mapping systems. The next step would be to use 
AgBizLease to analyze the most profitable cropping strategy to determine 
how the lease arrangement might change based on the costs of new 
technology and alternative crops. Then an AgBizFinance analysis can be 
used to determine if required investments for options two or three can 
be implemented and funded from annual cash flows or must be financed 
with a loan. Finally, the results from the analysis can be used by the 
farmer to examine the tradeoffs involved in each decision and make a 
fully informed decision.

Data needs

Data needs for AgBizProfit: To use precision farming techniques 
effectively, it is essential that the producer generate profit and loss maps 
on a field-by-field basis. This would include identifying the higher and 
lower yielding areas of a field as well as any variation in production input 
costs associated with the fluctuating yields. Profit and loss maps generally 
provide net returns over and above fixed costs. Overlaying the maps of 
net returns to NRCS soil maps could also validate the variation in yields 
and profits by soil characteristics, thus illustrating the potential economic 
benefits of changing cropping systems and purchasing precision farming 
technologies.

The next set of data includes establishing projected yields for winter wheat, 
spring barley, and dry peas planted on the higher productive areas of the 
field as well as the canola and camelina planted on marginally productive 
soils and any associated production input cost differences. The final set 
of data required for an AgBizProfit analysis are the costs to establish and 
maintain the conservation planting on the 307 acres identified as highly 
vulnerable. 

Data Needs for AgBizLease: Equitable land leases are usually calculated 
based on the cost contributions of the tenant and landowner to the 
lease. As with the current crop share lease, it is assumed that the tenant 
provides 3/4 of the costs (labor, machinery, production inputs, etc.) and 
the landowner 1/4, which includes any production inputs, a reasonable 
return to the market value of the land, property taxes, insurance, etc. The 
data required for this analysis are any changes in costs by the tenant and 
landowner when considering either option two or three.
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Data Needs for AgBizFinance: The requirements to conduct a whole 
farm analysis include balance sheet information, principal and interest 
payments on current loans (short-, medium-, and long-term), capital 
leases, and family withdrawals from the business. The outcomes from 
a whole farm analysis varies greatly by the amount of working capital 
in the year of the decision, how much farm equity is the owner’s 
versus the lender’s, and the anticipated net income from the future 
investment. 

The Informed Decision

Output regarding changes in net returns, the tenant and landowner 
contributions to total costs, as well as debt-to asset ratios and working 
capital generated from the AgBiz Logic tool can now be used to make 
a fully informed financial decision regarding these options. Output 
regarding differences in net returns as well as the contributions to total 
costs by the landowner and tenant from our hypothetical example are 
presented in Table 12-2. 

The current lease for Option 2 may not need to be adjusted. However, due 
to the considerable shift in the landowner’s and tenant’s contributions 
of total costs, adjustments to the lease arrangement may be desired in 
Option 3. An issue with changing lease arrangements is the willingness 
of the landowner and tenant to modify the current lease. In order to agree 
to changes in the agreement, there is an education effort that needs to 
take place so that each party understands and feels comfortable with the 
reasons behind the changes in input costs and crop returns. 

Once it is determined that a particular option such as Option 2 or Option 
3 is profitable, the next consideration is to determine if it is financially 
feasible. The AgBizFinance module is designed to make comparisons of 
the changes to working capital and debt-to-asset ratios for each option 
which can then provide the necessary information for a financial decision. 
Even without examining a specific financial scenario for this hypothetical 
scenario, it is likely that the tenant could be able to pay for the additional 
GPS technology from annual cash flows from the entire farm under either 
option. Therefore, the deciding factor would be determined by the size of 
the premium subsidy.
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Table 12-2. Pertinent Information from the AgBiz Logic modules (AgBizProfit and AgBizLease).

Option 1 Option 2 Option 3
Current Add Canola + 

Camelina
Add 

Conservation
Crop Planted Acres Planted
Wheat 434 280.0 280
Dry Peas 217 140.0 140
Spring Barley 217 140.0 140
Canola — 153.5 —
Camelina — 153.5 —
Total Acres Planted 867 867 560
Tenants Net Returns $102,280 $106,286 $75,097
 NR (Opt 2-Opt 1) $4,006
 NR (Opt 3-Opt 1) -$27,183
 NR (Opt 3-Opt 2) -$31,189
Lease Information
Tenant’s Costs $190,659 $174,007 $118,744
Landowner’s Share of 
Costs

25% 26% 34%

Tenant's Share of Costs 75% 74% 66%

Conclusion

Decision support tools, such as AgBiz Logic, and other tools that utilize 
spatially explicit data will likely help shape future agricultural policies. 
Such tools will aid in the design of policies that address risk management 
as well as encourage adoption of technology and management options 
that enhance sustainable climate smart agriculture. Many of these tools 
can be used by both growers and policymakers to assess potential impacts 
at the farm and regional landscape scales for a variety of agricultural 
policies. These policies may influence management practices in inland 
PNW grain production systems such as conservation cropping, residue 
and soil water management, crop rotations, and pest management—all of 
which have the potential to improve crop production and environmental 
outcomes.
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adaptation. In relation to global climate change, an effort made to reduce 
the negative consequences of a changing climate or take advantage of 
new opportunities, for example by adjusting practices, processes, or 
structures. 

aggregate stability. The capacity of soil aggregates to resist disintegration 
when exposed to external destructive forces. 

aggregate. A group of primary soil particles that are held together by 
organic and inorganic materials. 

agroecological class (AEC). A classification system used to characterize 
the diversity of agricultural cropping patterns. The three classes in 
the inland Pacific Northwest’s dryland cereal production region 
are (1) Annual Crop with <  10% fallow, (2) Annual Crop-Fallow 
Transition with 10–40% fallow, and (3) Grain-Fallow with >  40% 
fallow. The AEC classification system differs from other classification 
systems that have been applied in the region because distinctions 
among classes are based on actual land use rather than biophysical 
characteristics. For additional description of AECs, see Chapter 1: 
Climate Considerations.

biochar. A solid, carbon-rich, porous material that is generated when 
organic materials are heated (thermochemically decomposed) in an 
oxygen-limited environment.

biosolids. The materials produced by municipal wastewater treatment 
of organic solids, transformed through the treatment process into 
a product that is made up of living and dead wastewater treatment 
microorganisms, small inorganic particles, and insoluble compounds.
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bulk density. The ratio of the mass of oven-dry soil to its bulk volume. 

carbon dioxide (CO2) fertilization. The principle that increased carbon 
dioxide in the atmosphere may enhance crop growth by supplying 
more carbon dioxide to plants. 

carbon-to-nitrogen (C:N) ratio. The ratio of the mass of organic carbon 
to the mass of total nitrogen in soil or in organic material. 

cation exchange capacity (CEC). The sum of exchangeable cations that a 
soil can hold at a specific pH. It is a measure of total negative charges 
on soil surfaces.

compaction. The physical consolidation of the soil when soil particles are 
pressed together, reducing porosity (pore space) between them. 

conservation (tillage) systems. Management practices that reduce tillage 
of the soil to provide soil erosion control, soil organic matter retention 
or accumulation, and soil fertility improvement.

conservation tillage. Tillage systems which retain residues from the 
previous crop on the surface, resulting in at least 30% coverage of the 
soil surface after the planting of the next crop. 

conventional tillage. Intensive tillage requiring four or more tillage passes 
a year for seedbed preparation, weed control during a fallow period, 
and fertilizer incorporation prior to fall planting of wheat or spring 
planting of other crops. This term can vary in meaning depending on 
geographical location and date of published information.

cover crop. A crop planted primarily to manage soil erosion, soil fertility, 
soil health, water, weeds, pests, or diseases in a crop rotation. 

direct seeding. A form of conservation tillage where typically a 1–2 pass 
operation is used for seedbed preparation, planting, and fertilizing. 
Low-disturbance direct seed operations typically disturb less than 
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40% of the row width and retain maximum residue cover, whereas 
high-disturbance direct seed systems may disturb up to 65% of the 
row width, with moderate surface residue retention. Direct seed 
operations resulting in greater disturbance, including up to full-width, 
may be classified as mulch tillage. Low-disturbance direct seeding is 
often used synonymously with the term no-till.

dispersion. For soils, a process in which individual soil particles are kept 
separate from one another in a non-aggregated state.

dockage. Weed seeds, weed stems, chaff, straw, or grain other than 
wheat, which can be readily removed from the wheat by the use 
of appropriate sieves and cleaning devices; also, underdeveloped, 
shriveled, and small pieces of wheat kernels removed in properly 
separating, properly rescreening, or recleaning. The term also may be 
used to describe the amount of reduction in price taken because of a 
deficiency in quality.

electrical conductivity (EC). The ability of a soil solution to conduct 
electrical current; a measure of soluble salts in soil.

element toxicity. Suppressive effect of a nutrient to crop growth and 
health, which occurs when a nutrient is found in excess of crop needs.

facultative. Facultative small grains or oilseeds generally have reduced 
vernalization requirements (the period of exposure to cold 
temperatures required by some plants to enter their reproductive 
phase) compared to typical winter-type cultivars. Facultative types 
may be suitable as either a winter- or spring-sown crop. In wheat, 
facultative types generally have less cold hardiness, a shorter, distinct 
vernalization period, and initiate spring growth and flowering earlier 
than true winter wheats. 

fallow. The part of a rotation in which cultivated land is not planted.

flex cropping. Cropping systems which provide flexibility in deciding 
whether the land is left fallow or planted to an alternative crop. 
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Decisions to grow spring or winter crops or to summer fallow would 
depend upon market prices, pre-planting soil water status, and weed 
and disease incidence.

flocculation. For soils, a process of soil aggregation.

green bridge. The presence of host plants for pests (insects and diseases) 
during times of the year when the crop is typically not present.

growing degree day (GDD). A measure of heat accumulation used to 
predict plant and pest development rates. 

harvest index. The ratio of crop yield to the crop’s total aboveground 
biomass.

herbicide resistance. The acquired ability of a weed population to survive 
an herbicide application that was previously known to control the 
population.

herbicide tolerance. The inherent ability of a species to survive and 
reproduce after herbicide treatment. There has been no selection 
acting on the tolerant weeds species, and there has been no change in 
the weed species’ lack of response to the herbicide over time.

hydraulic conductivity. The soil’s ability to transmit liquid such as water 
within soil.

immobilization. A reverse of the mineralization process, where inorganic 
ions are converted into organic forms that are not directly accessible 
by plants.

infiltration. Downward entry of water into the soil after precipitation or 
irrigation events.

inland Pacific Northwest (inland PNW). As used in this publication, the 
area extending from the Cascade Mountain Range in Washington and 
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Oregon eastward into parts of northern Idaho (see the introduction 
for a map showing this area). The major area of dryland and irrigated 
agricultural production includes three major land resource areas with 
distinctive geologic features and soils as defined by the USDA: the 
Columbia Basin, the Columbia Plateau, and the Palouse and Nez Perce 
Prairies, all of which are within the Northwestern Wheat and Range 
Region. The area also includes a small portion of dryland cropping 
area in the North Rocky Mountains major land resource area, adjacent 
to the eastern edge of the Palouse and Nez Perce Prairies.

instars. Larval growth stages of insects.

integrated pest management (IPM). An approach to pest management 
combining nonchemical approaches with judicious use of pesticides 
to achieve economically viable pest control. Integrated weed 
management (IWM) is a type of IPM.

leaching. For soils, downward movement of a dissolved substance with 
water percolating through soil.

matric potential. A component of soil water potential that results from 
the combined effects of adsorptive (adhesion) forces and capillarity 
(cohesion) within the soil matrix to influence water retention and 
movement.

mineralization. Microbial breakdown of organic substances into plant 
accessible (inorganic) forms.

mitigation. In relation to global climate change, an effort aimed at 
reducing the magnitude of climate change by decreasing the cause of 
that change, such as by reducing greenhouse gas emissions. 

nitrification. Enzymatic oxidation of ammonium (NH4) to nitrate (NO3) 
by certain microorganisms in soil.

nitrifier. Microorganisms involved in the nitrification process, such as 
Nitrosomonas, Nitrobacter, etc.
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nitrogen supply (N supply). The total amount of inorganic nitrogen in 
the rooting zone, including residual inorganic nitrogen at planting, 
fertilizer nitrogen inputs, and net nitrogen mineralization during the 
growing season.

nitrogen uptake efficiency. Ratio of crop nitrogen uptake to nitrogen 
supply, which characterizes how well the wheat recovers the supplied 
nitrogen. 

nitrogen use efficiency (NUE). Grain yield per unit of nitrogen supply 
(e.g., wheat grain yield per lb of nitrogen) which characterizes how 
well the wheat uses the nitrogen supply to produce grain.

nitrogen utilization efficiency. Grain yield per unit of crop nitrogen 
uptake, which characterizes how well wheat utilizes its recovered 
nitrogen to produce grain.

no-till. A form of conservation tillage where a 1-pass operation is typically 
used for seedbed preparation, planting, and fertilizing, resulting in 
minimal soil disturbance (less than 25–35% of the row width) and 
maximum retention of surface residue. Often used synonymously 
with low-disturbance direct seeding. 

PAMS. An integrated pest management (IPM) approach based on 
Prevention, Avoidance, Monitoring, and Suppression strategies 
outlined as part of the Natural Resources Conservation Service 
(NRCS) 595 Integrated Pest Management Practice Standard.

pest. In agricultural crops, an organism that causes damage or reduces 
yield. Weeds, insects, and diseases are types of pests.

pH. A measure of hydrogen ion (H+) activity in a soil solution on a 
logarithmic scale (0 to 14) on which 7 is neutral, higher values (> 7) 
are basic or alkaline, and lower values (< 7) are acidic.

precision agriculture. The management of variable field patches to achieve 
explicit goals such as those relating to yield, percent protein, and 
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nitrogen use efficiency (NUE). Precision agriculture applies data with 
high spatial and temporal resolution in order to guide management 
decisions that are relevant to the high degree of variability associated 
with agricultural production. 

recrop. Planting after another crop without the typical fallow period (e.g., 
winter wheat after spring wheat harvest).

residue-to-grain (R:G) ratio. The ratio of dry residue yield to grain yield.

resistant. As applied to diseases and insects, the ability of a crop to 
prevent or suppress infection and reproduction of a pest, limiting the 
potential for yield loss.

soil health. The capacity of soil to function in a manner that sustains 
biological activity, maintains environmental quality, and promotes 
plant and animal health. The term is often used interchangeably with 
‘soil quality.’ 

soil microbial biomass (SMB). A measure of the mass of the living 
component of soil organic matter composed of microorganisms.

soil structure. The arrangement of soil particles into aggregates (groups 
of primary soil particles) of different shapes and sizes that regulate the 
amount of air and water present between them.

susceptible. As applied to diseases and insects, prone to infection by and 
reproduction of a pest, commonly resulting in damage or yield loss.

threshold. As applied to pest control in crops, a limit beyond which pest 
control measures are advised.

tolerant. As applied to diseases and insects, the ability of a crop to endure 
infection by and reproduction of a pest, without serious damage or 
yield loss.



586

Advances in Dryland Farming in the Inland Pacific Northwest

unit nitrogen requirement (UNR). The amount of nitrogen needed to 
produce a unit of grain, which is the inverse of nitrogen use efficiency 
(NUE) at the economically optimal yield. For example, for wheat UNR 
is the amount of nitrogen required to produce one bushel of wheat, 
based on a grain protein goal in combination with plant-available soil 
moisture and nitrogen factors.

water holding capacity. The amount of water that a given soil can hold, 
which is primarily controlled by soil’s texture and organic matter 
content.

water use efficiency (WUE). Grain yield per unit of available water (e.g., 
wheat grain yield per inch).

weed seedbank. The species composition and density of weed seed in 
soil.



587

Index

Page number entries in bold denote illustrations or tables.

A
ACCase herbicides, 376, 388
actinomycetes, 68, 75, 75, 76
adaptation strategies, and climate 

change, 17, 35–36
aerial drones, 333, 473, 555
aerial photography, 333, 337, 338, 342, 

346, 473, 555
AgBalance, 560
AgBiz Logic, 560–566, 561, 564, 567
AgClimate Atlas, 40–42
AgClimate (Agriculture Climate) 

Network, 4, 37
aggregate stability. See also soil 

aggregation
 cropping system related to, 52, 52
 crop residue harvesting and, 136
 earthworms and, 82, 83
 how to determine, 51
 organic materials and crop residues 

for, 53–54, 53
 soil health and, 50–54
 water infiltration patterns in, 51, 52
agricultural policies. See farm policies 
agroecological classes (AECs)
 alternative crop sequences in, 169
 crop diversity in, 167–170, 168
 description of, 26–27, 26, 167–170
 general water holding capacity and 

productivity by crop in, 234–235
 geographic diversity in, 323
 predominant crops in, 21, 22
 production issues and adaptive 

strategies in, 169
agronomic zones, 25, 26, 167, 327
AgWeatherNet website, 39–40, 345, 

554–555

air pollutants, from crop residue 
burning, 162

Alfisol soil order, 23, 24
ALS herbicides, 376, 384
aluminum
 cation exchange and, 64
 phosphorus availability and, 259
 soil aggregates with, 51
 soil pH and levels of, 59, 60
aluminum toxicity
 soil acidity and, 59, 265
 wheat grain yield and, 59, 60, 263
Andisol soil order, 23, 24
Annual Crop agroecological class (AEC)
 alternative crop sequences in, 169
 canola and, 187, 188, 190, 193, 196
 conservation tillage in, 171
 crop diversity in, 167–170, 168,  

170–171, 180
 crop residue for erosion protection in, 

131
 description of, 26, 26, 27, 102, 167
 direct seeding in, 170
 diversification strategies in, 169,  

170–171
 earthworm populations in, 84, 85
 economic analysis of net returns by 

crop in conventional tillage in, 211, 
212

 general water holding capacity and 
productivity by crop in, 234–235

 Grain-Fallow AEC compared with, 102
 grain legumes in, 174, 175, 176–178, 

179, 180, 181
 lime application for soil pH and, 62
 nitrogen fertilizer application in, 330
 over-winter soil water storage and 

infiltration in, 58–59



588

Advances in Dryland Farming in the Inland Pacific Northwest

 predominant crops in, 21, 22
 production issues and adaptive 

strategies in, 169
 soil aggregate stability in, 52–53
 soil organic carbon (SOC) dynamics 

in, 70, 78
 typical rotation crops in, 102
 variable rate nitrogen (VRN) 

applications used in, 341
 water storage efficiency in, 132, 133, 

133
 wheel traffic soil compaction in, 54, 

55
Annual Crop-Fallow Transition 

agroecological class (AEC)
 alternative crop sequences in, 169
 canola and, 187, 191, 196
 crop diversity in, 167–170, 168, 171–172
 description of, 26, 26, 27, 102, 167
 diversification strategies in, 169,  

171–172
 economic analysis of net returns by 

crop in, 213–215, 214
 general water holding capacity and 

productivity by crop in, 234
 Grain-Fallow AEC compared with, 

102
 grain legumes in, 175, 176, 178, 181
 predominant crops in, 21, 22
 soil organic carbon (SOC) dynamics 

in, 70, 71, 79–80, 82
 soil pH in, 61, 62
antibiotics, in manures, 305
aphids, 475–483
 climate change impacts on, 483
 description of, 476–478, 476, 478
 host plants and damage with,  

479–481, 479, 480
 identifying characteristics of, 477
 integrated management of, 481–482
 life cycle of, 478–479
 status and distribution of, 475–476
Aridisol soil order, 23, 24, 472
armyworms. See wheat head armyworm
auto-steer systems, 339

B
banks grass mite, 509–511, 510. See also 

mites

bare patch, 77, 409, 420, 420, 422, 423, 
448

barley. See also grains
 as predominant crop in dryland 

farming, 21
 rotational use of, 205–206
 soil pH and yield in, 59
 spring planting of, 202–203
 wheel traffic soil compaction and yield 

in, 54, 55
bicarbonate extract test, for potassium, 

262
biochar
 crop residue harvesting for, 146, 151
 soil applications of, 306–308
 soil health benefits of, 306–308, 308
 soil pH and wheat yield and, 62, 63, 

306, 308
 sources and generation of, 306, 307
biofuel, legislation encouraging, 166
biofuel production, 4, 71, 146, 188, 218
biological controls, in disease 

management, 410
biomass
 crop residue harvesting and, 151
 crop residue production and, 131, 

137–141, 139
 crop-weed competition and, 363
 particulate organic matter (POM) in, 

72
 soil organic matter (SOM) dynamics 

and, 69, 71, 72, 73, 74–77, 75, 78, 
79–80, 81, 81, 82

bio-oil, from crop residue harvesting, 151
biosolids, 286, 290–297
 application rates for, 292–283
 composition and nutrients supplied 

by, 291–292, 292
 contaminants in, 296–297
 costs of, 291
 grain quality considerations in,  

293–294
 heavy metals in, 296–297
 most common crops receiving, 291
 nutrient loss considerations with, 296
 rate calculation worksheet for, 292
 resources on, 291, 297
 soil carbon accumulation using, 284, 

285, 289, 289



589

Index

 soil health benefits of, 294, 295
 sources of, 290
 standards for pathogen-reduction 

treatment of, 290–291
 yield impacts of, 293
black cutworm, 493, 493, 494. See also 

cutworms
black liquor
 crop residue harvesting for, 146, 151, 

308
 possible soil amendment use of, 309
brown wheat mite, 509, 510. See also 

mites
bulk density
 biosolid applications and, 294, 295
 cropping practices related to, 55, 55, 

56
 landscape-specific processes affecting, 

325
 as soil health indicator, 49, 54–56
 soil compaction and, 54, 55
 soil organic matter (SOM) and, 55–56, 

56

C
calcium 
 pH range and availability of, 59
 soil fertility and, 64, 263
 soil flocculation and, 66
Calcium Carbonate Equivalent (CCE) 

scoring method, 265, 266
camelina
 diversification strategy using, 196–198
 rotational use of, 197–198
canola
 benefits of, 188
 challenges to adopting, 187–188
 crop residue nutrients in, 136,  

143–144
 diversification strategy using, 186–196
 grazing of first season’s forage in, 

191–192, 192
 herbicide use and, 377
 Italian ryegrass and, 388
 nitrogen management for, 195–196
 as predominant crop in dryland 

farming, 21, 22
 prices received by growers in, 215, 217
 resource on, 272

 rotational effect of, 188–190, 189
 rotational fit of, 186–188
 spring establishment of, 190–192
 sulfur fertilizer for, 269
 unit nitrogen requirements (UNRs) 

for, 196
 weed management for, 193–195
 winter establishment of, 191–195
carbon (C). See also soil organic carbon 

(SOC)
 biosolids applications for, 284, 285, 

294
 mineralizable, in plant respiration, 78
 permanganate oxidizable, 74, 79
 soil health and loss of, 284
 soil organic matter (SOM) with, 72, 

73, 74
carbon dioxide (CO2), atmospheric
 agricultural policy for management of, 

544
 barley yellow dwarf virus (BYDV) 

spread and, 483
 cereal pathogens and disease and, 403
 climate change impact and, 5, 16, 21, 

257
 plant growth and water usage related 

to, 16, 21
 plant respiration and mineralizable 

carbon and, 77–78
 rapid plant development and growth 

(CO2 fertilization) and, 31, 35, 42
 soil organic matter (SOM) and, 9, 68, 

285
CO2 fertilization, 31, 35, 42
carbon sequestration
 amendment type and, 289
 barley and, 202
 carbon planning tools for, 557, 558, 

562
 conservative versus conventional 

tillage for, 117
 crop residue production and, 142, 146
 direct seed methods and, 115
 diversification and, 165
 flex cropping for, 172, 206
 management strategies for, 10
 reduced tillage practices for, 35
 soil organic matter and, 112, 115
 winter triticale and, 204



590

Advances in Dryland Farming in the Inland Pacific Northwest

carbon-to-nitrogen (C:N) ratio
 amendment use determination using, 

287, 288
 composting and, 298
 legume decomposition and, 247
 manure nutrient content and, 299, 

300, 302
 potentially mineralizable nitrogen 

(PMN) and, 78
 residual soil nitrogen and, 248
 residue structure components and, 80, 

143, 144–146, 152
 soil organic matter (SOM) and, 74, 78, 

80
Cascade Mountains
 climatically distinct areas divided by, 

17
 inland PNW area defined by, 2
 rain shadow effect from, 2, 15, 17, 27
cation exchange capacity (CEC), 64–67
 base saturation in, 64–66
 description of process of, 64
 factors affecting, 66, 67
 flocculation and, 66
 leaching and, 64
 soil pH values and, 264
 typical values in soil types, 64, 65
Cephalosporium stripe, 453–458
 background on, 453
 causes of, 454
 characteristics and management 

options for, 454
 disease cycle and conditions favoring, 

456
 diseases similar to, 449–450
 distribution of, 438
 key diagnostic features of, 454–455, 

455
 management strategies for, 457–458
 potential climate change effects on, 

456–457
cereal leaf beetle (CLB), 487
 climate change impacts on, 492
 description of, 487, 488, 490
 host plants and damage with, 489
 identifying characteristics of, 
 integrated management of, 489–492, 

491
 life cycle of, 489

 resource for, 528
 status and distribution of, 487
cereal production
 atmospheric carbon dioxide and, 21
 crop residue estimates in, 138, 139
 crop residue harvesting in, 143–144, 

147–149, 150, 151
 crop residue retention in, 136
 pests affecting, 470
 selected pathogens affecting, 410–462, 

410
cereal rust nematodes, 442–448
 background and causes of, 442–443
 characteristics and management 

options for, 443
 disease cycle and conditions favoring, 

445
 distribution of, 438
 key diagnostic features of, 443–444, 

444
 management strategies for, 446–448
 potential climate change effects on, 

445
chisel tillage, 104, 105, 106, 111
chloride, and soil fertility, 261, 262
climate, 15–43
 average annual maximum 

temperature (1981–2020) across 
PNW and, 17, 18

 average annual precipitation (1981–
2020) across PNW and, 17–18, 18

 Cascade Mountains with distinct areas 
in, 17

 diversity of dryland agricultural 
systems and, 21–27

 key points for, 24
 overview of, 17–21
 primary drivers of variability in, 19–20
 topography influences on, 17
 weed adaptation to, 359
 weed seed germination and plant 

development and, 359
 year-to-year variability in annual 

temperature and precipitation in, 
18, 19

climate change
 alternate crop explorations due to, 165
 annual temperature change as 

indicator of, 20
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 diseases potentially impacted by, 21, 
29, 30, 403–404, 416–417, 423, 427, 
431, 436, 440, 445, 452, 456–457, 
461

 economic considerations of, 36
 educational resources about, 37–38
 future projections for, in inland PNW, 

28–30, 29, 30
 global impacts in, 20–21
 greenhouse gas emissions and, 20
 grower considerations about, 32–34
 land transaction decisions and, 36
 longer term projections on, 33–34
 nitrogen fertilizer use and, 322
 pest management and, 473, 483,  

486–487, 492, 500, 504, 508–509, 
515, 525

 precision agriculture response to, 36, 
321, 329

 production practices for adaptation 
and mitigation of, 35–36

 regulatory context and, 35
 small grain production and, 30–31
 soil amendments for mitigation of, 36, 

285–286
 tools and resources for, 37–42, 345
 weather and climate data sources on, 

38–40, 41
climate change modeling
 alternate crop explorations and, 166
 description of, 27–28
 educational resources about, 37–38
 future climate projections for inland 

PNW using, 28–30, 29, 30
 growing degree day changes on, 29, 30
 information gaps in, 34–35
 limitations of, 27
 longer term projections in, 33–34
 mean annual temperature and 

precipitation changes on, 28–29, 29
 regional studies’ use of, 27
 selecting right model for, 34–35
 weather and climate data sources for, 

38–40
climate data
 decision support tools using, 40–42
 resources for, 38–40, 41
Climate Data Online website, 39–40
Climate Engine website, 38–39

climate forecasting, 32–34
 longer term climate change 

projections in, 33–34
 seasonal climate forecasts in, 33, 34
 weather forecasts and, 32, 34
Climate Learning Network webinar, 37
climate modeling, 37–38. See also 

climate change modeling
Columbia Plateau Ecoregion, US 

Environmental Protection Agency, 
21

Columbia Plateau PM10 Project, 116
Columbia River Basin
 rain shadow effect in, 17
 warmest locations in, 17
compaction of soil
 bulk density as measure of, 54, 55
 deep-injected fertilizers and, 256
 fallow period reduction and, 9
 indicators of, 50
 intensive tillage and, 51, 51, 54
 precision agriculture for, 325, 343
 root penetration and, 54, 54
 results of, 49
 soil health and, 49, 50
 soil hydraulic properties related to, 57
 soil organic matter (SOM) content 

and, 55–56, 56
 wheel traffic causing, 54, 55
composted manures
 contaminants in, 304
 dairy solids and, 298
 organic production of, 298
 plant-available nitrogen in, 301, 302
 safety regulation of production of, 305
 soil health benefits of, 301–303
 weed seeds in, 305
conservation tillage, 99–118
 Annual Crop AEC and, 171
 biosolid application in, 293, 294
 conventional systems compared with, 

101–102, 106–108, 116, 117
 crop residue amounts produced in, 

128, 129, 131
 definitions of, 99
 disease management and, 410
 effects of different implements in, 105, 

106–108
 factors in adoption of, 116
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 grower considerations in, 116
 inland PNW adoption of, 104–105, 

108
 key points for, 98–99
 mulch tillage in, 103
 no-till/chemical fallow tillage in, 103
 reduced tillage in, 104
 resources for, 116–118
 ridge tillage in, 102–103
 soil aggregation in, 111, 111
 soil erosion and, 109–111
 soil organic matter (SOM) in,  

111–113, 114
 soil pH and soil fertility in, 113–115
 sustainability challenges in, 105–109
 types of, 102–104
 winter peas in, 175
 yield and economics in, 115–116
conventional tillage systems. See also 

specific systems
 biosolid application in, 294
 conservative tillage compared with, 

101–102, 106–108, 116, 117
 crop residue amounts produced in, 

128, 129
 crop residue for erosion control in, 

128, 130
 description of, 101–102
 earthworm populations in, 84, 85
 economic analysis of net returns by 

crop in, 211, 212
 ground cover, runoff, and soil erosion 

in, 58, 58, 111
 snow depth in, 133–135, 134
 soil erosion in, 110, 111
 soil organic carbon (SOC) dynamics 

and, 69, 70, 71
copper toxicity, 305–306
Cornell soil health assessment, 88
cover crops
 diversification strategy using, 208–209
 farm policies on, 547
 long-term productivity improvements 

with, 164
 manure use with, 298
 potential options for, 209
 soil aggregation and, 56
 soil compaction reversal using, 49
 soil organic matter (SOM) and, 80

critical period thresholds, in weed 
management, 363, 364

cropping systems. See also specific 
systems

 bulk density related to, 55, 55, 56
 soil infiltration and saturated 

hydraulic conductivity related to, 
57, 57

 soil organic matter (SOM) related to, 
56, 68, 69, 79–80

crop residue, 125–155
 benefits of retaining, 127
 crop varieties and differences in,  

143–144
 decomposition acceleration in,  

141–142
 factors influencing decomposition 

rates for, 143
 ground cover estimates for, 137, 137, 

138
 inland PNW dry cropping use of, 

141–142
 key points for, 126
 nitrogen mineralization or 

immobilization and, 144
 overview of, 126–127
 residue biomass estimates for,  

137–141, 139
 root composition and, 144–146
 soil erosion protection using,  

128–131, 130
 soil health improvements using,  

135–136
 soil nutrients and crop comparisons 

in, 136
 tillage systems and amount of, 128, 

129
 snow capture and, 133–135, 134, 135
 stripper header in harvesting and, 

142–143
 water conservation and, 131–135, 133, 

134, 135
 wind erosion and, 128, 129, 131, 135
 yield relationships in, 138–141, 139, 

140
crop residue burning, 142, 151–154
 cost factors in, 153, 154
 economic tradeoffs for, 152–153
 environmental impacts of, 152
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 fertilizer replacement costs in, 153, 
153

 reasons for using, 151
 retaining enough residue for erosion 

protection during, 131
 soil organic carbon (SOC) in, 71, 71
 tradeoffs in, 152
 windrow, 151, 365, 369
crop residue harvesting, 142, 146–151
 biomass return after processing in, 

151
 calculating amount needed from, 

146–147
 cost factors in, 147–149, 150
 economic tradeoffs for, 147–148, 149
 partial budgeting approach in, 147, 

149
 site-specific issues in, 149–151
 soil organic carbon (SOC) and,  

146–147, 148
 uses for harvested residue in, 146
crop rotation
 acronyms used in, 165
 alternative crop sequences in, 169
 canola and, 186–190, 189
 camelina and, 197–198
 crop residue management using, 142
 disease prevention using, 407
 economic and environmental goals 

and, 166
 economic impacts of, 209–215, 212, 

214, 216, 217
 grain legumes for, 173–179
 herbicide use during, 377, 378–379
 manure use in, 298
 nitrogen use efficiency (NUE) and, 

253–254
 safflower and, 199–200
 short-run costs of changing cropping 

systems in, 210
 soil aggregation and, 56
 soil pH and, 62, 64
 spring grains in, 200
 weed management and, 377, 378–379
 yellow mustard and, 199
CropSyst crop model, 31, 559
crop yield. See yield
cutworms, 493–500
 climate change impacts on, 500

 descriptions of, 493–494, 493, 494, 
495, 496

 host plants and damage with, 498, 498
 integrated management of, 499–500
 life cycle of, 496–498, 497
 resources for, 528–529

D
decision support tools, 550–567
 agricultural management using, 40–42
 climate forecasting and, 32–34
 farm policies and use of, 550–551
 information gaps in, 34–35
 key points for, 538
 REACCH tools for, 40
 resources for, 567
 selective list of, 552–567
 selecting right model for, 34–35
delayed minimum tillage, 104
denitrification, 241, 256–257
Differential Global Positioning System 

(DGPS), 339
direct seeding
 Annual Crop AEC using, 170
 camelina and, 197
 canola and, 188, 190, 194
 erosion control using, 111, 170
 high-disturbance, 103
 increased acreage under, 105
 low-disturbance, 103
 nitrogen fertilizer use related to, 247
 one-pass and two-pass systems in, 

103–104
 potential alternate crops for, 165, 233
 runoff control using, 111
 soil erosion control using, 111
 tillage approaches in, 103–104,  

106–108
 variability in agricultural practices 

and, 322
 yellow mustard and, 198
disc tillage, 104, 105, 106, 111
disease management, 399–463
 cation exchange capacity (CEC) in, 66
 climate change adaptation strategies 

using, 35
 cultural practices in, 411, 412
 foliar and head diseases and, 401
 future research in, 462
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 key points for, 399–400
 microorganisms and, 76–77
 monitoring in, 406–407
 overview of pathogens in, 400–401
 Prevent, Avoid, Monitor, and Suppress 

(PAMS) approach in, 404–410
 prevention in, 405–406
 resources for, 412, 462–463
 root-infecting fungal pathogens and 

nematodes in, 402–403
 selected inland PNW dryland cereal 

pathogens in, 410–462, 410
 suppression in, 407–410
 viral diseases and, 402
diseases. See also specific diseases
 climate change impact on, 21, 29, 30, 

403–404
 foliar and head diseases, 401
 viral diseases, 402
diversification, 163–218
 agroecological classes and strategies 

in, 169
 alternative crop sequences in, 169
 Annual Crop AEC and, 169, 170–171
 benefits of, 165
 camelina and, 196–198
 canola and, 186–196
 climate change mitigation and, 166
 cover crops and, 208–209
 economic and environmental goals 

and, 166
 economic impacts of, 209–215, 212, 

214, 216, 217
 facultative wheat or barley and,  

205–206
 flex cropping in, 206–207, 207
 general water holding capacity and 

productivity by crop in, 234–235
 Grain-Fallow AEC and, 169, 173
 grain legumes and, 173–186
 hard red winter wheat and, 204–205
 hard spring wheat and, 200–201
 key points for, 164
 long-term productivity improvements 

with, 164
 nitrogen requirements and water use 

by crop in, 236
 potential alternate crops for, 165, 233
 prices received by growers in, 215, 217

 resources for, 217–218
 safflower and, 199–200
 short-run costs of changing cropping 

systems in, 210
 spring barley and, 202–203
 spring cereals and, 200–203
 tillage systems in, 206
 Transition AEC and, 169, 171–172
 white spring wheat and, 201
 winter cereals and, 203–206
 winter triticale and, 203–204, 204
 yellow mustard and, 198–199
dockage
 Italian rye grass and, 387
 weed control timing and, 364
 wheat protein levels and, 246
 winter wheat varieties and planting 

decisions and, 386
double cropping systems, 29
downy brome, 182, 194, 357, 376,  

382–384, 433
drones (aerial vehicles), 333, 473, 555
drought
 canola planting and, 190
 climate data resource for, 39
 climate modeling of stressors in, 164
 delayed seeding in weed control and, 

183
 excess soil salt levels and, 67
 fallow used to lessen effects of, 101
 global climate change impacts on, 21, 

42, 174
 Grain-Fallow AEC with, 172
 grain legume production and, 174, 179
dryland agricultural systems
 diversity of, 21–27
 geographic area of, 21
 precipitation ranges in, 22–24
 predominant crops of, 21, 22
 soil orders and, 23, 24
 temperature ranges in, 21–22
 topography influences on, 24
dust emissions
 particulate matter standards for, 374
 soil erosion and, 109
 tillage causing, 374
 undercutter tillage to reduce, 206
 wind erosion and, 172–173
dust mulch fallow systems, 116
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E
early season weed management 

programs, 397
earthworms
 soil aggregate stability and, 82, 83
 soil pH and, 59
 weed seed germination and, 362
economic factors
 fungal pathogen damage and, 400, 401
 land acquisition and, 36
 manure use and, 297
Economic Research Service (ERS), 549
economic return
 conventional tillage and, 211, 212
 crop plant population for, 388
 weed management and, 377
economic thresholds, in weed 

management, 363, 375, 377
electrical conductivity (EC). See soil 

electrical conductivity
El Niño Southern Oscillation (ENSO), 

19–20
Entisol soil order, 23, 24
environmental considerations
 crop residue burning and, 152
 crop rotation and, 166
 dust in wind erosion and, 172–173
 herbicide drift and, 374
 leaching and, 255
 volatilization and, 256
 weed management and, 374
ergosterol, 75
erosion. See also water erosion; wind 

erosion
 changing growing practices and, 27
 climate change adaptation strategies 

for, 35
 climate change impact on, 30
 direct seed for controlling, 111, 170
 inland PNW soil susceptibility to, 24
 phosphorus loss from, 261
 safflower and, 199
 soil health and resistance to, 49
 steep topography and winter 

precipitation and, 170
 tillage systems and, 58, 58, 110, 355, 

374, 381
eutrophication, 255, 261

Extension programs, 4, 90, 325, 538, 
543, 549

Extension publications and resources, 
3, 4, 37, 38, 118, 149, 250, 269–272, 
291, 297, 298–299, 301, 346, 376, 
380–381, 462, 463, 469, 528, 529, 
530

eyespot (strawbreaker foot rot), 448–453
 background on, 448–449, 449
 causes of, 449
 characteristics and management 

options for, 448
 disease cycle and conditions favoring, 

451–452
 diseases similar to, 449–450
 distribution of, 438
 key diagnostic features of, 450–451, 

450
 management strategies for, 452–453
 potential climate change effects on, 

452

F
farm assessment tools, 559–567
farm machinery and equipment
 costs of owning and operating, 118
 weed management program’s use of, 

378, 380
 wheel soil compaction from, 54, 55
farm management
 climate change impact on, 32
 decision support tools for, 40–42
 land transaction decisions and, 36
 soil organic matter (SOM) dynamics 

and, 72, 78–83
farm policies
 alternate crop explorations and, 165
 brief history of, 538–542, 540–541
 climate change impacts on, 35
 decision support tools for, 550–567
 farm support programs and, 166, 538
 future prospects for, 544–548
 impacts on PNW of, 542–544
 resources for, 548–550
Farm Services Agency (FSA), 548–549
farm software. See also decision support 

tools
 precision agriculture with, 338–339
 weed management using, 379
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federal farm support programs, 166, 538
fertilizers. See also nitrogen fertilizers
 CO2 fertilizers, 31, 35, 42
 crop residue burning and cost of, 153, 

153
 low cation exchange capacity (CEC) 

and, 64
 organic sources of, 238
 precision management of, 321, 322, 

324, 329–333, 338, 339, 341, 343
 soil aggregate stability and, 53, 53
 soil salt levels and, 68
 variable rate applicator systems for, 

339
field bindweed, 359, 376
flex cropping
 diversification strategy using,  

206–207, 207
 grain legumes in, 173, 175, 179
 Transition AEC and, 171–172
flocculation, 66
forecasts
 disease prevention using, 407
 longer term climate projections in, 

33–34
 seasonal climate forecasts, 33, 34, 554
 weather forecasts, 32, 34
fungal pathogens
 economic damage from, 400, 401
 microorganism suppression of, 76–77
 root infections from, 402, 403
 seed treatments for, 409
 soil pH and, 59
 stem diseases and, 401
fungi
 manure applications increasing, 303
 rotation benefits and, 189
 soil microorganisms and, 74–75, 75 
 soil organic matter (SOM) 

decomposition and, 75–76, 76
 soil salt tolerance of, 68
 tillage impact on, 79, 80
fungicides, 401, 406, 408–409, 417, 419
Fusarium crown rot, 433–437
 background on, 433
 characteristics and management 

options for, 434
 disease cycle and conditions favoring, 

435–436

 distribution of, 433–434
 key diagnostic features of, 434–435, 

435
 management strategies for, 436–437
 potential climate change effects on, 

436

G
geographic information system (GIS) 

software, 42, 337, 345
glacial areas, global climate change 

impacts on, 21
glacial deposits, inland PNW landscape 

with, 2
global climate models (GCMs), 27–28, 

31, 33. See also climate change 
modeling

Global Positioning Systems (GPS), 319, 
321, 331, 337, 338–339, 340, 341, 
346, 555, 556, 563, 564–565, 566

glomalin, 53, 75, 152, 303
government policies
 alternate crop explorations and, 165
 brief history of, 538–542, 540–541
 climate change impacts on, 35
 decision support tools for, 550–567
 farm support programs and, 166, 538
 future prospects for, 544–548
 impacts on PNW of, 542–544
 resources for, 548–550
Grain-Fallow agroecological class (AEC) 
 alternative crop sequences in, 169
 Annual AEC compared with, 102
 camelina and, 197
 canola and, 187, 191, 193, 194
 crop diversity in, 167–170, 168,  

172–173
 crop residue production in, 131,  

146–147
 description of, 26, 26, 27, 167
 diversification strategies in, 169, 173
 economic analysis of net returns in, 

215, 216
 general water holding capacity and 

productivity by crop in, 234–235
 grain legumes in, 175, 176
 predominant crops in, 21, 22
 production issues and adaptive 

strategies in, 169
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 soil aggregate stability in, 52
 soil organic matter (SOM) in, 80
 spring barley and wheat and, 200, 202
 tillage systems and, 200, 206
 Transition AEC compared with, 102
 wind erosion in, 131, 172–173
 winter cereals and, 203, 204, 205
grain-fallow systems
 water infiltration and hydraulic 

conductivity in, 57
 weeds from early seeding in, 382
grain legumes
 benefits of using, 173
 diversification strategy using, 173–186
 fall planting window for, 182
 N fertilizer use with, 184
 nitrogen management for, 183–184
 N management for crops following, 

184–185
 plant establishment in, 179–182
 red lentil characteristics in, 178–179
 rotation effect of, 185–186
 rotation fit of, 173–179
 soil pH in, 62, 64
 weed management for, 182–183
 winter pea characteristics and, 175–

178, 177, 178
grain production
 climate change impacts on, 30–31
 as predominant crop in dryland 

farming, 21, 22
 wheel traffic soil compaction and, 54, 55
grazing
 Aridisol soil order and, 23
 cover crops and, 209, 298
 decision-support tool for, 552
 first season’s canola and, 191–192, 192
green bridge effect
 disease management and, 402, 407, 

411, 424, 428, 432, 442, 447
 insect management and, 482, 514–515
 weed management and, 362
greenhouse gas emissions
 climate change strategies for reducing, 

35, 36
 climate modeling of, 28, 28
 conservation versus conventional 

tillage and, 117
 mitigation strategies to reduce, 35, 36

 offset programs for, 330
 Representative Concentration 

Pathways (RCPs) for, 28, 28, 29, 29, 
30

 residue burning and, 152
 soil organic matter and, 112
 temperature and precipitation impacts 

of, 20, 21, 29, 29
ground cover
 crop residue estimates with, 137, 137, 

138
 soil erosion in tillage systems and, 58, 

58, 111
 water storage efficiency and, 132
Group 1/A herbicides, 376, 388, 389
Group 2/B herbicides, 376, 383, 388, 389
growing degree days
 AgClimate Atlas on, 40–42
 future climate projections for inland 

PNW on changes in, 29, 30
 inland PNW agronomic zones on, 25, 

26

H
Haanchen barley mealybugs, 521
 climate change impacts on, 525
 description of, 521, 522
 host plants and damage with,  

523–524, 523, 524
 integrated management of, 524–525
 life cycle of, 522–523
 resources for, 529–530
 status and distribution of, 521
Haney’s soil health testing method, 

87–88
hard red winter wheat
 rotational use of, 204–205
 tilling systems for, 205
Harrington Seed Destructor, 388
harvest equipment, and weed seed 

movement, 361
harvest index, 137, 367
healthy soil. See soil health
heavy equipment, soil compaction from, 

54, 55
heavy metals, in biosolids, 296–297
herbicide resistance
 assessment matrix for likelihood of 

developing, 380, 381
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 causes of, 355
 downy brome and, 376
 herbicide rotation and, 379
 Italian ryegrass and, 376
 managing for, 379–380
 testing for, 379
herbicides
 camelina and, 197
 canola and, 188, 192
 crop rotation and, 377
 downy brome and, 383–384
 early season use of, 397
 environmental considerations with, 

374
 erosion potential and, 377
 grain legumes and, 182–183
 Italian ryegrass and, 388–389
 precision management of, 321
 prohibition on volatile formulations 

of, 374
 rotation of modes and sites for, 379
 Russian thistle and, 385–386
 soil acidity and, 264, 265
 soil chemistry and, 376
 soil pH and, 377
 thresholds in, 364
 tillage systems and, 377
 weed management program fit with, 

381
Hessian fly, 483–487
 climate change impacts on, 486–487
 description of, 484, 485
 host plants and damage with, 484
 identifying characteristics of, 
 integrated management of, 486
 life cycle of, 484
 resource for, 528
 status and distribution of, 483–484
high-disturbance direct seeding, 103
hydraulic conductivity
 cropping systems and, 57–58, 57
 measurement of, 57
 seasonal variations in, 58
 soil bulk density and compaction and, 

54

I
immobilization, 78, 144, 248, 287, 304, 

327

improved fallow practices, 35
Inceptisol soil order, 23, 24
infiltration. See water infiltration
inland PNW
 agricultural and ecological zone 

classifications for, 24–26
 agroecological classes (AECs) of, 22, 

26–27, 26
 agronomic zones in, 25, 26, 167, 327
 conservation tillage systems in, 100, 

104–105, 108
 dryland agricultural system diversity 

in, 21–27
 future climate projections for, 28–30, 

29, 30
 geographic area of, 21
 grower considerations for improving 

soil health in, 90–91
 precipitation ranges in, 22–24, 26
 predominant crops of, 21, 22
 production practices for climate 

change adaptation and mitigation 
in, 35–36

 soil fertility factors in, 238
 soil health assessment and, 87–89
 soil orders of, 23, 24
 soil organic matter (SOM) dynamics 

in, 24, 70–72
 temperature ranges in, 21–22
 topography influences on, 24
insect management, 469–530. See also 

integrated pest management
 climate change adaptation strategies 

using, 35
 key points for, 469–470
 pests affecting inland PNW cereal 

production and, 470
 resources for, 528–530
integrated pest management (IPM), 

354–355, 471–475
 changing crop systems and, 474–475
 climate change impacts on, 473
 elements and principles of, 471–472
 inland PNW wheat production 

systems and, 472–473
 principal inland PNW insect pests in, 

475
 variability and change in technology 

used in, 473–474
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Integrated Scenarios of the Future 
Northwest Environment, 42

integrated weed management (IWM)
 application of concept of, 355
 components of, 354
 conceptual model for, 355, 356
 developing system for, 375–381
 ecological principles in, 355–359
 economic thresholds in, 363, 375, 

377
 key points for, 353–354
 integrated pest management 

compared with, 354–355
 method evaluation in, 375, 380–381
 problem diagnosis in, 375–377
 program execution in, 375, 380
 program selection in, 375, 377–380
 public opinion and social 

considerations in, 373–374
 selected problematic inland PNW 

weeds and, 382–389
 steps in developing, 356, 375
 thresholds in, 354, 363–364, 364, 375, 

377
 weed reproduction and dispersal and, 

361
interference, and weed management, 

354, 362–363
Intergovernmental Panel on Climate 

Change (IPCC), 28, 33
invasive species, 21
inversion tillage, 110, 111, 112, 264, 360
Italian ryegrass
 herbicides for, 182, 193, 194, 387–389
 weed management of, 357, 362, 376

J
jointed goatgrass, 151, 182, 194, 357, 

360, 365, 369, 376, 386–387

K

L
lambsquarters, 194, 355, 358, 359–360, 

376
land acquisition
 economic considerations in, 36
 longer term climate change 

projections for, 34

large yellow underwing, 494, 496, 497, 
497. See also cutworms 

leaching
 environmental impact of, 255
 factors affecting, 254–255
 nitrogen loss through, 78, 174, 183, 

241, 254–257, 329
 nitrogen use efficiency (NUE) and, 

250, 253
 nutrient cations and, 64
 soil organic matter (SOM) decay and, 

69
legumes. See grain legumes
lidar sensors, 141, 151
lime application
 high cation exchange capacity (CEC) 

and, 66
 measuring effectiveness of, 265–266
 resources for, 271
 soil pH and, 62, 63, 82, 263–266, 271
line-transect method, in crop residue 

estimates, 137
loess soils, 24
low-disturbance direct seeding, 103

M
magnesium
 cation exchange capacity (CEC) and, 

64, 66
 pH range and availability of, 59
 soil aggregates with, 51
 soil flocculation and, 66
manganese deficiency, and disease, 427
manganese toxicity, and crop yields, 59
manure
 antibiotics in, 305
 cation exchange capacity (CEC) and, 

67
 composition of, 299
 composting and, 298, 301–303, 302, 

304, 305, 309
 contaminants in, 304–306
 copper toxicity from, 305–306
 cover crops with, 298
 crop rotation with, 298
 economic factors in use of, 297
 grain quality considerations with, 301
 management planner for, 299–301
 phosphorus from, 261
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 plant-available nitrogen in, 299, 301, 
302

 resources for, 298–299, 299–301
 safety regulation of production of, 305
 secondary solids in, 301, 302
 separated dairy solids in, 298,  

305–306
 soil aggregate stability and, 53, 53
 as soil amendments, 289, 289,  

297–306
 soil carbon accumulation using, 289, 

289
 soil health benefits of, 301–303, 303
 soil organic matter (SOM) dynamics 

with, 69, 71, 78, 82
 soil pH and, 62
 treatment processes used with, 298
 weed seeds in, 305
mapping, of weed populations, 381
mapping technology
 precision agriculture and, 325, 326, 

338, 342, 573
 resources for, 345–346
 site-specific management zones 

(SSMZs) on, 327–328, 328, 339
matric potential, tillage systems related 

to, 52, 52
mayweed chamomile, 194, 358, 362, 376
mealybugs. See Haanchen barley 

mealybugs
meter stick method, in crop residue 

estimates, 137
microbes/soil microbes
 soil pH and, 59
 soil salt levels and, 68
microbiological controls, in disease 

management, 410
micronutrients, and soil fertility, 261, 

263
mineralization
 lime application for soil pH and, 62
 nitrogen release from organic 

compounds and, 247
 plant-available N from, 240, 240
 repeated tillage encouraging, 112
 soil organic carbon (SOC) loss in, 79, 

112
 soil water holding capacity and, 247
minimum tillage, 104

mites, 509–515
 climate change impacts on, 515
 descriptions of, 509–513, 510, 512
 host plants and damage with,513
 integrated management of, 513–515
 life cycles of, 513
 resources for, 530
 status and distribution of, 509
mitigation strategies
 climate change impacts and, 17, 

35–36
 diversification in, 166
models and modeling. See also climate 

change modeling
 disease prevention using, 407
 global climate models (GCMs), 27–28, 

31, 33
 precision agriculture’s use of, 338
moldboard plow tillage, 131, 114, 128, 

129, 370
Mollisol soil order, 23, 24
mulch tillage, 103, 111

N
National Agricultural Statistics Service 

(NASS) crop data, 1, 22, 26, 167, 
168, 178, 202

National Association of Agricultural and 
Food Policy, 552

National Association of Wheat Growers, 
549

Natural Resources Conservation Service, 
87, 131, 404, 547

National Weather Service, 32
nematodes. See also cereal rust 

nematodes; root-lesion nematodes
 soil health and, 83–84
nitrification, 251
 electrical conductivity (EC) levels and, 

68
 N retention and, 241
 soil pH and, 61, 62
nitrifier populations, and lime 

application for soil pH, 62
nitrogen (N)
 carbon ratio with. See carbon-to-

nitrogen (C:N) ratio
 crop comparisons for requirements 

and water use with, 236



601

Index

 crop residue burning and loss of, 153, 
154

 crop residue concentrations of, 136
 crop residue estimates using, 141
 denitrification and loss of, 241,  

256–257
 leaching and loss of, 78, 174, 183, 241, 

255, 329
 natural forms available to plants, 240
 nitrogen cycle and release of, 240, 240
 organic amendment use and 

temporary loss of, 287, 288
 pH range and availability of, 59
 potentially mineralizable (PMN), in 

soil, 78
 soil organic matter (SOM) with, 72, 

74, 75, 78
 tillage systems and dynamics of, 70
 wheat-based cropping systems and 

high demand for, 239–240
nitrogen (N) fertilizers
 calculating needed annual rates for, 

244–247
 canola and, 196, 195
 cation exchange capacity (CEC) 

increase with, 67
 climate change and, 322
 grain legumes and, 184, 185
 nitrogen use efficiency (NUE) and, 

241–242
 precipitation and soil relationships 

and, 243–244
 precision management of, 329–333, 

341
 soil aggregate stability and, 53, 53
 soil pH and, 59–61
 volatilization and, 255–256
 water availability and, 245, 246
 wheat yields and, 240
nitrogen immobilization, 78, 144, 248, 

287, 304, 327
nitrogen management, 239–257
 biosolid application rate and, 292, 293
 canola and, 195–196
 climate change adaptation strategies 

using, 35
 denitrification and, 241, 256–257
 factors driving, 242–248
 grain legumes and, 183–184

 grain protein levels and, 246
 leaching and nitrogen losses in, 78, 

174, 183, 241, 255
 Liebig versus Mitscherlich approaches 

in, 250–251, 250
 nitrogen availability and, 240–241
 nitrogen cycle in, 240, 240
 nitrogen rate variation and, 243–244, 

243
 nitrogen recommendation factors in, 

244–245
 nitrogen use efficiency (NUE) and, 

241–242
 precipitation and soil relationships 

and, 243–244
 precision agriculture and, 329–333
 residual soil nitrogen and, 246–248, 

248
 resources for, 268–269
 site-specific, 329–330
 strategies for improving, 251–254
 typography variations and, 242–243, 

242
 variable rate nitrogen (VRN) 

applications in, 330–331, 332, 341, 
344

 volatilization and, 255–256
 water and nitrogen relationships and, 

242–244
 water availability and, 245, 246
nitrogen use efficiency (NUE)
 canola and, 195
 components of, 241
 crop management decisions and, 

248–249
 crop rotations and, 253–254
 factors impacting, 241, 248–251
 fertilizer placement and, 251–253, 252
 fertilizer rates based on soil tests in, 242
 leaching and, 241, 250, 253
 nitrogen management for, 241–242
 precision agriculture and, 320, 332
 soil and plant processes in, 241
 strategies for improving, 251–254
 unit nitrogen requirements (UNRs) 

and, 248–251, 250, 267
 wheat cultivar yield and, 253
normalized difference vegetation index 

(NDVI), 336–336
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no-till tillage systems
 Annual Crop AEC and, 170
 benefits of, 165
 biosolid application rates in, 292–283
 crop residue amounts produced in, 

128, 129
 crop residue for erosion control in, 

128, 130, 131
 diversification strategy using, 206
 earthworm populations in, 84, 85
 Grain-Fallow AEC and, 173
 ground cover, runoff, and soil erosion 

in, 58, 58
 herbicide use with, 377
 increased acreage under, 105
 snow depth in, 133–135, 134
 soil aggregate stability in, 52
 soil organic carbon (SOC) dynamics 

and, 69, 70, 78–79
 Transition AEC and, 171
 water hydraulic conductivity and 

water infiltration with, 57, 58
 water storage efficiency in, 132, 133
nutrient management
 resources for, 269–270

O
oilseed production. See also specific crops
 average net returns for, 215
 challenges to adopting, 187–188
one-pass direct seeding, 103–104, 105
OreCal, 549
Oregon Lime Score, 265
Oregon/Washington Phosphorus 

Indexes, 261, 270
organic amendments
 soil aggregate stability and, 53, 53
 soil bulk density increased by, 55–56
 soil salt levels and, 68
organic matter
 cation exchange capacity (CEC) 

increase with, 66, 67
 soil enzymes and decomposition of, 77
 soil fauna and, 84
 soil organic matter (SOM) with, 74

P
Pacific Decadal Oscillation (PDO), 

19–20

Pacific Northwest (PNW)
 average annual maximum 

temperature (1981–2020) across, 
17, 18

 average annual precipitation (1981–
2020) across, 17–18, 18

 climate change impact on, 38
 climate overview of, 17–21
 farm policy impact on, 542–544
 global climate change impacts in, 

20–21
 primary drivers of climate variability 

in, 19–20
 year-to-year variability in annual 

temperature and precipitation in, 
18, 19

Pacific Northwest Direct Seed 
Association, 105

paper-manufacturing, black liquor from 
crop residue used in, 151, 286, 308, 
309

paper manufacturing waste, as soil 
amendment, 308–309

particulate matter
 crop residue burning producing, 152
 standards for, 374
 volatilization and, 256
particulate organic matter (POM), in 

soil organic matter (SOM), 72, 74
pea vine (PV) application
 benefits of, 303
 cation exchange capacity (CEC) with, 

67
 soil organic carbon (SOC) dynamics 

with, 71, 82
penetration resistance, and soil health, 

49
period thresholds, in weed management, 

363, 364
permanganate oxidizable carbon, in soil 

organic matter (SOM), 74, 79
pesticides
 environmental considerations with, 374
 precision management of, 322
 soil salt levels and, 68
 weed management program fit with, 

381
pests. See also insect management and 

specific pests
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 climate change impacts on, 21, 29, 30
 crop residue harvesting and, 149
pH
 alternative ways of increasing or 

maintaining, 62
 aluminum levels and, 59, 60
 biochar application and, 62, 63, 306, 

308
 conservation tillage systems and, 

113–115
 crop rotation and, 62, 64
 fertilizer efficiency and, 264, 265
 grower resources on, 269
 herbicide use and, 377
 landscape-specific processes affecting, 

325
 lime application increases in, 62, 63, 

263–266, 271
 long-term winter wheat-spring pea 

(WW-SP) cultivation and, 61, 61
 macronutrient availability ad, 59
 measurement of, 59
 N fertilizer use and, 59–61
 phosphorus fixation and, 259–260
 resources for, 269, 271
 soil acidification and, 263, 266
 as soil health indicator, 49
 soil processes impacted by, 59
 tillage practices and, 78
phosphorus (P)
 crop residue concentrations of, 136
 deficiency of, 259
 erosion loss of, 261
 factors impacting requirements for, 

260–261
 fertilizer placement of, 260
 indexes for, 261, 270
 manure application for, 261, 304
 manures with, 301, 302
 pH levels for fixation of, 259–260
 soil amendments using, 289, 290
 soil organic matter (SOM) with, 75
 soil test for levels of, 259, 261
physiological leaf spot (PLS), 262, 272, 

414
plant diseases. See disease management; 

diseases
planting dates
 climate change adaptation strategies 

for shifting to earlier, 35
 climate change impact on, 29, 30
 disease prevention and, 407–408
 seasonal climate forecasts for, 34
 weather forecasts for, 34
polysaccharides, 50, 53, 75, 76, 136, 143, 

152
potassium (K)
 crop residue burning and loss of, 153, 

154
 fertilizer application of, 262
 manure applications for, 304
 paper manufacturing waste as source 

of, 309
 pH range and availability of, 59
 soil fertility and, 64, 261, 262
potassium chloride (KCl), 262
precipitation
 average annual (1981–2020) across 

PNW, 17–18, 18, 22
 climate change adaptation strategies 

for changes in, 35
 dryland agricultural systems and, 

22–24
 future climate projections for inland 

PNW on changes in, 29, 29, 31
 global climate change impacts on, 

20–21
 greenhouse gas emissions and, 20, 21
 inland PNW agronomic zones on, 25, 

26
 inland PNW classes for, 24
 primary drivers of variability in,  

19–20
 rain shadow effect from Cascade 

Mountains and, 12, 15, 17, 277
 seasonal climate forecasts of, 33
 soil organic carbon (SOC) and level 

of, 71
 variability across decades in, 20
 water conservation needs and, 132
 water storage efficiency and, 132
 year-to-year variability in annual 

temperature and precipitation in, 
18, 19

precision agriculture, 319–346
 additional research needs for, 344–345
 climate change adaptation strategies 

using, 36, 321, 329
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 concepts (4Rs) in, 321
 crop residue harvesting and, 151
 decision considerations for, 342–343
 description of, 320–321
 farm equipment in, 338–339
 farmer case studies for, 344
 field-scale variability in, 322–325
 future directions for, 343–345
 geospatial referencing technology in, 

337
 history of, 321–322
 inland PNW adoption of, 339–342, 

340
 key points for, 320
 landscape-specific process affecting, 

323–325, 324
 lateral water flow and, 323, 323
 models in, 338
 number of farmers using technology 

from, 341–342, 340, 344
 remote sensing technology in,  

333–337, 335
 resources for, 345–346
 prescription maps with site-specific 

management zones (SSMZs) in, 
327–328, 328, 339

 site-specific management process in, 
325–329, 327

 site-specific nitrogen management in, 
329–333

 soil electrical conductivity (EC) used 
in, 336, 336

 soil mapping in, 325, 326, 338, 342, 
573

 steps in, 321
 technologies in, 321
 variability within fields and across 

years in, 325, 326
 winter wheat performances classes 

example in, 332–333, 333
Prevent, Avoid, Monitor, and Suppress 

(PAMS) approach, 404–410
prickly lettuce, 358, 376
pulse crops
 crop residue nutrients in, 136,  

143–144
 early season use of, 379
 federal programs encouraging, 166
 herbicide resistance and, 379

 nitrogen fixing with, 298
 rotational use of, 176, 181–182, 183, 

184, 366, 387–388
 seeding rate for, 368, 388
Purdue University 
 Agronomy Guide, 128
 Manure Management Planner,  

299–300
Pythium root rot, 428–433
 background on, 428
 characteristics and management 

options for, 429
 disease cycle and conditions favoring, 

431
 key diagnostic features of, 428–429, 

430
 management strategies for, 431–433
 potential climate change effects on, 

431

Q

R
rain. See precipitation
recrop wheat, 178, 206, 207
red lentils. See also grain legumes
 crop rotational characteristics of, 

178–179
reduced tillage, 104, 106–108, 173
Regional Approaches to Climate Change 

(REACCH)
 climate and weather tools from, 40, 41
 decision support tools from, 40
 geographic area of dryland 

agricultural systems and, 21
 webinar series from, 257, 268–269, 

346
regulation. See government policies
remote sensing spectral indices, in crop 

residue estimates, 14
remote sensing technology, in precision 

technology, 333–337, 335
Representative Concentration Pathways 

(RCPs), for greenhouse gas 
emissions, 28, 28, 29, 29, 30

residue burning. See crop residue 
burning

residue cover
 conservation tillage and, 115
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 evaporation rates and, 58
 fallow and flex cropping and, 200
 indices for predicting, 141, 335
 reduced tillage and, 104
 residue decompensation rates and, 

143
 soil fauna population and, 83
 soil hydraulic properties and, 57
 soil organic matter (SOM) and, 80–81, 

82
 soil pH and, 62
 tillage systems and, 105, 106, 111, 128
 water infiltration and evaporation 

suppression and, 132
 wind and water erosion related to, 131
residue-to-grain ratio (R:G ratio), 137, 

138, 139, 139, 141
resistance. See herbicide resistance
resources
 biosolids, 291, 297
 climate change, 37–42
 climate modeling, 37–38
 conservation tillage systems, 116–118
 decision support tools, 40–42,  

552–567
 disease management, 412, 462–463
 diversification, 217–218
 farm policies, 548–550
 insect management, 528–530
 manures, 298–299
 precision agriculture, 345–346
 soil amendments, 310
 soil acidification, 266
 soil fertility, 268–271
 soil health, 91–92
 soil sampling methods and tests, 268
 weather and climate data, 38–40, 41
Rhizoctonia root rot, 419–425
 background on, 419
 causes of, 420–421
 characteristics and management 

options for, 420
 disease cycle and conditions favoring, 

422–423
 distribution of, 420
 key diagnostic features of, 421–422, 421
 management strategies for, 423–425
 potential climate change effects on, 423
ridge tillage, 102–103

rodweeding, 52, 101, 104, 370, 385
root development
 compaction impacts on, 49
 seasonal variations in soil hydraulic 

properties from, 58
 soil acidity and, 264
root-lesion nematodes, 437–442
 background and causes of, 437–438
 characteristics and management 

options for, 438
 disease cycle and conditions favoring, 

439–440
 distribution of, 438
 key diagnostic features of, 438–439, 

439
 management strategies for, 440–442
 potential climate change effects on, 440
root rot, 77, 402, 403, 408. See also 

Pythium root rot; rhizoctonia root 
rot

 chloride and, 262
 cropping practices and, 410
 cultural practices and, 411
 diagnostic features of, 434
 nutrient management and, 408
 Rhizoctonia solani causing, 77, 439, 

456
 seed treatment and, 409
 surface residue and, 408
rotation. See crop rotation
rotational diversification, 35
runoff
 canola and reduction in, 188, 190
 compaction of soil affecting, 54
 direct seeding for controlling, 10, 111
 drinking water sources and, 255
 fertilizer use and, 10, 237, 250, 254, 

255, 268
 frozen soil and, 101, 110
 snowmelt and, 133
 soil aggregate stability and, 52
 as soil health indicator, 50
 steep topography and winter 

precipitation and, 170
 tillage systems and, 58, 58, 110
 water infiltration and control of, 132
 water conservation needs and, 132
Russian thistle, 197, 358, 359, 376, 

384–386
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S
safflower, diversification strategy using, 

199–200
salt levels in soil
 electrical conductivity (EC) and, 67, 

68
 factors adding, 68
scenarios tools
 climate change and need for changes 

in, 36
 resources for, 42
seasonal climate forecasts, 33, 34, 554
seedbank, weed, 361–362, 382
seed management, in weed control, 359, 

388
seed treatment, in disease prevention, 

409
sensing technology
 crop mapping using, 141
 herbicide application using, 385–386
 precision agriculture with, 151,  

333–337, 338, 335, 555
silt loams
 seed management in, 359, 388
 biochar performance and, 306
 cation exchange capacity (CEC) of, 65
 deep-injected fertilizer use with, 256
 inland PNW wheat production and, 

24
 land-use management effects on, 73
 organic soil amendment use and, 289
 potassium levels in, 262
 runoff and erosion related to ware-

holding capacity of, 170
 soil erosion effects on, 109
 soil organic carbon (SOC) and bulk 

density in, 56
 soil organic carbon (SOC) depletion 

rates in, 70
site-specific management zones 

(SSMZs), 327–328, 328, 339
snow capture, and crop residue,  

133–135, 134, 135
snowpack, mountain
 global climate change impacts on, 20
 scenario tool for, 42
SOC. See soil organic carbon
sodium acetate test, for potassium, 262

soil acidification
 conservation tillage systems and, 105
 pH levels and, 263, 266
 resources for, 266
soil aggregation
 biosolid applications and, 294
 conservation tillage systems and, 111, 

111
 crop residue burning and, 152
 soil health and stability of, 50–54
 soil organic matter (SOM) 

decomposition and, 75–76, 76
soil amendments, 283–310
 biochar for, 306–308
 biosolids for, 289, 289, 290–297
 carbon-to-nitrogen (C:N) ratio for 

selecting use of, 287
 climate change mitigation strategies 

using, 36, 285–286
 common organic materials in, with 

C:N composition, 287, 288
 considerations in using, 286–289
 factors in selecting, 289
 key points for, 283–284
 manures for, 289, 289, 297–306
 paper manufacturing waste and,  

308–309
 quality and type of, and amount of 

carbon stored in soils, 287–289, 
289, 290

 resources for, 310
 soil health improvements using,  

284–285, 285, 286
 temporary loss of plant-available soil 

nitrogen upon addition of, 287, 
288

 types of variability seen in, 286–287
soil chemistry, and herbicides, 376
soil color, as soil health indicator, 50, 51
soil compaction. See compaction of soil
soil depth
 agroecological class characteristics 

with, 26, 167
 inland PNW agronomic zones on, 25, 

26
 soil electrical conductivity (EC) 

related to, 67
 as soil health indicator, 50
 soil organic matter related to, 50, 51
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soil dispersion
 impact of, 66
 sodium promotion of, 66
 surface residue slowing of, 128
soil electrical conductivity (EC), 67–68
 measurement of, 67
 precision agriculture’s use of, 336, 336
 salt levels and, 67, 68
 soil properties and, 67–68
soil enzymes
 acidity suppressing, 62
 management effects on, 83
 permanganate oxidizable carbon and, 

74
 soil organic matter (SOM) and, 77, 77
soil erosion. See also erosion
 conservation tillage systems and, 100, 

102, 105, 109–111
 cover crops and, 208
 crop residue harvesting and, 125
 effects of different tillage implements 

on, 105, 106–108
 global climate change impacts on, 21
 herbicide use and possibility of, 377
 impacts of, 110
 tillage systems impacting ground 

cover, runoff, and, 58, 58
soil fauna. See also insect management
 management techniques for, 82–83
 measurement techniques for, 82
 soil health and, 82–84
soil fertility, 237–271
 chloride and, 261, 262
 grower resources for, 268–271
 key points for, 237–238
 managing soil nutrients in, 238–239
 micronutrients and, 261, 263
 nitrogen management in, 239–257
 nutrient supply and removal at harvest 

and, 238, 239
 phosphorus management in, 259–261
 potassium and, 261, 262
 soil pH and liming in, 263–266
 soil sampling and tests in, 266–268
 sulfur management in, 257–259
soil health, 47–92
 aggregate stability and, 50–54
 assessment of. See soil health 

assessment

 biosolid applications and, 294, 295
 bulk density and compaction and, 

54–56
 carbon loss and, 284
 cation exchange capacity and, 64–67
 characteristics of, 49
 climate change adaptation strategies 

for, 35
 crop residue harvesting and, 135–136
 definition of, 48
 diversification for long-term 

improvement to, 164
 grower considerations for improving, 

90–91
 indicators of, 49–84
 intensive tillage and, 164
 key points for, 48
 management strategies for improving, 

90–91
 manure applications and, 301–303, 

303
 organic amendments to improve, 285, 

286
 potentially mineralizable nitrogen 

(PMN) and, 78
 residual soil nitrogen and, 247
 resources for, 91–92
 soil enzymes and, 77, 77
 soil fauna and, 83–84
 soil microbial biomass dynamics as 

early indicator of, 74
 soil electrical conductivity (EC) and, 

67–68
 soil fauna and, 83–84
 soil organic matter (SOM) and, 68–83
 soil pH and, 59–64
 soil respiration and mineralizable 

carbon and, 77–78
 soil water dynamics in, 57–59
 visual indicators of, 50
soil health assessment, 84–89
 commonly used properties in, 50
 conceptual framework for, 85, 86
 criteria for framework for, 85–86
 description of, 48–49
 difficulty of performing, 84–85
 indices used in, 87–89
 inland PNW and, 87–89
 management systems and, 88–89, 89
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 qualitative and quantitative indicators 
in, 48–49

 soil health indicators in, 49
 variations in regions affecting 

indicators used in, 49–50
 visual observation of soil color in, 50, 

51
soil infiltration. See water infiltration
soil mapping
 precision agriculture and, 325, 326, 

338, 342, 573
 resources for, 345–346
 site-specific management zones 

(SSMZs) on, 327–328, 328, 339
soil microbial biomass. See biomass
soil moisture
 climate change impact on, 21, 30, 31
 global climate change impacts on, 21
 soil electrical conductivity (EC) and, 

67–68
 weed germination and plant 

development and, 359
soil nutrients. See also specific nutrients
 biosolids application and loss of, 296
 complicated process of managing, 

238–239
 crop residue burning and, 152, 153, 

153
 crop residue harvesting and, 136, 147, 

149, 150
 disease prevention and, 408
 harvest removal of, 238, 239
soil orders, inland PNW, 23, 24
soil organic carbon (SOC)
 biosolids applications for, 294
 carbon dioxide (CO2) loss and 

sequestering of, 68
 cropping system effects on, 68, 69
 crop residue harvesting and, 136, 

146–147, 148
 land-use management effects on, 72, 

73
 tillage effects on, 69, 70
soil organic matter (SOM), 68–83
 agricultural management influences 

on, 72, 78–83
 bulk density related to, 55–56, 56
 conservation tillage systems and loss 

of, 105, 111–113, 114

 cropping system effects on, 56, 68, 69
 crop residue harvesting and, 135–136
 dissolved organic matter in, 74
 effects of different tillage implements 

in, 105, 106–108
 factors in loss of, 71
 flex cropping and, 172
 herbicide decisions and, 376
 indicators of dynamics of, 72–78
 inland PNW agronomic zones on, 25, 

26
 inland PNW dynamics of, 24, 70–72
 lime application for soil pH and, 62
 long-term time frame for changing, 

71, 72
 microbial biomass and, 74–77, 75, 81, 

81
 nitrogen fertilizer use related to, 247
 particulate organic matter (POM) 

and, 72
 permanganate oxidizable carbon in, 

74
 pools of, depending on turnover time, 

68–69
 potentially mineralizable nitrogen 

(PMN) and, 78
 range of organic materials in, 68
 soil aggregate stability and, 51–52
 soil and management practices and 

dynamics of, 69, 70
 soil enzymes and, 77, 77
 soil erosion and, 110
 soil fauna and, 82
 as soil health indicator, 49, 50
 soil pH and, 59
 soil respiration and mineralizable 

carbon and, 77–78
 tillage effects on, 69, 70, 71
 visual observation of soil color in, 50, 

51
 water infiltration and hydraulic 

conductivity related to, 57
soil pH. See pH
soil quality. See soil health
soil quality index, 88–89, 89
soil structure
 biochar and, 306, 310
 broadleaf crop sequences for 

improving, 164
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 canola production and, 188
 compaction leading to loss of, 49
 compost and, 304
 cover crops benefitting, 208
 fallow period reduction and, 9
 herbicides and, 376
 intensive agricultural systems’ impact 

on, 47
 particulate organic matter (POM) 

and, 72
 residual soil nitrogen and, 247
 salt levels in, 67
 soil acidity impacts on, 265
 soil amendments for improving, 283, 

285, 310
 soil hydraulic properties and, 57
 soil organic matter (SOM) and, 68
 tillage and, 57
soil tests
 nitrogen use efficiency (NUE) and, 

242
 phosphorus level and, 259, 261
 potassium level and, 262
 resources for, 268, 271–272
 soil fertility management using,  

266–268, 271–272
 sulfur level and, 258
soil water
 dynamics of, 57–59
 herbicide use and, 376, 377
 tillage systems related to, 52, 52
SOM. See soil organic matter
spectral angle methods, in crop residue 

estimates, 141
spring cropping
 downy brome control during, 382
 Russian thistle and, 385
steppe vegetation, 17, 24 
strawbreaker foot rot. See eyespot
streamflows
 global climate change impacts on, 20
 scenario tool for, 42
stripe rust, 412–419
 background on, 412
 causes of, 412
 characteristics and management 

options for, 413
 disease cycle and conditions favoring, 

415–416

 distribution of, 412–414
 key diagnostic features of, 414–415, 

414
 management strategies for, 417–419, 

418
 potential climate change effects on, 

416–417
stripper header, 125, 141, 142–143, 171, 

200, 206
sulfur (S)
 application recommendations for, 258
 canola nutrient requirements and, 195
 crop residue burning and loss of, 153, 

154
 factors impacting requirements for, 

258–259
 pH range and availability of, 59
 plant absorption process for, 257–258
 soil fertility and, 257–259
 soil organic matter (SOM) with, 75
 soil tests for level of, 258
sulfur dioxide (SO2), from residue 

burning, 152
suppressive soils, 409–410
sustainable farming, 99, 105–109
sweep tillage, 104, 105, 106
synthetic fertilizers
 manure applications compared with, 

303, 303
 plat-based soil amendments in place 

of, 285
 soil aggregate stability and, 53, 53

T
take-all disease, 425–428
 background on, 425
 bacterial inhibition of, 59, 66, 76
 characteristics and management 

options for, 426
 disease cycle and conditions favoring, 

426–427
 key diagnostic features of, 425–427
 management strategies for, 427–428
 potential climate change effects on, 

427
 seed treatments for, 409
temperature
 average annual maximum (1981–

2020) across PNW, 17, 18, 22
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 climate change adaptation strategies 
for changes in, 35

 climate change indicator using annual 
changes in, 20

 dryland agricultural systems and, 
21–22

 future climate projections for inland 
PNW on changes in, 28–29, 29, 30

 global climate change impacts on, 
20–21

 greenhouse gas emissions and, 20
 primary drivers of variability in,  

19–20
 seasonal climate forecasts of, 33
 topography influences on, 17
 weed growth and, 359
 year-to-year variability in, 18, 19
three-year winter wheat rotation. See 

Annual Crop-Fallow Transition 
agroecological class (AEC)

thresholds, in weed management, 354, 
363–364, 364, 375, 377

tillage systems. See also specific systems
 bulk density related to, 55, 55, 56
 climate change adaptation strategies 

using, 35
 crop residue amounts produced in, 

128, 129
 diversification strategy using, 206
 earthworm populations in, 84, 85
 effects of different implements in, 105, 

106–108
 erosion from, 58, 58, 110, 355, 374, 

381
 farm policies on, 547
 ground cover production in, 128, 129
 ground cover, runoff, and soil erosion 

and, 58, 58
 hard red winter wheat and, 205
 herbicide incorporation by, 377
 Italian ryegrass and, 388
 landscape-specific processes affecting, 

324
 production issues and adaptive 

strategies in, 169
 Russian thistle and, 385
 snow depth related to, 133–135, 134
 soil aggregate stability related to, 52, 52
 soil compaction related to, 51, 51, 54

 soil health assessment and, 88, 89
 soil organic matter (SOM) dynamics 

to, 56, 69, 70, 78
 soil water dynamics impacted by, 

57–58
 variability in agricultural practices 

and, 322
 water conservation needs and, 132
 water storage efficiency comparisons 

in, 132, 133
 weed management and, 355, 356, 357, 

360, 365, 369–370, 374, 381, 382, 
383, 386–387

transgenic glyphosate-resistant wheat, 
373–374

Transition AEC. See Annual Crop-
Fallow Transition agroecological 
class (AEC)

two-pass systems in direct seeding, 
103–104

U
undercutter fallow tillage, 173, 200
 biosolid applications with, 294
 conservation tillage using, 104, 105, 

115–116
 crop residue for erosion control in, 

128
 diversification using, 171–172, 206
 Russian thistle and, 384
 soil erosion and, 110–111
unit nitrogen requirements (UNRs)
 annual N fertilizer calculations using, 

245
 calculation of, 249
 camelina and, 197
 canola and, 196
 crop comparisons for, 236
 feed barley and, 202
 hard red wheat and, 201
 nitrogen use efficiency (NUE) in 

management decisions and,  
248–251, 250, 267

 nutrient management decisions based 
on, 249

 site-specific nitrogen management 
and, 329–330

 soil fertility management and,  
249–251, 250
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V
variable rate nitrogen (VRN) 

applications, 330–331, 332, 339, 
341, 344

variegated cutworm, 500, 501. See also 
cutworms

volatilization, 255–256
 ammonium loss through, 299
 environmental impact of, 256
 factors affecting, 255–256
 nitrogen losses through, 250, 329
 nutrient loss through, 296

W
Washington State Climatologist, 39
water availability
 resource for, 270
 water tables overlying clay-rich 

horizons and lateral flow in, 323, 
323

water conservation
 crop residue harvesting for, 131–135, 

133, 134, 135, 142
 snow capture and, 133–135, 134, 135
 winter wheat production needs and, 

131–132
water content of soil
 factors affecting, 57
 flex crop recommended minimums 

for, 207, 207
 flex crop yield assessment using, 206
 nitrogen management strategies 

related to, 242–244, 242
 residual soil nitrogen and, 247
 soil electrical conductivity (EC) and, 

67
 soil organic matter (SOM) and, 78
 tillage systems affecting, 52, 52
water erosion. See also erosion
 conservation tillage systems and, 110
 crop residue production for, 128, 130
water holding capacity
 agroecological class characteristics 

with, 167, 170, 171
 biochar and, 306, 310
 biosolids increasing, 294
 comparisons by agroecological class 

and by crop, 234–235

 fallow period reduction and, 9
 herbicide use and, 376
 higher yielding areas related to, 331
 inland PNW agronomic zones on, 25, 

26
 precipitation zones affecting, 26
 residue and tillage management and, 

132
 rotational diversification and, 210
 soil electrical conductivity (EC) and, 

66, 68
 soil organic matter content and, 247, 

254
 soil texture affecting, 376
 wheat yields on hills and, 243
 wind erosion related to, 173
water infiltration
 canola production and, 164, 188
 cover crops and, 80, 208, 209, 553
 crop residues and, 136
 cropping system related to, 52, 52, 

57–58, 57
 direct seeding and, 111
 liming and reduction of, 265
 manure applications and, 303
 measurement of, 57
 nematode tunneling and, 83
 organic materials and crop residues 

for, 53–54, 53
 residue burning and, 152
 seasonal variations in, 58–59
 soil aggregate stability and, 51, 52, 

53–54, 53, 76
 soil amendments to improve, 283, 285
 soil compaction reduction of, 54
 soil dispersion and restriction of, 66
 soil health assessment using, 49
 soil organic matter (SOM) and, 68
 surface residues promoting, 58, 58, 

128, 132
 tillage management and, 132
 visual indicators of, 50
water use efficiencies (WUEs)
 atmospheric carbon dioxide and, 16, 

21
 climate change adaptation strategies 

using, 35
 crop choices in diversification and, 

168
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 nitrogen fertilizer use and, 245, 246
 Russian thistle and, 384
weather data
 decision support tools using, 40–42
 resources for, 38–40, 41, 345, 554–555
weather forecasts
 climate change projections using, 32
 limitations of, 32
 planting date decisions using, 34
weed density
 crop growth interference from, 363
 intensive crop rotation to reduce, 366
 soil health and, 50
weed ecology, 355–359, 357–358
weed management, 353–392. See also 

integrated weed management 
(IWM)

 abundance of weed seeds and,  
361–362

 canola production and, 193–195
 cation exchange capacity (CEC) in, 66
 climate adaptation of weeds and, 359
 climate change adaptation strategies 

using, 35
 conceptual model for, 355, 356
 critical period thresholds in, 363, 364
 crop-weed competition in, 362–363
 early season programs in, 397
 ecological principles in, 355–359, 

357–358
 economic return and, 377
 environmental considerations in, 374
 grain legumes and, 182–183
 herbicide rotation of modes and sites 

in, 379
 inputs in, 365–373
 interference and, 354, 362–363
 key points for, 353–354
 method evaluation in, 375, 380–381
 monitoring and follow-up in, 380
 new species recognition and 

prevention in, 375–376
 other crop pests and, 362
 perennial weeds versus annual weeds 

in, 359
 pest management compared with, 

354–355
 problem diagnosis in, 375–377
 program execution in, 375, 380

 program selection in, 375, 377–380
 public opinion and social 

considerations in, 372–373
 resources on, 390–392
 seed management in, 359, 388
 selected problematic inland PNW 

weeds and, 382–389
 soil chemistry and, 376
 thresholds in, 354, 363–364, 364, 375, 

377
 tillage in, 355, 356, 357, 369–370, 374, 

381, 383
 weed life cycle stages and, 355, 359
 weed seedbank and, 361–362, 382
weeds. See also specific weeds
 abundance of seeds of, 361–362, 375
 adaptation to climate by, 359
 climate and seed germination and 

plant development of, 359
 crop competition with, 362–363
 diversity of species of, 375
 life cycles of, 355, 359
 managing new species of, 375–376
 mapping of populations of, 381
 other crop pests interacting with, 362
 perennials versus annuals in, 359
 seed dispersal and, 360–361
 seed dormancy and, 360
 seed production by, 359–360
weed seedbank, 361–362, 382
weight per unit area method, in crop 

residue estimates, 137, 138
wheat curl mite, 511–513, 512. See also 

mites
wheat head armyworm, 500–504
 climate change impacts on, 504
 description of, 500–502, 501, 502
 host plants and damage with, 502–503
 integrated management of, 503–504
 resources for, 528–529
 status and distribution of, 500
wheat midge, 504
 climate change impacts on, 508–509
 description of, 504, 505
 host plants and damage with,  

505–506, 506
 integrated management of, 506–508
 life cycle of, 504–505
 relative risk of infection by, 507, 508
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 resource for, 528
 status and distribution of, 504
wheat production. See also grains; 

spring wheat headings; winter wheat 
headings 

 agricultural soils of, 24
 biosolid applications in, 291, 293–294
 climate change impacts on, 30–31
 fungal pathogens and, 76–77
 geographic area for, 21
 herbicide resistance testing in, 379
 inland PNW agronomic zones for, 25, 

26
 no-till planting in, 105
 precision management of, 332–333, 

333
 precipitation classes for, 22–24
 as predominant crop in dryland 

farming, 21
wheat soilborne mosaic (WSBM) 

disease, 458
 background on, 458
 causes of, 458
 characteristics and management 

options for, 459
 disease cycle and conditions favoring, 

459–461
 diseases similar to, 449–450
 distribution of, 438
 key diagnostic features of, 458–459, 

460
 management strategies for, 461–462
 potential climate change effects on, 

461
wheat yield
 aluminum toxicity and, 59, 60, 263
 biochar application and, 62, 63
 equation for predicting, 207
 lime application for soil pH and, 62, 

63
 nitrogen availability and, 243–244, 

243
 slope location and, 242, 243
 soil pH and, 59
wheel traffic soil compaction, 54, 55
white spring wheat, 201
wind erosion
 conservation tillage systems and, 109, 

111

 crop residue harvesting and, 125, 128, 
129, 131, 135

 Grain-Fallow AEC and, 131, 172–173
 ground cover production related to, 

128, 129
windrow burning, 151, 365, 369
winter grain mite, 511. See also mites
winter peas. See also grain legumes
 rotational fit characteristics of,  

175–178, 177, 178, 180
winter triticale, 203–204, 204
winter wheat-fallow (WW-F) tillage
 cation exchange capacity (CEC) 

increase in, 66, 67
 ground cover, runoff, and soil erosion 

in, 58, 58
 soil aggregate stability in, 52, 52
 soil erosion and, 109, 111
 soil organic carbon (SOC) in, 70, 71, 

82, 83
 soil pH in, 62, 64
 subsoil compaction in, 55, 56
 water hydraulic conductivity and 

water infiltration with, 57, 58
winter wheat production
 climate change impacts on, 30–31
 critical period thresholds in weed 

management in, 363, 364
 inland PNW agronomic zones on 

yields in, 25, 26
 soil erosion and, 110
winter wheat-spring barley-spring 

legume (WW-SB-SL) tillage
 residue harvest and, 147
 rotational diversity with, 169, 171
 soil bulk density and, 54
 soil compaction and, 55
 soil organic matter (SOM) and, 79
 earthworm populations in, 84, 85
winter wheat-spring pea (WW-SP) 

tillage
 soil organic carbon (SOC) in, 70
 soil pH in, 61, 61, 62, 64
winter wheat-winter pea (WW-WP) 

tillage, soil organic carbon (SOC) 
in, 80, 81

wireworms, 515–521
 climate change impacts on, 
 description of, 516, 516, 517
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 factors affecting, 517-518
 host plants and damage with, 517, 518
 integrated management of, 519–521
 life cycle of, 516–517
 status and distribution of, 515

X

Y
yellow mustard
 diversification strategy using, 198–199
 rotational effect of, 100
yield
 atmospheric carbon dioxide and, 21
 conservation tillage systems and, 109, 

115–116
 crop residue estimates using, 138–141, 

139, 140
 crop-weed competition and losses in, 

363
 precision agriculture and, 320
 soil compaction and, 54, 54, 55
 soil pH and, 59
yield monitoring technology, 141, 328, 

332, 340, 341

Z
zinc, and soil fertility, 64, 263








