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Climate-friendly best management practices for mitigating and adapting to climate

change (cfBMPs) include changes in crop rotation, soil management and resource use.

Determined largely by precipitation gradients, specific agroecological systems in the

inland Pacific Northwestern U.S. (iPNW) feature different practices across the region.

Historically, these farming systems have been economically productive, but at the cost

of high soil erosion rates and organic matter depletion, making them win-lose situations.

Agronomic, sociological, political and economic drivers all influence cropping system

innovations. Integrated, holistic conservation systems also need to be identified to

address climate change by integrating cfBMPs that provide win-win benefits for farmer

and environment. We conclude that systems featuring short-term improvements in

farm economics, market diversification, resource efficiency and soil health will be most

readily adopted by farmers, thereby simultaneously addressing longer term challenges

including climate change. Specific “win-win scenarios” are designed for different iPNW

production zones delineated by water availability. The cfBMPs include reduced tillage and

residue management, organic carbon (C) recycling, precision nitrogen (N) management

and crop rotation diversification and intensification. Current plant breeding technologies

have provided new cultivars of canola and pea that can diversify system agronomics
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and markets. These agronomic improvements require associated shifts in prescriptive,

precision N and weed management. The integrated cfBMP systems we describe have

the potential for reducing system-wide greenhouse gas (GHG) emissions by increasing

soil C storage, N use efficiency (NUE) and by production of biofuels. Novel systems,

even if they are economically competitive, can come with increased financial risk

to producers, necessitating government support (e.g., subsidized crop insurance) to

promote adoption. Other conservation- and climate change-targeted farm policies can

also improve adoption. Ultimately, farmers must meet their economic and legacy goals

to assure longer-term adoption of mature cfBMP for iPNW production systems.

Keywords: adaptation, mitigation, diversification, intensification, socioeconomic, policy, socioeconomic, win-win

INTRODUCTION

Agriculture is an important player in climate change. The

contributions of global agriculture to greenhouse gas (GHG)

emissions and climate change are well recognized (Reicosky
et al., 2000; Snyder et al., 2009), setting the stage for
agriculture to play a positive role in GHG mitigation through
implementation of numerous agronomic practices (Smith et al.,
2007; USDA-ERS, 2016). Furthermore, innovations are needed
to increase resilience of agricultural systems to climate change
and to exploit the opportunities that climate changes present
(IPCC (International Panel on Climate Change), 2007a,b). The
United States Department of Agriculture (USDA) established
goals for climate change mitigation and adaptation in its
2010–2014 and 2014–2018 strategic plans (USDA, 2010, 2014).
Performance measures included tracking crop production,
fertilizer use and conservation practices. The U.S. General
Accounting Office (GAO) requires USDA to provide these
performancemeasures to informCongress and the general public
about the USDA program progress. It has determined that USDA
programs facemajor challenges in encouraging farmers tomodify
farming practices geared toward climate change adaptation and
mitigation. A report to the Energy and Commerce Committee
of the U.S. House of Representatives made the following
recommendations: (i) translate, distill and deliver climate science
research information in user-friendly formats and tools, (ii)
provide financial incentives to encourage farmer adoption of
what we will refer to as “climate-friendly Best Management
Practices” (cfBMPs), and (iii) provide crop producers with farm
level economic enterprise costs and returns of adapting cfBMPs,
with the guiding principle of identifying systems that provide
economically attractive pathways to advancing farm level climate
change adaptation andmitigation (GAO, 2014). Addressing these
recommendations has required detailed characterization and
modeling of biophysical drivers associated with crop growth
and production across different agroecological cropping zones.
It has also required an understanding of the principle drivers of
whole cropping patterns linked to changes in weather (Stöckle
et al., 2017) and other drivers that influence farmer decision
making.

The recommendation of the Energy and Commerce
Committee will have different implications for specific crops
and growing regions. This review focuses on wheat (Triticum

aestivum)-based cropping systems of the Inland Pacific
Northwest of the USA (iPNW), and has three objectives: (i)
describe the historical evolution of iPNW wheat (Triticum
aestivum) based cropping systems and efforts to achieve
economic and environmental goals, (ii) review farm-level
biophysical, socio-economic and agronomic decision drivers
that include cfBMPs and potentially shape win-win scenarios
across iPNW agroecological zones, and (iii) describe integrated
cfBMPs’ potential abilities to improve adaptability and flexibility
of cropping systems that also contribute to system-wide
GHG reductions. Its overall goal is to use historical lessons
of multidisciplinary and integrated research, extension
and stakeholder engagement to define pathways toward
simultaneously achieving farm economic, legacy and climate
change goals.

Win-win scenarios are defined herein as mature cropping
systems with integrated cfBMPs that achieve shorter-term
goals by improving farm profitability and building a stable
farm legacy, while enabling longer-term GHG mitigation and
flexible adaptability to annual weather and long term climate
change. Synergistic impacts occur when multiple management
strategies are integrated into whole cropping systems (Zentner
et al., 2002), potentially creating these win-win cropping
systems.

Developing and sustaining win-win scenarios relies on
progressive farmers who are economically motivated to
change and adapt new cfBMP integrated systems. These new
systems must align with climate friendly iPNW farming goals
(Kruger, 2004) by integrating agronomic management variables:
conservation tillage and residue management, organic carbon
(C) and nutrient recycling, refined N management, and crop
diversification and intensification. All are well-recognized
conservation management strategies and now they are also
recognized for their potential to help dryland farmers achieve
climate change adaptation and GHG mitigation (CGIAR,
2012).

HISTORICAL LESSONS ON MOVING
TOWARD WIN-WIN CROPPING SYSTEMS

The history of iPNW wheat production is marked by a
recurring theme of tradeoffs between farm profitability and the
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deterioration of soil health, air and water quality, organic matter
and nutrient depletion (Table 1). The region has been dominated
by soil-erosive but profitable cereal-fallow farming with little
crop diversification (Schillinger and Papendick, 2008), despite
recognition of soil deterioration during the first generation of
regional wheat farming (Spillman, 1906; Sievers andHoltz, 1922).
A similar history of wheat farming and soil degradation has
also been documented in the Canadian western prairies (Janzen,
2001). Balancing farm profits while reducing environmental
degradation is a main challenge in identifying effective win-
win strategies for the iPNW and similar wheat growing
regions.

Recurring History of Economic and
Environmental Tradeoffs
The history of soil management in the iPNW mirrors that of

the rest of the U.S. Individual land ownership and management

on American farms forced pioneer farmers to choose between
economic survival and soil stewardship, since soil rebuilding was
slow, costly and sometimes not achievable with the available
resources. Early government programs only addressed farmers’
economic concerns without prioritizing land stewardship (Gray
et al., 1938). Further compounding the problem, the iPNW
evolved toward the segregation of animal and cropping systems
soon after settlement, with wheat farming displacing sheep, cattle

TABLE 1 | Historical timeline of movements, events and principles established in

the inland Pacific Northwestern US (iPNW) wheat-based agriculture, and resulting

tradeoffs between short-term economics and long-term impacts on soil, air and

water quality.

Date Key movements, events, and established principles

1880’s – pioneer wheat farming

1890’s−1940’s – early recognition of nutrient, erosion and SOMdepletion, requiring

fertilizers, manures, other crops

– wheat outcompetes livestock farming

1950’s−1960’s – synthetic fertilizers, semi-dwarf wheat increase yields; nutrients

replenished, but cover and green manure cropping diminished

– decline in soil productivity masked by fertilizers

1970’s−1980’s – grain peas, oilseeds introduced

– record soil losses, declining water, air and soil quality

– farm bill supports commodity crops and increased conservation

– farmers, agribusiness and researchers spur development of

no-till planting and fertilization equipment and BMPs

1990’s – decreased soil losses, improved NUE with rising fuel and fertilizer

prices, conservation programs, environmental activism

– grass roots farmer organizations

– win-win scenarios vs. government regulations debated

– projections of climate change and global crop demand

– energy crisis, biofuel-commercialization of precision technology

2000’s to

present

– private, federal investments in climate change research

– year and decade of soil: commitment to soil quality

– soil carbon credits, societal carbon taxes proposed and debated.

– win-win scenarios encouraged by US GAO for implementing

cfBMPs

This history sets the stage for a new generation of cropping systems that minimize the

tradeoffs by achieving both economic and environmental goals.

and hog ranching (McGregor, 1982). This regional trend of
crop-animal segregation reflected a broader global disruption of
organic nutrient cycling and C inputs (Magdoff et al., 1997),
which was further accelerated by the advent of inexpensive
fertilizers and global grain marketing that made exclusive
crop farming more profitable regionally (McGregor, 1982)
and globally (Kirkegaard et al., 2011). Lack of organic inputs
combined with accelerated soil erosion contributed to the rapid
decline of soil organic matter (SOM), native fertility and overall
soil health and productivity (Spillman, 1906; Albrecht, 1938).
Early conservation principles were primarily focused on using
fertilizers and lime to replace depleted soil nutrients that were
removed from the crop-soil system by grain harvest (Fulmer and
Heileman, 1899). Soil restorative practices such as integration
of grass pastures and animal manure, and rotating with grain
legumes and mustards were recognized (Spillman, 1906), but not
widely adopted. As a result, SOM continued to decline in the
iPNW, with soil erosion occurring at annual rates of 10 to more
than 67 MT/ha (Kaiser et al., 1954; Schillinger and Papendick,
2008). Conventional tillage and fallowing have been the primary
contributors to SOM decline in the iPNW (Machado, 2011).
Gray et al. (1938) attributed the lack of significant progress in
adopting soil conserving practices to a failure to address short-
term economic needs of farmers.

In 1975, iPNW research and extension programs, Solutions to
Economic and Environmental Problems (USDA-funded STEEP,
nd1; Oldenstadt et al., 1982) followed by the USDA-funded
Columbia Plateau PM10 (CP3) project were established with
specific goals to develop and implement economically viable
solutions to reduce water and wind erosion. Viable reduced-
and no-tillage systems were the major research outcomes
of these projects, followed by vigorous extension efforts to
translate the research into grower-adaptable individual best
management practices, principally outlined in compendiums of
soil management guides (STEEP nd1, Papendick et al., 1985). The
projects fostered collaborations among researchers, farmers, crop
advisors and agribusinesses. Significant gains in conservation
farming were documented, but adoption was not universal (Kok
et al., 2009).

The Need for Integrated Systems
Research focused on specific practices such as tillage, however
successful, failed to address the system-wide changes and farm
scale economic implications required to incentivize farmer
adoption. In addition, specific economic drivers can distort
system-wide management for sustainability. Through the 1980s,
commodity-based subsidies and growing global markets had
fostered the winter wheat dominated cropping system in the
region without regard to pest problems and erosion (Young
et al., 1994a). Up to the mid-1980s producers moldboard-
plowed their fields to bury residue and weed seeds prior
to planting the following year’s wheat crop. In addition,

1STEEP (Solutions to Environmental and Economic Problems) nd. Advancing

sustainable agriculture in the Pacific Northwest. Conservation Tillage Systems

Information Resource. Pullman, WA: Washington State University Extension

Service. Available at: http://pnwsteep.wsu.edu/tillagehandbook/index.htm

(Accessed on April 10, 2017).
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rotations with spring pea (Pisum sativum) improved wheat
yields, but required eight tillage operations between wheat
harvest to post plant spring pea. In 1985, the USDA-ARS
initiated a field-size, long-term Integrated Pest Management
(IPM) research project for conservation crop production in
the PNW (Young et al., 1994a). This was the first farm scale,
multi-and interdisciplinary cropping systems research project
that focused on weed management integrated with conservation
tillage in the iPNW. This project demonstrated that integrated
cropping systems research could lead to less risky alternative
cropping systems that could motivate farmer adoption (Young
D. L. et al., 1994).

Cropping system comparisons of variable costs demonstrated
that reduced fuel and number of field operations with direct
seeding are somewhat offset by the increased herbicide costs
associated with the practice. The cost tradeoffs coupled with
direct seed grain yields result in similar economic returns in
the intermediate zone of eastern Washington (Esser and Jones,
2013) and the drier grain-fallow regions of eastern Oregon
(Machado et al., 2015) when compared to yields obtained with
conventional tillage. Comparisons of conservation-till 4-year
crop rotation systems and conventional-till 2-year wheat-fallow
rotation systems also demonstrated a marked reduction in water
runoff and soil erosion in the conservation-till systems (Williams
et al., 2013). Similar results obtained in drier traditional iPNW
wheat-fallow systems led Janosky et al. (2002) to conclude that
since no “short- or long-term economic sacrifice” was required
to shift to a minimum tillage system when using existing on-
farm equipment, a neutral-win solution to soil erosion could
be achieved when reduced-till and conventional-till wheat yields
were comparable. Yet, strict no-till systems required fixed-cost
investments in expensive, specialized direct seeding equipment,
so these systems had only been moderately adopted (Kok
et al., 2009). While projects like the USDA IPM project,
described above, developed integrated strategies identified as
essential for protecting soil and water quality by the USDA
(Batie et al., 1993) and encouraged early adopting farmers to
try direct seeding, they fell short in economically motivating
farmers into universal adoption of these no-till systems that
required new equipment. The economic advantages of direct-
seeded wheat cropping systems combined with alternative
crop sequences, tailored N and weed management were later
demonstrated as potential win-win scenarios for direct-seeded
dryland wheat systems in western Canada (Smith et al.,
2006).

Conservation Farming Enables Climate
Change Adaptation and Mitigation
Now, new environmental challenges imposed by climate change
require proactive changes in cropping systems, but history
dictates that initial adoption may also require economic
incentives. Well-recognized best management for protecting
soil health, and air and water quality also have the ability to
foster climate adaptive and GHG-mitigating systems, often by
incorporating elements designed to conserve soil and nutrient
resources. Furthermore, the same cropping strategies that focus

on building soil, protecting air and water quality, and supplying
crop nutrients have the ability to reduce costs associated nutrient
inputs and losses. The US Government Accounting Office
cited the USDA programming and performance goals on soil
and water conservation and quality as examples of needed
elements for USDA’s current climate change strategic plan (GAO,
2014).

COMPLEX FACTORS DRIVING FARMERS’
CROPPING SYSTEM DECISIONS

To translate climate change science into adoption of
transformative systems, it is important to focus on decision
drivers from a farmer’s perspective (Reganold et al., 2011). The
farmer’s decision process involves information gathering from
multiple sources (Figure 1). Historically, farmers have been
challenged with seasonal fluctuations in weather, farm input
prices, as well as local and global competition and markets
(Coughenour and Chamala, 2000). They must assimilate massive
amounts of information along all of these fronts in order
to make appropriate agronomic management decisions with
their foremost goals of sustaining a business, raising a family,
supporting their community while enjoying farming life and
building their farm legacies (Jonovic, 1997; Figure 1). There is
a need for integrated efforts of researchers, extension advisors,
environmental stakeholders, market end-users and policymakers
to develop and drive cropping system solutions (Smit and
Skinner, 2002) that are feasible for farmers to adopt at a local
level (Caron et al., 2014). Farmers are familiar with the proven
conservation strategies and affiliated government support
policies. Many of these same practices are now recognized to
provide climate change benefits, so current climate change
research and extension can focus on improving and integrating
these practices, rather than promoting substantial new changes
that inherently come with greater risks and uncertainty. A
focus on farmers’ immediate concerns and priorities, with an
emphasis on familiar conservation practices already supported
by environmental stakeholders and policymakers, can help
drive farm planning that includes agronomic management shifts
that also provide tangential benefits to address climate change
(Howden et al., 2007).

Biophysical Drivers of iPNW Alternative
Cropping Systems
Farmers are very aware of seasonal weather variability and
ways to deal with it. Furthermore, they generally acknowledge
that weather patterns have recently shifted (Seamon et al.,
2016). In support of these recently observed shifts, climate
change models project temporal and spatial long-term shifts in
temperature and precipitation means and extremes. In general,
the iPNW is predicted to experience warmer, wetter winters;
more frost-free days; drier, hotter summers; and more variability
in temperature and precipitation (Stöckle et al., 2010; Abatzoglou
et al., 2014). These projections suggest a need for flexible,
diversified systems that enable nimble farm adaptability to
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FIGURE 1 | Input drivers of farmer decisions and plans targeting short- and long-term farm outcomes, with government incentives and disincentives targeting

long-term societal wins. Successes or failures in accomplishment of farmers’ primary goals provide feedback for managing flexible, evolving farming systems. Win-win

systems feature improved farm adaptability to markets and climate, while increasing greenhouse gas (GHG) mitigation as co-products.

climate change, as well as mitigating GHG. For example, future

systems that encourage greater water infiltration and soil water

storage combined with greater frequency of rotational winter
crops that feature earlier flowering and grain development will

help farmers adapt to the projected hotter, drier summers (Kaur
et al., 2017).

Socioeconomic Drivers of iPNW
Alternative Cropping Systems
A prevalent sociological factor that drives farmers’ pursuits
of improved soil health and conservation relates to their
commitment to their farm legacies (Figure 1). This commitment
is rooted in the multi-generational family farms prevalent
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in the iPNW, many extending back four generations to the
earliest settlers of the early 1880s (McGregor, 1982). A survey
of Washington “centennial farms” was conducted in the late
1980’s in which there were 400 applicants and 210 approved
100 year family farms (Lang and Flynn, 1989). These farm
families stay committed to maintaining healthy and sustainable
farms that can be passed down to the next generation. Farm
legacy and economically-driven cropping systems can still feature
climate change adaption and mitigation as by-products, since
climate change concerns rank low among farmers’ priorities
and recognized benefits of alternative systems (Seamon et al.,
2016). Specifically, most iPNW farmers still see no need to
make major changes to farming operations and crop rotations
to adapt to climate change or contribute to climate mitigation
(Seamon et al., 2016). Yet they are open to adopting cfBMPs
such as integrating canola (Brassica napus; Pan et al., 2016b)
and legumes (Vandemark et al., 2014) into their rotations for
achieving shorter-term economic and agronomic benefits.

Incentives for adopting BMPs in general, can come from
policy or market forces. These policies must be sufficiently
substantial for farmers to invest time and resources to
change practices (Ribaudo et al., 2011). High startup
costs and lower initial yields associated with new systems
often necessitate government support (Dillman et al.,
1987). Yet, subsidy payments provided by conservation
compliance programs may be insufficient to pay for
high start-up costs of alternative management adoption
such as direct seeding, which incurs expensive fixed and
variable costs (Young D. L. et al., 1994). Additional cost
savings and profitability of alternative crop rotations are
now necessary for these systems to be fully implemented
(Figure 1).

Win-win cropping systems should also be adjustable to
socioeconomic market shifts. Farmers are already challenged to
improve sustainability while increasing crop productivity per
land base and supporting changing demands for diversified crop
products such as food, feed, fuel and fiber products (Graham-
Rowe, 2011; Tilman et al., 2011; Figure 1). Currently, the iPNW
cereal production largely meets the bulk commodity, export
cereal grain markets fostered by regional grain commissions;
about 90% of the wheat produced is marketed to Asian
countries (Washington Grain Commission, 2016). However,
current market trends point toward the expanding demand for
diversified, more-sustainably produced, crop-based food protein,
healthy grains and oils (Greene et al., 2017).

Farmer networks also help drive adoption of alternative
cropping systems. Emerging markets for alternative crop
products challenge farmers to develop innovative networks
(Klerkx et al., 2010; Reardon et al., 2016). To help farmers
navigate these market opportunities, grassroots grower
associations have developed certification recognizing sustainable
practices, share knowledge amongst farmers and communicate
eco-friendly farming practices to consumers. These iPNW
organizations are attempting to redesign historical win-lose
scenarios associated with conventional wheat farming (Table 1)
and move toward win-win approaches. They are responding
to environmental pressures and emerging food markets,

simultaneously addressing societal concerns for food, soil, water
and air quality. Some organizations are also using food labeling
to capture market attitudes toward genetically modified crops,
and organically and sustainably produced food. These attitudes
will continue to shape market driven choices that in turn, shape
the diversification of regional cropping systems.

These grower-based organizations push dual C pathways
toward emerging grain markets while improving organic C
cycling and soil C sequestration (Figure 2). For example,
Shepherd’s Grain is a farmer-based company that serves regional
markets demanding high-quality grain by adhering to sustainable
management practices with no-till seeding as a cornerstone. Its
grain products are Food Alliance certified (Banks, 2016). The
Pacific Northwest Direct Seed Association (PNDSA), a grass-
roots, farmer-organization holds annual conferences focused
on practical farming practices such as crop rotation, residue
management and no-till systems that improve soil quality
(Table 2; PNDSA, 2017). The PNDSA has also developed a
certificate program, “Farmed Smart” that recognizes sustainable
grain production practices and communicates to environmental
groups that sustainability BMPs are practiced. Producing
organically certified grain is difficult in the dryland iPNW
given challenges associated with weed management and soil
fertility (Borrelli et al., 2014; Tautges et al., 2016). Yet several
farmers across the region (Lorent et al., 2016) have found
means to overcome these barriers and are intent on enhancing
soil health by storing more soil C (Figure 2) and reducing
chemical inputs tomeeting growing regional market demands for
organic products.

Policy Drivers of iPNW Alternative
Cropping Systems
State and federal policies provide financial and technical support
to help initiate farmer adoption of new systems (Figure 1). For
example, the USDAConservation Compliance Program provides
guidance, financial support and tools to farmers who participate
in the program to control erosion on high risk land. Currently,
farmers are required to implement and document a variety of
conservation practices in order to qualify for most government
programs such as conservation payments and crop insurance.

Some farm support programs have not been as successful
at driving conservation adoption. A decade ago, C trading
was initiated so that farmers might earn soil C sequestration
credits to help balance the economic shortcomings of cfBMP
adoption (Branosky, 2006). The relative costs and benefits of
GHG emissions caps and N fertilizer taxing were debated (Avi-
Yonah and Uhlmann, 2010).

These programs have had mixed success, as some farmers do
not consider the financial support sufficient to compensate their
costs and efforts of adoption (Conner et al., 2016). Nevertheless,
the evolution of win-win cropping systems will potentially lessen
farmer reliance on government support for achieving climate
change adaptation and mitigation if these outcomes become by-
products and integral part of more profitable farming business
plans. The full implementation of mitigation practices requires
a system-wide accounting of the market and non-market costs
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FIGURE 2 | Dominant fates of photosynthetic carbon toward food, fuel, atmosphere and soil of conventional inland Pacific Northwestern US (iPNW) cropping systems

(Top) that have focused on food production while emitting greenhouse gas (GHG), moving toward aspirational iPNW cropping systems (Bottom) with integrated

cfBMPs that produce food, fuel, feed and fiber while building soil C and reducing system-wide GHG.

and benefits of alternative agricultural practices, which should
become the basis of policy and programs (Tilman et al., 2002).

The crop residue management practices promoted by the
USDA-NRCS are also supported by farmer-governed state soil
and water conservation districts that provide financial and
technical knowledge support (Figure 1). Qualified farmers are
currently provided incentives through NRCS’s Conservation
Stewardship Program (USDA-NRCS, nd2). Such activities
include cover cropping, integration of big-rooted oilseed crops
for improved water management, crop residue management, no-
till practices, improved N management such as use of slow-
release fertilizers, site-specific N management and riparian zone
management. State programs also foster conservation programs
that are climate change proactive. Local, state soil and water
conservation districts apply for federal and state grant funding
to assist farmers in conservation education, planning and
implementation of activities designed to enhance soil, water and
air quality, manage nutrients, control erosion and increase energy
efficiency (Boie, 2016).

The need for win-win scenarios to drive integrated cfBMP
adoption is well illustrated by current levels of adoption of
precision agriculture practices. The NRCS conservation farming
programs currently support farmer use of technologies touted
to improve N fertilizer management. These incentives may
initially entice progressive, early adopting farmers to try new
technologies, such as slow-release N fertilizers and spatial soil test
mapping for guiding prescriptive variable rate N applicators, but

2USDA-NRCS. (nd). Conservation stewardship program. Available at: https://

www.nrcs.usda.gov/wps/portal/nrcs/main/national/programs/financial/csp/

(Accessed on March 20, 2017).

regional farmer surveys suggested that the incentive levels are
often insufficient to sustain practices that might not otherwise
demonstrate to be consistently economically profitable (Weddell
et al., 2017). In contrast, farmers have rapidly adopted tractor
mounted-systems that guide seeding and chemical applications.
This technology demonstrates more visible costs savings when
field operation overlaps are avoided, resulting in obvious
economic and resource use benefits to farmers (Weddell et al.,
2017).

Crop insurance is one of the most important farm policy tools
that has a potential role to play in incentivizing adoption of
cfBMPs by providing risk protection of existing or novel systems.
Federal programs have been created to provide a safety net for
producers. The Federal Cropping Insurance Programwas created
in 1938 and expansion in the 1990s. The 2014 Farm Bill shifted
compensation away from direct payments to crop insurance-and
whole farm revenue based safety nets as the primary mechanism
for providing economic stability to the agricultural industry.

With volatile markets and climatic conditions that are
projected to become even more extreme, crop insurance will
continue to play a vital role in the economic viability and
sustainability of agricultural production in the region. The
federal crop insurance program has been administered by the
USDA-Farm Service Agency (FSA) through a joint public-private
partnership with the USDA-Risk Management Agency (RMA).
In 2015, roughly 85 percent of major crop area in the US
was covered by crop insurance representing a total liability of
$102.4 billon (USDA-RMA, 2016). Crop insurance programs
have offered yield and revenue based coverage options. From
2011 to 2015 the average annual indemnity payments from these
multiple peril cropping insurance policies was $11.1 billion per
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TABLE 2 | Cropping system climate-friendly best management practices

(cfBMPs) for integration into win-win scenarios that address farmers’ short to

medium-term goals, and long-term climate change and sustainability goals.

Cropping System

cfBMPs

Short-term Benefits to

Farmers, Society (1–10 y)

Long-term Climate Change

and Sustainability Benefits

(40+ y)

reduced tillage:

+chemical fallow

+undercutter

+no-till seeding

+ standing

stubble

–soil erosion

+surface SOM

+soil water holding,

infiltration

+nutrient storage

+SOM; soil C storage

–CO2 emissions

+soil quality

recycle organic N

byproducts, eg

manure, biosolids

as soil

amendments

+SOM

+soil quality

- synthetic fertilizer

requirements

+regional nutrient cycles

–system GHG emissions

prescription N

fertilizer mgt:

+refined

recommendations

+sensing and

application

technologies

-fertilizer costs

-over-fertilization

-contamination of surface,

ground water

+fertilizer based NUE

–system-wide GHG

emissions

crop diversification

and intensification:

+legumes with

advanced species

and cultivars

+market diversification

+flex rotation options

–some pest cycles

+biological N fixation

+ rotational NUE

–system GHG emissions

+ production of healthy plant

based protein

crop diversification

and intensification:

+oilseeds with

advanced species

and cultivars

+market diversification

+flex rotation options

–some pest cycles

+soil structure, water

+animal/crop integration

+canola based biodiesel

–life cycle GHG emissions

+ crop residues

+food oil, animal feed

+value added industries

year. The majority of these payouts were government subsidized
with grower premium payments covering only 47% of the
costs. Indemnity payments in Whitman County, Washington
have been driven by market volatility and weather variability
(e.g., heat, drought, flooding) with 82% of the claims focused
on unexpected losses in wheat yield or revenue (Figure 3). In
2009 the largest payout was linked to a large decline in wheat
prices, whereas excessive rain in 2010–2012, drought in 2014
and 2015, and extreme temperatures in 2016 resulted in large
payments.

Government subsidies will continue to grow unless growers
are encouraged to adopt more resilient and established win-win
systems. Insurance premiums are currently set using a loss-cost
method based on average historic losses for a particular county
(Woodard et al., 2011). This method has been criticized as it
encourages high-risk farming on poor ground with no incentives
to minimize the risk of crop failure through building and
restoring degraded soils (Wu, 1999; O’Conner, 2013). Insurance
programs have been proposed where farmers’ premiums are
reduced based on measures of soil quality and health (O’Conner,
2013; Woodard, 2016). Such programs provide incentives for
farmers to implement practices that build SOM and support a
shift in C pathways toward more organic C sequestration and
nutrient cycling (Figure 2). Crop diversification and nutrient

FIGURE 3 | Total indemnity payments broken down by reason in Whitman

County, Washington state from 2001 to 2015 (USDA-RMA, 2016).

management strategies that reduce both market and crop loss
risks have been further incentivized through reduction of
insurance premiums. Management scenarios that may appear
to be “break-even” on the short term, such as the adoption
of no-tillage practices as described above, may become “win-
win” if reduced insurance premiums make this practice more
profitable.

Another way that state and federal policies can affect farming
systems is through infrastructure support. As an example,
the Washington State government supported infrastructure
development to build markets for alternative crops (Lang, 2017).
In 2006 Washington State created the Energy Freedom Program,
which provided low-interest loans and grants to support the
construction of oilseed crushers and other bioenergy-related
facilities (O’Leary et al., 2013), thus creating a pull market for
regionally produced oilseeds. Federal support for this program
stemmed from the 2005 National Energy Policy Act (GPO
Government Publishing Office, 2005) during a federal energy
crisis, linked to turmoil and disruptions in international fuel
supplies. State investments in biofuel crop production research
and extension coordinated projects were then implemented
(Sowers and Pan, 2012), in recognition that rapid and sustained
adoption of canola in Australia and Canada occurred at the
same time of increased financial investments in research and
development (Maaz et al., in press).While these early investments
were thought to be economically questionable on a biofuel
basis (Young, 2009), today, Washington state has the processing
infrastructure in place to supply increasing oilseed-based fuel,
food and feed regional markets (Lang, 2017).

Diffusion of iPNW Cropping Systems
Innovations
New iPNW agronomic systems have been initiated by innovators
and early adopters, followed by early and late majorities and
finally the latest adopters, referred to as laggards by the
adoption theorists (Rogers, 1995). During historic integration of
conservation farming and now cfBMPs for iPNW cereal-based

Frontiers in Environmental Science | www.frontiersin.org 8 November 2017 | Volume 5 | Article 76

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Pan et al. Win-Win Scenarios for Farm and Climate

systems, there has been a distinct and influential population of
early adopters (Dillman et al., 1987; Figure 4). Early pioneers
and adopters of new equipment were mechanically innovative
and skilled (Carlson and Dillman, 1988). Farmer innovators and
early adopters of no-till seeding drills and fertilizer technologies
also developed family businesses around these enterprises
(McGregor, 1982), providing added income and motivation.
Crop development and seed production enterprises spawn
from technological advances in seed development, evaluation,
demonstration and sales by international or regional businesses
that are sometimes farmer owned (Sowers, 2017). Early adopters
of innovative cropping systems and practices have been
documented in case studies produced by university extension
programs (Mallory et al., 2001; Sowers et al., 2011, 2012; Lorent
et al., 2016; Yorgey et al., 2017a). They exhibit natural curiosity,
embrace the challenge of trying to do things differently in
order to improve their farms and environment, with an overall
commitment to “do things right.” They typically have worked
closely with researchers, private and government agency crop
advisers to implement systems and define how their innovations
have changed their systems. Most have taken advantage of farm
programs and financing that support conservation practices.
The mature, well-vetted win-win scenarios that feature stable,
economic profitability of integrated stable cfBMP-based systems,
will provide the free-market economic driver necessary to enable
late adopters to changeover and to sustain these practices across
all adopters with minimal government support and intervention.
Late adopters enter when the systems are sufficiently developed

and understood; some of the possible risks have been addressed,
either through better management strategies or government
support (Figure 4).

CLIMATE-FRIENDLY, BEST MANAGEMENT
PRACTICES

Agronomic cfBMPs are reviewed herein: crop residue
management, organic recycling, N management, crop
diversification and crop intensification (Table 2). Alternative
systems that integrate these agronomic strategies across
the different iPNW subregions (Figure 5) have promise for
achieving climate change mitigation and/or adaptation with
integrated win-win strategies (Figure 6).

Reduced Tillage and Crop Residue
Management
Climate-friendly crop residue management includes replacing
plowing with reduced or no-tillage planting and growing
alternative crops with greater quantity and quality of crop residue
production. These options protect soil against erosional forces,
increase SOM and C sequestration, while improving water soil
water storage and yield potential, achieving a better balance of C
flow toward SOM and food production (Figure 2).

Severe topsoil losses have occurred in fallowed fields seeded
to winter wheat, burned stubble fields and wheat-seeded fields
following crops such as spring peas (Kaiser et al., 1954). In

FIGURE 4 | Theoretical adoption curve modified from Rogers (1995) of relative numbers of adopters at different stages (blue line) and cumulative adopters (yellow

line), applied to the adopter characteristics of the four major climate friendly best management practices (cfBMPs). Earliest inland Pacific Northwestern US (iPNW)

innovators of no-till, organic amendment and new crop use, and precision agriculture technology have been farmers, businessmen, researchers and experimentalists.

Early adopters took advantage of early innovators’ knowledge and technology and government policy support. Late majority adopters responded to wider availability

of knowledge and technology of stacked integrated cfBMPs. Latest adopters, coined “Laggards” by Rogers, convert systems when they are well established and

economic and agronomic benefits are clearly demonstrated.
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FIGURE 5 | Major agroecological cropping zones, precipitation ranges and crop areas in the wheat-producing inland Pacific Northwestern (iPNW) U.S.

the iPNW, conservation tillage has reduced soil erosion and
sediment loads (Kok et al., 2009; Brooks et al., 2010; Williams
et al., 2014). Brown and Huggins (2012) reviewed 131 data
sets from the iPNW and found that 75% of native ecosystems
converted to agriculture lost at least 0.14–0.70Mg C ha-1 year−1

and that the conversion from conventional tillage to no-till
practices was predicted to increase SOC from 0.12 to 0.21Mg
C ha−1 year−1 for 75% of situations. By reducing erosion,
protecting topsoil and maintaining SOM, conservation tillage
practices also directly and indirectly affect soil health. In addition,
nearly all measurable soil microorganisms, including bacteria,
fungi and actinomycetes increase with no-tillage adoption
(Stubbs et al., 2004). In addition, Johnson-Maynard et al.
(2007) reported significantly higher earthworm densities in
conservation tillage treatments as compared to conventional
tillage in the annual cropping zone of the iPNW. Earthworms are
important biological indicators of soil quality and can increase
biodiversity and yields in managed systems (van Groenigen et al.,
2014).

Maintaining surface crop residues before late summer
planting of winter crops not only protects soil from eroding, but
it also enhances snow capture and seedling establishment. No-till
winter peas exhibited improved seedling vigor, reduced winter
injury and increased grain yield compared to conventionally-
tilled peas (Huggins and Pan, 1991). Biomass production
is critical for maintaining seed-zone soil moisture in no-
till fallow. Chen et al. (2006) demonstrated that tall stubble
improved yields of winter lentil (Lens culinaris). Producers
normally grow short, semi-dwarf varieties of winter wheat in
this area, however, some farmers are starting to grow tricale
(×Triticale Wittmack) which produces 50% more crop residue

than semi-dwarf wheat in high residue farming systems (Port,
2016).

Brown and Huggins (2012) summarized long-term residue
management experiments in iPNW and their conclusions
showed a limited ability of reduced tillage and direct seeding
of conventional crop rotations to maintain and increase
SOM and soil C sequestration. Using these findings, Stöckle
et al. (2012) projected that a 10% increase in no-till and
reduced tillage in existing cropping systems could reduce GHG
by >1,550,000Mg CO2e/y over the iPNW due to soil C
accumulation over a decade, but some site-specific systems
would come to equilibrium thereafter. These assessments assume
tillage reductions within existing cropping systems. Further
research is needed to determine what extent direct seeding
in combination with other cfBMPs such as diversified crop
rotations with more prolific roots and/or increased stable organic
C inputs can more fully replenish and build SOC within the
limitations imposed by climatic conditions. Recent developments
in monitoring technologies have enabled the ability to assess
system C balances between crops and soils while tracking CO2

fluxes of managed fields to assess the effects of diversified crops,
soils and fluctuating weather (Waldo et al., 2016; Chi et al.,
2017).

Despite benefits of improving crop residue retention
as soil C, there are immediate incentives for straw
removal that include markets for mushroom and animal
bedding, cellulose-based energy and paper-based packaging.
Excess straw can cause difficulties in direct seed stand
establishment, requiring field burning or straw harvesting.
Site-specific straw removal is only recommended from
areas of excessive straw production, and nutrient removal
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FIGURE 6 | Traditional win-lose (left), transitional win-neutral (middle), and aspirational win-win (right) inland Pacific Northwestern US (iPNW) wheat cropping systems

scenarios tailored for the production zones of (A) low precipitation, wheat fallow, (B) intermediate precipitation, annual crop fallow transition, (C) high precipitation,

annual cropping, and (D) irrigated annual cropping. Old agronomic management principles combined with new crop options and technologies (climate friendly best

management practices (cfBMPs, Table 2) have moved, and will continue to move systems from left to right, from traditional win-lose systems to transitional

win-neutral systems to current and aspirational win-win scenarios for achieving short-term economic profitability and long-term solutions to environmental quality,

market and climate shifts of the twenty-first century. WW, winter wheat; WC, winter canola; WP, winter pea; WT, winter triticale; SW, spring wheat; SB, spring barley;

SC, spring canola; F, summer fallow; SwC, sweet corn; CC, cover crops; POT, potato.

from the system needs to be replenished (Huggins et al.,
2014).

Organic Resource Recycling
Recycling of available organic resources is considered a cfBMP
for two reasons: (i) replacement of commercial fertilizers that
have high GHG costs in production (Wood and Cowie, 2004;
Brown et al., 2010) and (ii) their unique ability to sequester
stable forms of soil C and supply nutrients (Bogner et al., 2007,

Table 2). Early recognition of the important role of organic
amendments (Spillman, 1906) has been supported by long term
trials that consistently demonstrate that animal manure and
human biosolids are more effective than crop residues for
building SOM, sequestering soil C, improving soil structure,
water infiltration and retention, increasing nutrient availability
and enhancingmicrobial activity, while reducing soil bulk density
(Yorgey et al., 2017b). These amendments offer a valuable
strategy in the winter wheat-fallow region, where reducing or
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eliminating tillage has been insufficient for re-building soil C
levels, due to low productivity and the resulting low levels of C
inputs in residues (Machado, 2011; Gollany et al., 2013).

Organic amendments can promote large increases in total
soil organic C (SOC) storage (Machado, 2011) with significant
buildup of stable C forms (Pan et al., 2017b), reducing CO2

release that would occur if these waste products were otherwise
incinerated or left to rot. Yet most of the region is spatially
separated from animal and human population centers, so the
utilization of many common amendments is presently limited by
transportation costs into most of the dryland areas of the iPNW.
Nevertheless, opportunities do exist for distribution of biosolids
and manures on dryland areas with nearby urban centers and
large animal operations.

Biosolids applications can build soil C while producing
equivalent or better grain yields than typical applications of
inorganic N in tilled and untilled wheat systems (Koenig
et al., 2011; Barbarick et al., 2012). These increased yields are
often attributed to the phosphorus, sulfur and micronutrients
provided by the biosolids (Ippolito et al., 2007). Other possible
factors include improved soil physical properties.While biosolids
applications generally raise grain protein when applied during
the fallow year (Cogger et al., 2013), practical experience suggests
that this is generally not great enough to negatively impact prices
for soft wheats that can have high protein penalties. Likewise, the
risk of N and P losses after biosolids applications is most often
relatively low in regional dryland cereal systems, especially for
one-time applications (Ippolito et al., 2007; Barbarick et al., 2012;
Cogger et al., 2013). These anaerobically digested biosolids were
later shown to also build stable and more labile soil organic C
and N, while supplying sufficient crop N to a wheat-fallow system
(Pan et al., 2017b).

Access and costs of organic amendments is the biggest
challenge to dryland farmers of the iPNW. Since biosolids are
a by-product that must be managed by wastewater treatment
facilities financed by sewage taxes, they are available at no cost
or reduced cost to farmers. In some cases, municipalities charge
transportation and application fees, or a fee equal to the N value
of the biosolids (Sullivan et al., 2015). The question remains of
whether a similar system is feasible for manure management of
concentrated animal operations. Over-irrigation pushes nitrate
through shallow root zones to groundwater, causing water quality
problems in the aquifer (Brown et al., 2011). Manure related
water quality problems are driving public opinion and litigation,
as well as public policy. Central Washington irrigated systems
support a large dairy industry that has limited land to upon which
to recycle manure.

There is an opportunity to replicate the biosolids success story
by transporting manure to dryland wheat farms. Improved on-
farm separation and concentration of nutrient-rich solids should
increase economically viable hauling distances (Yorgey et al.,
2014; Frear et al., in press). In the iPNW, animal production is
located in concentrated production facilities, spatially separated
from the dryland wheat farms. In south-central Idaho, where
dairy farms exist in combination with dryland fields on high
plateaus, manure is used as a nutrient source in the production of
organically certified wheat sold at prices that are 2–3 times those

of commodity wheat and organic alfalfa hay (Lorent et al., 2016).
Manures that have solids separated, aged, dried and sometimes
composted primarily benefit overall soil health by increasing
SOM, rather than serving as a primary source of crop available
N. For example, compost improved cereal yields by successfully
restoring organic matter on eroded Palouse hilltops, with yield
improvements achieved after N immobilization was overcome
with additional N fertilizer input (Cox et al., 2001). Likely
mechanisms for the yield gains include improvements in nutrient
and water holding capacity, soil structure and water infiltration.

Other materials that may recycle nutrients and C include
biochar (a charcoal-like material that is generated when organic
materials such as forestry wastes are heated in oxygen-limited
environments) and black liquor (an organic by-product that
results from paper-making). Application of 10 tons/acre or more
of alkaline biochar (pH 10) derived from forest wastes had mild
soil liming effects and improved wheat yields near Pendleton,
Oregon (Machado and Pritchett, 2014). While these results
are encouraging, separate analysis suggests that biochar is not
economical if only the effects on pH are considered (Granatstein
et al., 2009; Galinato et al., 2011). Crop residues from cereal and
grass seed systems can be used for paper-making and the first
new paper pulp mill to be built in the U.S., and the largest straw
pulping mill in the world is now under construction (Erb, 2017).
Straw fibers are typically alkali-pulped, producing black liquor, a
lignin-rich soil amendment that can be returned to the land to
increase soil C, biological activity and wet stable aggregates (Xiao
et al., 2007a,b).

Cover crops are grasses or legumes that are used primarily to
provide seasonal protection against soil erosion and an organic
soil improvement (Unger et al., 2006) Compared to amendments,
which need to be transported and spread, cover crops generate
organic materials in place. However, water is a major limitation
in the iPNW and existing research with single- and multi-species
cover crops in eastern Washington and in semiarid eastern
Colorado (Nielsen et al., 2015) has not found agronomic and
economic benefits (Thompson and Carter, 2014; Roberts et al.,
2016).

Nitrogen Management
The improvement of N use efficiency (NUE) of cropping systems
is a critical cfBMP of win-win scenarios, since N is an expensive
farm input and it greatly affects GHG emissions (Snyder et al.,
2009). Wheat farming began in the iPNW in the 1870s. Native
soil N declined by 22% during the first generation of farmers
and replenishing it was a recognized prerequisite for increasing
soil productivity (Fulmer and Heileman, 1899). This situation
was greatly helped by the mid-twentieth century development
of synthetic N fertilizers and N soil testing. Recent estimates of
regional N balances suggest crop N removal is being replenished
with N biological and fertilizer inputs, although P and K are
still being depleted (Table 3). The International Plant Nutrition
Institute (IPNI) recognizes that the region as a whole has
achieved N balance with regard to N inputs offsetting N removal
by grain harvest, after conducting an extensive data analysis of
nutrient balances across each county of the U.S. (IPNI, 2012). Yet,
documentation of inefficiencies andN losses in the region suggest
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TABLE 3 | Nutrient supply and removal in harvested grain* across the main

wheat-producing counties of the inland Pacific Northwestern US (adapted from

Borrelli et al., 2017).

Primary nutrient

N P K

Nutrient source Metric tons year−1

Commercial** 143,570 16,406 22,721

Recovered manure*** 1,377 797 4,701

Biologically fixed by legumes*** 25,322 0 0

Nutrient quantity

Total nutrient supply 170,269 17,202 2,7422

Crop removed*** 171,203 25,072 7,7265

Balance (supply-removed) −934 −7,870 −49,843

Removal ratio (removal/supply) 1.01 1.46 2.82

*Methods described in IPNI (2012). Nutrient quantities converted to elemental metric tons

per year. N, nitrogen; P, phosphorus; K, 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.

that while there may be an overall balance of regional N inputs vs.
grain N harvested, there are areas of over- and under-application
of N fertilizers within fields, resulting in N leaching below the
root zone, N runoff to local waterways (Keller et al., 2007) and
N volatilization to the atmosphere (Venterea et al., 2012). Excess
N is susceptible to nitrous oxide (N2O) production (Snyder et al.,
2009) and the release of this GHG can offset carbon sequestration
benefits provided by conversion to reduced- or no-till (Stöckle
et al., 2012).

Efforts to improve fertilizer N use efficiency in the iPNW
(Huggins and Pan, 1993) paralleled the conservation farming
movement of the late twentieth century. Several levels of
technology adoption hold promise for improving regional NUE
and thereby reduce system wide GHG emissions. The baseline
opportunity is to increase adoption of soil N test-based N
fertilizer recommendations that have existed since the 1950’s
(Pan et al., 2007). Accurate estimation of N fertilizer rate
requirements is based on available water and soil N supplies
(Pan et al., 2007, 2016a) with full root zone (0–180 cm) soil
testing, but there are opportunities for increasing adoption of
routine soil testing by regional farmers since a recent survey
revealed that only two-thirds of regional farmers regularly
take soil samples (Mahler et al., 2015). Recognition that a
majority of crop N uptake comes from non-fertilizer sources
(Sowers et al., 1995; Pan et al., 2016a) should provide farmers
with ample motivation to take regular soil tests and collect
other crop and soil information for optimizing their fertilizer
use.

As alternative crops are adapted to the region, crop specific
N requirements and recommendations need to be developed
and evaluated for specific agroecological subregions. The basic
4R (four “rights”) approach focuses on right fertilizer rate,
placement, source and timing, which require adjustments for
fertilizer management of alternative crops like canola (Norton,
2013). Canola differs in crop physiology from wheat, which

dictates changes in N placement, timing and source (Pan et al.,
2017a).

Fertilizer recommendations will need to be integrated with
predictions of water supply in a changing climate (Pan et al.,
2016a). Overall, adopting farmers need to understand that typical
wheat N management principles do not necessarily apply to
newly introduced crops.

The potential of site-specific N management for improving
within-field NUE was recognized for more than 20 years (Fiez
et al., 1994; Pan et al., 1997), but it was also recognized
that the N recommendations based on regionally developed
algorithms would be insufficient to make landscape level N
recommendations since unit N requirements (kg total N supply
per kg grain) and NUEs varied across the landscape (Fiez et al.,
1994; Hergert et al., 1997). Several biophysical stressors such as
limited water availability and compacted soil layers negatively
impact NUE across the variable landscapes (Pan and Hopkins,
1991; Fiez et al., 1994; Ibrahim and Huggins, 2011), locations and
annual precipitation (Maaz et al., 2016).

Recent technological advances have provided opportunities
to more accurately assess landscape specific soil N availability
and root stressors that will lead toward better landscape-
specific N management within farm fields. These technologies
include remote sensor systems, robotics, GIS spatial mapping
for prescriptive soil management and new technologies for yield
mapping and protein monitoring (Weddell et al., 2017).

As decision support systems become available to help farmers
utilize large datasets, there will be potential improvements in
the use efficiencies of fertilizers and pesticides, along with
improved grain yield and quality that may provide economic
advantages of technology adoption without government support.
The economic driver of efficient N management is illustrated
during times of high N fertilizer prices, when farmers
tend to reduce their N fertilizer use and improve their
cropping system NUE (Nehring, 2016). Another example is
evident in iPNW high protein wheat production, where the
ratio of fertilizer price to grain protein price premiums
for hard red wheats influence the economically optimal N
recommendation and use (Baker et al., 2004). Higher ratios
result in lower N input recommendations and improve N
use efficiency. A complex of biophysical drivers and crop
responses have led to the identification of landscape performance
classes for gauging site-specific NUE parameters that link
to site-tailored wheat N recommendations (Weddell et al.,
2017).

Regional NUE can be improved with the integration of
old conservation principles with new fertilizer management
technologies, substitution of commercial fertilizer with legume
expansion and organic byproduct recycling and adoption of
site specific 4R N management utilizing advanced precision
technologies. Greenhouse gas production occurs at the fertilizer
plant (Wood and Cowie, 2004) and with field applications
of N fertilizer (Shcherbak et al., 2014). A 10% overall
improvement in regional fertilizer NUE based on annual N
fertilizer use (Table 3) would reduce GHG emissions associated
with the reduced synthetic N fertilizer use of 13,000Mg
fertilizer N/year.
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Crop Diversification
Alternative crop rotation design is anothermajor cfBMP category
that has great potential for achieving win-win scenarios (Table 2).
Crop diversification changes immediately require adjustments
in the other rotation-wide management practices to optimize
the cropping system’s economic and environmental impacts.
Examples of cfBMP integration into alternative cropping systems
are described for each iPNW agroecological zone below.

Diversification of cereal systems with broadleaf grains
(oilseeds and legumes) or cover crops is useful to optimize
pest management, nutrient cycling, N use and water use
efficiencies, soil building and potential GHG mitigation
(Table 2). Advantages of these “break crops” in rotation with
wheat has been shown to result in significant increases in wheat
yields worldwide (Kirkegaard et al., 2008). Crop diversification
also diversifies marketing options, reducing price risk for
farming enterprises. Regional crop diversification opportunities
are large, given that the iPNW largely produces to meet the
bulk commodity, export cereal grain markets. The iPNW region
supports the production of both spring and winter cereals and
there are opportunities for integrating both spring and winter
oilseeds and pulse crops in each agroecological zone. New crop
options need to be integrated into sustainable cropping systems
with a new set of cfBMPs (Table 2).

Crop rotation impact on GHG emissions is complex. Some
affected variables include amount and source of N inputs and
N2O losses, net soil C sequestration, net energy balance of
external fossil fuel inputs and biofuel outputs. Diversification
with legumes and oilseeds shifts the rotational N cycling, residual
N carryover and on-farm production of N through legume-
facilitated biological N fixation, all of which will reduce reliance
on fertilizer N for subsequent cereal crops (Maaz and Pan,
2017). Important agronomic metrics impacted by alternative
crop rotation include rotational N use efficiency, soil C storage,
biofuel displacement of fossil fuel use and non-food products that
can be credited toward C sequestration.

Weed management is a primary driver of farmer adoption
of new crops. While it has no direct impact on climate change
mitigation, it has indirect impacts as alternative crop rotations
are established and sustained. For example, the persistence of
winter annual grassy weeds severely diminishes wheat yield
and quality in the iPNW. Diversifying winter wheat sequences
with spring crops or fall-seeded broadleaf crops allows in-
crop use of grass herbicides to reduce grassy weed populations
and modifies the composition of weed populations (Burke
et al., 2017). Well-established canola stands are competitive
with weeds, providing a major driver in canola adoption
(Long et al., 2016). Glyphosate-resistant spring canola provides
opportunities for improved control of downy brome (Bromus
tectorum), jointed goatgrass (Aegilops cylindrical), feral rye
(Secale cereale), and Italian ryegrass (Lolium multiflorum) in
annual crop systems (Young et al., 2016) and can reduce
Italian ryegrass and broadleaf weed populations when used
in place of spring non-glyphosate resistant legumes (Huggins
and Painter, 2011). Winter wheat-fallow studies showed that
diversifying with winter canola, along with split applications
of quizalofop and glyphosate, controlled 90% of feral rye,

eliminated seed production of feral rye and increased canola
yield more than 40%. Use of glyphosate-resistant winter
canola in tandem with glyphosate application can also help
control feral rye (Young et al., 2016). Conventional canola
cultivars lacking herbicide resistance are highly sensitive to
sulfonylurea and imadazolinone herbicides, but new herbicide
resistant cultivars are now available for overcoming herbicide
carryover.

Additionally, herbicide-tolerant or resistant varieties would
allow farmers to plant in fields with a history of imidazolinone
and sulfonylurea herbicides and an increased selection of grass
herbicides would be available in conventional canola (Young
et al., 2016). Because glyphosate is the most important grass
herbicide in summer fallow, the various canola scenarios would
allow farmers to use other groups of herbicides to control
grass weeds, thereby reducing the use of glyphosate in canola
and mitigating the development of resistance of grass weeds to
glyphosate. It is just as important to rotate herbicides as it is to
rotate crops to reduce overall loading rates of any one herbicide.
In addition, reduction in herbicide application rates are now
enabled by the advent of imaging-based precision herbicide
technologies capable of targeting post-emergence weeds in fallow
(Riar et al., 2011).

Rotational diversification can also support win-win scenarios
by suppressing soilborne fungal pathogens and nematodes
that cause wheat and barley (Hordeum vulgare) diseases. In
general, the population density of a pathogen increases with
the increasing frequency of a host crop in a rotation. Using a
rotation to suppress disease is most effective when alternate,
non-host crops are available, precipitation is not limiting and
conditions promote rapid residue decomposition. For example,
planting a non-host broadleaf crop in place of a cereal crop can
reduce some pest populations such as Hessian fly, orange wheat
blossom midge, mites, Cephalosporium stripe and cereal cyst
nematode, while not reducing Rhizoctonia, Pythium, and root-
lesion nematode species (Eigenbrode et al., 2017; Kirby et al.,
2017a,b).

Integrating legume pulse crops diversifies market
opportunities for cereal farmers (Vandemark et al., 2014)
but requires market infrastructure. As an example, advancement
of chickpea (Cicer arietinum) storage, transportation and
marketing in the region has greatly expanded iPNW chickpea
production, driven by high prices (Maaz et al., in press).
Similarly, the varietal development of edible winter dry peas
promises to expand legume acreage into the drier agroecological
zones, due to their greater yield potential and ability to survive
harsh winters (Schillinger, 2017). Fall-sown dry peas and lentils
are well-adapted for direct seeding into standing stubble and
increasing demand for cover crop pea seed provides production
incentive.

The need for oilseeds in iPNW wheat rotations was first
published by Spillman (1906) for renovation of nutrient-mined,
eroded soils. Recurring interest in oilseeds for a potential
feedstock for biodiesel and jet fuel (Long et al., 2016) and a
break crop in wheat rotations has been investigated for the last
50 years (Pan et al., 2016b). Efforts to push the regional adoption
of canola based on agronomic benefits were unsuccessful until
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global markets for food oil improved, federal policies incentivized
big rooted rotational crops and state government support for
oilseed processing facilities began to pull grain through the
supply chain (Lang, 2017).

Oilseed-based biodiesel has been assessed by U.S. EPA LCA
to reduce system-wide GHG emissions by 50% when displacing
conventional diesel (EPA, 2010) and perhaps higher GHG
reductions occur in semiarid systems (Biswas et al., 2011; Kruger
et al., 2015). Several factors help to moderate the negative impact
on food production when inserting these oilseeds into rotation.
Canola produces food oil as well as biofuels and a high protein
animal meal by-product that contributes to the food chain (Long
et al., 2016). Canola also has early maturing characteristics,
its varieties offer unique options for weed control, thereby
increasing subsequent wheat yield potential (Sowers et al., 2012;
Pan et al., 2016b).

Recurring interests in regional energy production and crop
diversification have focused efforts on canola food, feed and fuel
production since the 1970s. Recently, over the past decade, there
has been a four-fold increase in iPNW canola production due
to a convergence of new regional processing facilities, improved
global demand and competitive prices for canola, improved
diversity of varieties and renewed extension and agronomic
research efforts (Pan et al., 2016b). Winter and spring canola are
being integrated into the iPNW cropping zones (Figures 5, 6).
In addition, interest in developing cellulosic biofuels (Huggins
et al., 2014) and paper products (Xiao et al., 2007b; Erb, 2017) can
stimulate movement toward higher residue producing crops that
could serve conservation compliance and/or emerging markets.

Alfalfa (Medicago sativa) is a viable crop diversification and
intensification option for integration with annual crops (Koenig
et al., 2009). USDA cropland data layers showed that alfalfa
comprised about 5% of the crop acreage in both the annual
crop and annual crop-fallow transition zones from 2007 to 2014
(Kirby et al., 2017a). Its potential for addressing climate change
is attributed to its capacity to build soil and fix N. Organic alfalfa
can be produced economically, stands can be maintained 5-10
years before transitioning back into annual crops, depending
on fluctuating markets. This crop provides a transitional land
management option prior to organic grain production (Fuerst
et al., 2009). Production of organic crops is increasing in the
iPNW, primarily in the irrigated zone (Kirby and Granatstein,
2017). Future expansion of organic alfalfa is most likely to occur
as a rotational crop in irrigated and high rainfall zones, but
markets will depend on the growth of the organic dairy sector
in the region.

Crop Intensification
Intensification of crop rotation is another strategy for potentially
developing win-win scenarios. It is defined as the increase in
rotational land coverage with growing crops. Intensification
can be achieved with (i) annual fallow replacement with a
crop, (ii) increasing over-winter cropping with cover crops, (iii)
substituting winter crops for spring crops, or (iv) replacing
annual crops with perennial crops. Crop intensification can
increase food production, utilize rising atmospheric CO2 for
photosynthesis and sequester more soil C. The major challenge

is the need to ensure that crop intensification is coupled with
ecologically based management strategies such as conservation
farming (Matson et al., 1997), as well as ensure short-term
economic viability.

With sufficient available water, annual cropping maximizes
biomass production and limits fallow periods between crops
when soils are most vulnerable to erosion. Opportunities for
intensification vary across the dryland iPNW with temperature
and precipitation gradients, terrain and soil characteristics.
Research in the annual crop-fallow transition and winter wheat-
fallow regions has focused on strategies such as flexible fallow
replacement with annual cropping in wetter than average years,
or replacing spring crops with fall-sown crops. While these
strategies will intensify production, increase C fixation and
seasonal soil surface coverage, they can also have negative
impacts on farm economics and risk if practiced in drier than
average seasons (Young et al., 2015). Profitability of intensive
cropping was found to be more variable than for wheat-fallow
in the Great Plains, U.S. (DeVuyst and Halvorson, 2004).

Replacing spring crop sequences with fall-sown winter hardy
crops intensifies rotations by providing overwinter soil cover
with increased yield potential (Schillinger, 2017; Stöckle et al.,
2017). Fall-sown crops mature earlier than spring-sown crops,
thereby avoiding heat stressors and water deficits that may occur
later in the growing season. This advantage of winter over spring
croppingmay becomemore critical for future systems to be better
adapted to predicted warmer, drier summers (Kaur et al., 2017).
For example, replacing spring legumes with a fall-sown pea or
lentil provides greater crop biomass, residue and biological N
fixation; fall-sown peas can have double the seed yield compared
to spring-planted cultivars (McGee, 2016).

INTEGRATED WIN-WIN SYSTEMS BY
CROPPING ZONE

The iPNW agroecological zones are largely defined by
temperature and moisture gradients. Classification of USDA
cropland data layers allows the identification and area estimates
of four major iPNW cereal cropping zones: annual crop, annual
crop fallow transition, grain fallow and irrigated (Figure 5). The
area of these zones are projected to shift with regional climate
change (Karimi et al., 2017).

Effective integration of BMPs is production-zone dependent
(Zentner et al., 2002). In terms of gauging short term economic
“wins,” farmers and economists have historically conducted
single crop net return comparisons of substituting alternative
crops for traditional crops. In recognition of the potential
rotational benefits of alternative crops and management systems,
rotational enterprise budgeting tools are being developed to
for specific production zones to help farmers understand a
more complete economic impacts of system redesigns within
production zones (Connolly et al., 2015, 2016).

Crop–Fallow Zone
The crop-fallow zone has insufficient annual precipitation
(<300mm) to economically support annual cereal cropping

Frontiers in Environmental Science | www.frontiersin.org 15 November 2017 | Volume 5 | Article 76

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Pan et al. Win-Win Scenarios for Farm and Climate

(Young et al., 2015). This zone occupies the greatest regional area,
which is projected to reduce in size with climate change scenarios
(Karimi et al., 2017). Tilled summer fallow is practiced in this
zone for storing soil water to produce winter wheat every other
year despite its erosive impacts (Lindstrom et al., 1974). While
minimum tillage or chemical fallow, direct seeded wheat-fallow
have reduced wind erosion in win-neutral scenarios (Figure 6),
it has done little to build SOM and restore soil health (Gollany
et al., 2013; Ghimire et al., 2017). Reduced-tillage of summer
fallow using an undercutter cuts weeds without inverting the
soil, maintains surface residue cover for reduced wind erodibility
and has similar economic costs to summer fallow (Young and
Schillinger, 2012). However, with no increases in subsequent
wheat yields, only a neutral-win scenario was achievable by
protecting soil, but not improving profitability.

Integration of tillage management with different crop
rotations have been and will continue to be evaluated.
Continuous no-till spring cereal cropping producedmore residue
which reduced wind erosion on susceptible soils by 95%
compared to the traditional winter wheat-fallow system (Thorne
et al., 2003). Yet, it also exhibited poor N balances (Pan et al.,
2001) and it was found to be economically less viable than
conventional wheat-fallow (Young et al., 2015), thus judged to
be an overall lose-neutral scenario. These findings have led to
evaluations of diversified crop rotations with winter canola and
winter peas (Young et al., 2014; Schillinger, 2017) produced in
concert with minimum or no-tillage (Figure 6).

Recent introduction of winter canola into this region has met
withmixed success, requiringmore research to determine residue
production and management requirements for more stable plant
establishment and winter survival (Young et al., 2014). Tall
standing stubble has been shown to increase water use efficiency
and grain yield compared to shorter stubble in the Canadian
prairie (Cutforth andMcConkey, 1997; Cutforth et al., 2011), but
seed zone moisture during summer fallow was not examined.

Production of high residue crops such as tall wheats and
triticale, in tandem with a stripper header type combine, has
resulted in tall standing stubble that can trapmore snow and keep
surface soils moist and cool during late summer establishment
for improved crop establishment of no-till winter canola (Port,
2016). Insertion of alternative crops can have positive or negative
effects on subsequent wheat production and rotational enterprise
budgets (Connolly et al., 2015). Better weed control, enabled by
insertion of herbicide resistant canola into wheat monoculture,
has resulted in positive improvements in pervasive weed control,
wheat yield and quality (Young et al., 2016).

This is the dryland zone closest to the irrigated central
basins of Washington and Oregon (Figure 5) that produces
large quantities of manure from concentrated dairy farms. In
addition, this zone is closest to dense urban populations in
western Washington and Oregon. The close proximity offers
opportunities for processed manure and biosolids to be imported
into this fallow zone, which will reduce fertilizer nutrient
requirements. This would also build up the low SOM levels as has
been demonstrated in a long-term manure trials at Pendleton,
OR (Machado, 2011) and biosolids trials near Okanogan, WA
(Cogger et al., 2013; Pan et al., 2017b).

Annual Crop-Fallow Transition Zone
The annual crop-fallow region (Figure 5) has traditionally
supported winter wheat, spring wheat and spring barley in
>50% of the zone, fallow in 27% and spring legumes in 10%
of the zone with more fallow during drier years (Pan et al.,
2016b). In wetter than normal years, continuous crop rotations
have been grown. There is potential for crop diversification
and intensification with winter and spring oilseeds and peas in
this zone. This “flex cropping” in this zone allows farmers to
intensify cropping in years with favorable field conditions and
markets. Plant-available soil water is themost reliable indicator of
potential yield. Farmers may take advantage of ample overwinter
precipitation storage in the soil to plant a spring crop, replacing a
traditional fallow sequence. Flexible decisions on direct seeding
spring broadleaf crops in this zone, to conserve moisture and
reduce erosion, should be based on over-winter soil water storage
to 120 cm rooting depth and weather predictions for in-season
precipitation (Pan et al., 2016a).

More specifically, Lutcher et al. (2009) stated critical levels
of over-winter soil water storage required to trigger spring crop
plant-back. This intensification strategy in a win-win scenario
is further enabled by integrating direct seeding and canola
diversification. Such a strategy has demonstrated improved weed
control and economically viability while diversifying market
opportunities enabled by a nearby canola processing facility in
this production zone (Esser and Jones, 2013). Future win-win
scenarios for this zone (may include direct seeded winter wheat,
canola or peas, followed by direct-seeded spring crops or early
planted biennial forage-grain winter canola, Figure 6). Fall-sown
direct-seeded facultative spring wheat is another flexible option
to normal spring wheat recrop planting. It is more competitive
with annual weeds, it is better for erosion control with earlier
established ground cover and it can yield better than spring
planted cereals in a recrop scenario by enabling earlier plant
development for avoiding summer heat stress (Bewick et al.,
2008; Sullivan et al., 2013).

Annual Crop Zone
The high precipitation annual crop zone (Figure 5) supports
annual cropping, with winter wheat, spring wheat and spring
barley grown over 60% of the cropping zone land area and cool
season legumes (lentils and dry peas) account for only ∼18%
(Pan et al., 2016b). This zone is projected to increase with climate
change scenarios (Karimi et al., 2017). Wheat-fallow in this
region proved to be vulnerable to very high soil erosion rates,
so continuous annual cropping of winter wheat, spring cereals
and spring legumes was adopted, particularly with the advent
of commercial fertilizers (Kaiser et al., 1954). Nevertheless, soil
erosion rates were still very high when direct-seeding planters
were first introduced into the existing crop rotations of the region
(Papendick et al., 1985). A long-term study in this region, south
of Moscow, Idaho, has shown that direct-seeded standard winter
wheat-spring pea rotation has resulted in comparable yields while
reducing erosion potential, compared to the same rotation that
was conventionally tilled (Guy and Lauver, 2007).

The IPM project of the 1990s (introduced earlier) more
fully integrated an economically viable crop rotation, weed
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management and residuemanagement while maintaining surface
residues for conservation compliance and increasing soil
moisture (Young et al., 1994a,b,c). Nevertheless, it has since been
determined that direct-seeded winter wheat-spring cereal-spring
legume eventually builds up pervasive annual grassy weeds,
including Italian ryegrass (Young et al., 2016). Spring canola
substitution for spring wheat and more profitable chickpeas in
place of peas are options currently being implemented. Typically,
there is insufficient soil moisture and growing degree days
following crop harvest to establish and grow winter canola in this
zone, so the focus has been on adapting spring canola (Pan et al.,
2016b). In replacing spring wheat with spring canola, a direct-
seeded crop sequence of spring canola-spring pea-winter wheat
provides two sequential broadleaf crops that enable better control
of pervasive grassy weeds such as Italian rye, that otherwise are
difficult to control with a winter wheat-spring cereal sequence.
Future direct-seeded cropping systems should have flexibility to
have two spring broadleaf crop options (oilseed and legume)
in rotation with winter wheat to achieve biological and market
diversification for improved rotational economic returns, while
sequestering C and controlling grassy weeds and soil erosion.
Crop intensification by integration of alfalfa and animal/crop
systems also provide potential win-win scenarios in this zone,
depending on relative competitiveness of fluctuating animal vs.
crop grain markets (Figure 6).

Irrigated Crop Zone
Located in the temperate desert of central Washington and
Oregon (Figure 5), the irrigated crop zone supports annual
row crop rotations that include potatoes and sweet corn that
are considered susceptible to nitrate leaching. Previous studies
in the Columbia Basin have shown that cover cropping can
reduce leaching and recycle N in shallow-rooted potato crop
sequences (Weinert et al., 2002; Collins et al., 2007). More
recent research showed that integrated reduced tillage-cover
cropping could increase the NUE and N export efficiency
(NEE), while increasing season surface coverage, reducing
wind erosion potential of a potato-wheat and corn-potato
cropping sequence (Madsen, 2017). The NUE of the potato-
wheat cropping sequence increased significantly due to reduced
tillage. In addition, the potato NEE increased significantly due to
cover crop and reduced tillage. Additionally, cover crops reduced
the amount of mineral N between 60 and 120 cm. The increase
in NUE and NEE, without a decrease in yield demonstrates that
integrated cover cropping and reduced tillage can be the basis
of win-win irrigated cropping systems (Madsen, 2017). Soil N
testing and predicted rapid N mineralization from cover crops
in these agroecosystems will provide estimates of total soil N
supply that can lead to reduced N fertilizer recommendations
(Weinert et al., 2002). Cropping system modeling suggests that
reducing tillage while controlling N fertilizer inputs in these
irrigated systems has promise for reducing net GHG emissions
(Stöckle et al., 2012).

Finally, the proximity of crop acreage in the irrigated
and crop-fallow zones to concentrated livestock farming and
western Washington and Oregon urban populations opens new
opportunities for livestock grazing on crop residues (Yorgey

et al., 2017c) and judicious use of manure and biosolids during
cropping sequences. In return, these production systems provide
food and fuel in completing the cycle with nutrient sources.

SUMMARY AND CONCLUSION

Farm management practices have been adopted if they directly
benefited farmers in improving their profitability and farm legacy
while diversifying their markets. Historically these practices have
often been adopted at the expense of soil, air and water quality.
Wheat farmers and farmer networks in the iPNW over the
past 40 years have recognized the need to minimize negative
impacts on their surrounding air and water quality, while
sustaining and building soil health. Now, they are also being
challenged to meet climate change mitigation and adaptation
goals. If conservation and climate friendly practices do not
lead to short term gains in farm profitability, then government
incentives have been required to foster adoption, and even these
incentives have fallen short of implementing universal changes.
Integrated coordination of agronomic research and extension
with emerging market opportunities and technological advances,
farmer attitudes, and public policy is required to drive cropping
system changes (Smit and Skinner, 2002; Robertson and Swinton,
2005) that will meet farmers’ priorities as well as address climate
change.

Adoption and integration of new crop rotations with
alternative management strategies for crop residues, organic
recycling and N fertilizers into flexible farming systems promise
to produce synergistic impacts on the overall farm economics
and agroecological goals. Successful implementation will require
the extension and implementation of old conservation principles
with new technology. Many of the historically recognized
conservation practices are now also recognized to improve
soil health and system-wide climate change adaptation and
mitigation.

Moving forward, win-win scenarios are being tailored for
subregional crop production zones principally defined by
available water in the iPNW. Coordinated public and private
efforts need to be directed at refining, enabling and integrating
best management practices into win-win scenarios to support
farmers in their roles as producers, land and environmental
stewards and climate change warriors.
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