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Department of Biological System Engineering, Washington State University, Pullman, WA, USA

Agriculture in the dryland region of the Inland Pacific Northwest (IPNW, including northern
Idaho, eastern Washington and northern Oregon) is typically characterized based on
annual rainfall and associated distribution of cropping systems that have evolved in
response to biophysical and socio-economic factors. Three agro-ecological classes
(AEC) have been proposed for the region: (a) crop/fallow (CF), (b) annual crop/fallow
transition (CCF), and (c) continuous cropping (CC). AECs attempt to associate land use
into relatively homogeneous areas that result in common production systems. Although
there is an interest in sustainable intensification of cropping systems (e.g., reduction of
fallow), the question remains whether climate change will preclude intensification or shift
the borders of existing AECs toward greater fallow utilization. A simulation study was
conducted to address this question, with the aim of classifying 4 x 4 km pixels throughout
the region into one of the three AECs for baseline (1979-2010) and future periods (2030s,
2015-2045; 2050s, 2035-2065; 2070s, 2055-2085). Baseline data were derived from
traditional rotations and historical climate records. Data for future projections were
derived from atmospheric CO» concentration considering daily weather downloaded
from 12 global circulation models and 2 representative concentration pathways (RCP 4.5
and 8.5). Due to the direct effect of atmospheric CO» on photosynthesis and stomatal
conductance, the transpiration use efficiency of crops (TUE; g above-ground biomass
kg water~") showed an increasing trend, with winter wheat TUE changing from 4.76 in
the historical period to 6.17 and 7.08g kg~ in 2070s, depending on AEC. Compared
to the baseline, total grain yield by the 2070s in the region was projected to increase
in the range of 18-48% (RCP 4.5) and 30-65% (RCP 8.5), depending on AEC. As a
consequence of these changes, compared to the historical baseline period, the future
fraction of the area classified as CF decreased from 50% to 39-36%, CC increased from
16% to 24-28%, and CCF decreased slightly (~1%), with the greater change projected
for the RCP 8.5 scenario.

Keywords: climate change, dryland, agro-ecological classes, wheat, fallow

INTRODUCTION

The dryland agricultural region of the Inland Pacific Northwest (IPNW) includes northern Idaho,
eastern Washington and northeastern Oregon. This region has been divided into agro-ecological
zones based on climate and soil parameters important for growing winter wheat (Douglas et al.,
1992). Recently Huggins et al. (2011, 2014) provided agro-ecological classes (AECs) based on the
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distribution of major agricultural systems in the region derived
from 5-year cropland data layers (2007-2011, resolution of 30 x
30 m) produced by the National Agricultural Statistics Service of
the US Department of Agriculture. The proportion of fallow was
used to define three dryland farming AECs where crop-fallow
(CF) includes areas having 40% or more fallow, annual crop-
fallow transition (CCF) having 10-40% fallow, and continuous
cropping (CC) comprising areas with less than 10% fallow.
A map of AECs, scaled up to 4 x 4km resolution, which is
the size of the grid available for historical and future weather
data in the region used in this study (Abatzoglou, 2013), is
presented in Figure 1A. The boundaries depicted on this map
are subject to yearly changes due to flexible cropping decisions
by farmers. Figure 1B approximates AECs based on historical
annual precipitation, where CC and CF comprise the area with
mean annual precipitation >18" (457 mm) and <12” (304 mm),
respectively, while CCF occupies the areas with precipitation
between these two limits. The maps in Figures 1A,B are quite
similar, an indication of the dominant effect of precipitation as
a long-term driver of crop yields and cropping systems in the
region.

Fallow is commonly used in the low and variable precipitation
areas in the IPNW to maximize water storage at sowing for the
wheat dominant cropping systems (Schillinger and Papendick,
2008). In the CF area, replacing the uncropped fallow period
with crops results in a reduction of biomass production (Aiken
et al., 2013). However, fallow can negatively affect the long-term
sustainability of drylands by degrading soils through erosion
(Schillinger et al., 2010), and replacing summer fallow with a
crop can promote the food security of a growing population
(Fischer et al., 2014) and increase the opportunity for soil carbon
sequestration (Campbell et al., 2005), which can be counted as a
mitigation strategy.

By the end of the century, precipitation in the IPNW is
projected to increase by 5% under representative concentration
pathway (RCP) 4.5 and 8.6% under RCP 8.5, with wetter winters
and drier summers. Temperature will increase 3°C under RCP
4.5 and 5°C under RCP 8.5 (Stockle et al.,, under review),
while atmospheric CO; could reach 538 ppm under RCP 4.5
(Thomson et al., 2011) and 927 ppm under RCP 8.5 (Riahi et al.,
2011). Representative Concentration Pathway RCP 4.5 represents
a future of moderate climate mitigation policy, and RCP 8.5
represents a future of no climate policy. Crop productivity is
expected to be affected by these changes (Kang et al., 2009;
Lobell and Gourdji, 2012; Challinor et al., 2014). Climate changes
also have the potential to alter the water balance and water-use
efficiency of existing cropping systems (Marshall et al., 2015; Yang
etal., 2016).

Historically, the AEC borders have had year-to-year variations
based on farmers’ planting decisions (weather forecasts, risk
aversion considerations by farmers, cash flow, and other factors).
The objective of this paper is to evaluate whether future climate
and atmospheric CO, conditions in the IPNW will have a
significant impact on the extent of the use of fallow and thus
the distribution of AECs. A decrease of fallow implies a relative
increase in cropping intensification and vice versa. The potential
to reduce the time that land is fallow is a significant management

0
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Annual Crops-Fallow Transition (304 - 457 mm)
B Continuous Crop (457 - 1130 mm)

FIGURE 1 | Agroecological classes in the dryland region of the Inland
Pacific Northwest based on (A) 5-year aggregated crop data layers, and
(B) annual precipitation.

TABLE 1 | Dryland cropping systems used in each agroecological class
(AEC) of the Inland Pacific Northwest.

AEC Crop rotation
Crop-Fallow WW - SF
Annual Crop_Fallow Transition WW - SW - SF
Continuous Cropping WW - SW - SP

WW, winter wheat; SW, spring wheat; SF, spring pea; and SF, summer fallow.

issue in the intermediate and low precipitation areas of the
region, where economics and risk related to soil water and
precipitation expectation dictate cropping decisions. In this
article we do not examine specific management solutions or
decision making approaches, but rather we explore the gradually
fluctuating biophysical conditions under which farmers will need
to make these decisions in the future. For this purpose, we used
a cropping system model, CropSyst, and weather downscaled
from 12 global climate model (GCM) projections and 2 RCPs to
evaluate possible future AEC shifts leading toward more or less
intensive cropping systems.

METHODS

Crop Yield Simulations

To estimate crop yields, cropping systems representative of each
of the three AECs (Table 1) were simulated, one cropping system
at a time over the entire study region (3,565 grid cells). These
simulations were performed using CropSyst (Stockle et al., 1994;
Stockle et al., 2003), a cropping system model that has been
widely used for climate change assessment studies under different
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climatic conditions around the world (Sommer et al., 2013;
Donatelli et al., 2015; Holzkdmper et al., 2015; O’Leary et al.,
2015). Downscaled gridded daily weather data (4 x 4km) for
the period 1979-2010 (Abatzoglou, 2013) were used for baseline
simulations. For future projections, we used downscaled daily
weather data from projections by 12 GCMs (Abatzoglou and
Brown, 2012) for two RCPs based on radiative forcing at 2,100

of 4.5 and 85W m—2 (RCP 4.5 and RCP 8.5, respectively)
(Moss et al,, 2010). Although, the 12 GCMs predict similar
tendencies regarding future climate, the variability among them
is substantial. The weather data sets included daily maximum and
minimum temperature, precipitation, solar radiation, maximum
and minimum relative humidity, and wind speed. The USDA-
NRCS STATGO soil data base was used to extract soil data
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FIGURE 2 | Yield probability distribution for grid cells in crop/fallow (CF), annual crop/fallow transition (CCF) and continuous cropping (CC)
agroecological classes of the Inland Pacific Northwest for historical and future periods under 2 representative concentration pathways (RCP), 4.5
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required by CropSyst for each grid cell. Within each 4 x km grid
cell, the predominant soil in the cropped portion of the cell was
chosen as input to the model. The results are presented for three
future periods: 2030s (2015-2045), 2050s (2035-2065), and 2070s
(2055-2085).

Defining Baseline and Future AECs

AEC classification maps were prepared for historical (baseline)
and projected (24 alternative futures) climate scenarios. For
each scenario, the first step was to determine the total grain
yield production for each 4 x 4km cell over the entire study
region based on one of the cropping systems in Table 1, one
cropping system at a time (i.e., each system representative of
the three AECs was simulated independently over the region).
The second step was to assign an AEC classification to each
cell. To avoid extreme and unrealistic classification shifts, we
used annual precipitation as the initial criterion, and we avoided
assigning classes based on small grain yield advantages. The
criteria for assigning cropping systems to each grid cell were as
follows:

e Grid cells with mean precipitation <12” are first assigned to
CF

e Grid cells with mean precipitation >18" are first assigned to
CC

e The remainder of grid cells are assigned to CCF

e Grid cells first assigned to CF are reassigned to CCF if the grain
production with CCF is 10% higher than that with CF

e Grid cells first assigned to CCF are reassigned to CC if the
grain production with CC is 10% higher than that with CCF

e Grid cells first assigned to CC are reassigned to CCF if the
grain production with CC is 10% lower than that with CCF.

Yield Probability Distribution

Evaluation of possible AEC shifts based solely on analysis of
mean yield within each period would mask the year-to-year
variability in grain production within a rotation. One way to
assess this source of variation is to consider the yield probability
distribution. For this percentile analysis, we used the following
approach:

a. For each year, obtain the simulated yield, averaged over the 12
GCMs, for each crop within each rotation.

b. Use the Percentile function in Excel to evaluate the 90, 80,
70, 60, 50, 40, 30, 20, and 10th percentiles for the yields of
each crop averaged within each time period and rotation. At
the end of this step we have the yield that represents the nth
percentile for the n = 9 percentiles for each crop within each
rotation, time period, RCP and cell.

c. For each percentile, sum the yields from Step b for all crops
within each rotation and time period. At the end of this step,
we have for each percentile, a total yield for each rotation
within each time period, RCP and cell.

d. Finally, for each percentile, we used the criteria presented
in Section Defining baseline and future AECs for assigning
cropping systems to each grid cell.

RESULTS AND DISCUSSION
Yields and Crop Water Use

Figure 2 presents the probability distribution of total grain
production for historical and future periods, including the
average of the 12 GCMs (thick dashed lines) and projections
by each individual GCM (thin lines). All future periods and
RCP scenarios produced more yield than the baseline period,
and RCP 8.5 had higher yield gains than RCP 4.5 as a result
of higher atmospheric CO;, (Drake et al., 1997) counteracting
greater warming. Compared to the historical baseline, the 50%
probability total grain yield by the 2070s is projected to increase
23-37% for RCP 4.5 and 35-71% for RCP 8.5 depending
on the AEC, with CC showing the greatest absolute increase
and CF showing greatest relative increase compare to baseline
yields. Based on limited studies in the IPNW, yields of wheat-
based systems are projected to benefit from climate change for
most of this century, with the degree of benefit depending on
RCP (Thomson et al., 2002; Rosenzweig and Tubiello, 2007;
Stockle et al., 2010). Although, the yield response to future
temperature changes can be fairly uncertain (Asseng et al., 2015),
the moderate current temperatures in the region and earlier
crop maturity under future conditions will mitigate deleterious
effects of temperature on crop yields. The beneficial effect of
increasing atmospheric CO,, however, is more clear. Earlier
Free-Air CO, Enrichment (FACE) experiments demonstrated
well-watered wheat yield increases of 7-9% when CO; was
elevated from 350 to 550 ppm (Tubiello et al., 1999). Considering
C3 species as a group, a meta-analysis of FACE experiments
showed an increase of around 20 and 25% for biomass and yield,
respectively, with stomatal conductance decreasing around 20%
(CO; elevated from 350-370 to 550-600 ppm; Long et al., 2004).

To illustrate the nature of future changes in crop water
use, transpiration for winter wheat during baseline and future
periods is shown in Table 2. Although, an increase in temperature
will contribute to greater atmospheric evaporative demand,
projected crop transpiration tended to decline as a result of
shorter growing seasons in response to warming and a reduction
of stomatal conductance due to elevated atmospheric CO;
(Anisworth and Rogers, 2007). In this study the mean winter
wheat actual transpiration showed a decreasing trend from the

TABLE 2 | Average dryland winter wheat transpiration (mm) in each
agroecological class of the Inland Pacific Northwest for the historical and
future scenarios under 2 representative concentration pathways (RCP).

Scenario CF CCF CcC
Historical 146 261 292
RCP 4.5 - 2030 145 254 294
RCP 4.5 - 2050 151 252 294
RCP 4.5 - 2070 150 245 289
RCP 8.5 - 2030 133 246 285
RCP 8.5 - 2050 148 242 285
RCP 8.5 - 2070 156 221 264

CF, crop/fallow; CCF, annual crop/fallow transition; CC, continuous cropping.
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periods under 2 representative concentration pathways (RCP), 4.5 and 8.5.

WW TUE (g Biomass/ kg Water)

Bl 42-45
B 45-50
Il 50-55

55-6.0

6.0-6.5
N e65-7.0
Bl 70-75
Il 75-80
Il 80-85
Il 385-9.0

FIGURE 3 | Spatial distribution of winter wheat (WW) transpiration-use efficiency (TUE) in the Inland Pacific Northwest during historical and future

baseline 292 mm and 261 mm in CC and CCF AECs, respectively,
to 289 mm and 245 mm in 2070s under RCP 4.5. The crop
transpiration reduction was greater under RCP 8.5 (264 and
221 mm in CC and CCE respectively). The decrease was small
in the CC zone, but more substantial in the CCF zone. With very
limited water availability in the CF zone, winter wheat utilized the
projected additional winter precipitation (two winter seasons for
one crop season) to support increased yields; thus transpiration
increased slightly from the baseline value of 146 mm to 150 and
156 mm in 2070s under RCP 4.5 and 8.5, respectively. Decreased

evapotranspiration driven by elevated CO, (and unmodified
temperature) has been documented in FACE experiments (e.g.,
Kimball et al., 1999).

To understand crop yield responses to future conditions, it
is also of interest to consider the spatial distribution of crop
transpiration-use efficiency (TUE = g above-ground biomass
produced per kg of water transpired), shown for winter wheat
in Figure 3. The relatively homogeneous distribution of TUE
during the baseline period was replaced by greater variation and
larger efficiencies in the future. These result from the beneficial
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FIGURE 4 | Baseline agroecological classes in the dryland region of
the Inland Pacific Northwest (crop/fallow (CF), annual crop/fallow
transition (CCF) and continuous cropping (CC)), based on 32-year
simulations (1979-2010).

FIGURE 5 | Distribution of agroecological classes in the dryland region
of the Inland Pacific Northwest (crop/fallow (CF), annual crop/fallow
transition (CCF) and continuous cropping (CC)), projected for the 2070s
and based on the average of results from 12 global climate models
under 2 representative concentration pathways (RCP), 4.5 and 8.5.

effect of increasing atmospheric CO; concentration, which
increases photosynthesis (biomass production) and decreases
stomatal conductance (crop transpiration). The average TUE in
CC and CCEF, respectively, increased from 4.76 and 4.85 to 5.95
and 6.14g kg~! under RCP 4.5 and even more under RCP 8.5
(6.85 and 7.08¢g kg~!). In the CF zone, TUE increased from
4,96 (baseline) to 6.17 and 6.97g kg~! under RCP 4.5 and
8.5, respectively, which combined with a slight increase in crop
transpiration explain the relatively larger future yield responses
in this AEC. Evidence from field CO, enrichment experiments
have shown increased wheat yields, decreased transpiration, and
increased TUE with elevated CO, (Kimball et al., 1999), more

ECC ®wCCF =CF
RCP 4.5-2070
RCP 4.5 - 2050
RCP 4.5 -2030
RCP 8.5-2070
RCP 8.5-2050
RCP 8.5-2030
0 10 20 30 40 50
% of Grid Cells

FIGURE 6 | Percent of grid cells in the Inland Pacific Northwest
assigned to a given agroecological class (crop/fallow (CF), annual
crop/fallow transition (CCF), and continuous cropping (CC)) for
baseline (1979-2010) and future periods (2030s, 2050s and 2070s)
under representative concentration pathways (RCP) 4.5 and 8.5.
Results are the average of 12 global climate models.

so for water stressed than for well-irrigated crops (Chaudhuri
et al, 1990; Tubiello et al., 1999; Manderscheid and Weigel,
2007). The latter has also been reported for C4 crops such
as maize (Manderscheid et al, 2014) and sorghum (Conley
et al., 2001) despite small gains in biomass production, with
data suggesting that future high CO; environments (increased
temperature effects not accounted for) will increase dryland
productivity (Conley et al., 2001).

Baseline and Future Distribution of AECs
The simulated baseline AEC classification (Figure 4) is similar to
that presented in Figure 1A with some differences. For example,
the simulated classification shows fewer CCF cells (blue color in
the map) in the lower left side of the region, areas that in the long-
term could produce more yield under CF rotation (orange color
in the map). In Figure 4 there are 1,437 cells classified as CF, 1,438
cells as CCF and 690 cells classified as CC. In Figure 1A, based
on crop data layers for only 5 years and an estimated percent of
fallow (Huggins et al., 2014), these numbers are 1,275, 1,383, and
907 for CF, CCE and CC respectively.

To illustrate the future distribution of AECs, Figure 5 shows
projected AECs for the 2070s and both RCPs. Although changes
are gradual (some change is already seen for the 2030s), the figure
illustrates well the future trend showing that CC areas will tend
to increase while CF will decrease compared to the historical
baseline (Figure 4). The percentages of cells (area) in each class
for baseline and future periods are presented in Figure 6. This
figure shows that, for the RCP 4.5 scenario, area under CC will
increase by the 2070s compared to the baseline (from 19 to 25%),
and area in CF will decrease (from 40 to 36%), while CCF area
will decrease slightly (~1%). In the case of the RCP 8.5 scenario,
there is a more pronounced increase of the CC area by the 2070s
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TABLE 3 | Percent of cells in each agroecological class in the dryland
region of the Inland Pacific Northwest (crop/fallow (CF), annual
crop/fallow transition (CCF) and continuous cropping (CC)) for the
historical period (1979-2010) at different probabilities of exceedance (PE).

PE (%) CF CCF cC
90 54 29 17
80 57 29 15
70 50 38 16
60 46 39 15
50 42 42 16
40 41 38 21
30 38 39 24
20 33 41 26
10 4 23 36

(from 19 to 30%), with decline of both the CCF area (from ~40 to
36%) and the CF area (from ~40 to 34%). These results are based
on yields averaged over the ensemble of 12 GCMs included in this
study. An analysis based on yields and AEC classification of each
individual GCM, and defining AEC classes based on the largest
number of individual GCMs assigning a given class to each cell
in the study region, produced similar results to those in Figure 6
(data not shown).

AEC Classification Based on Yield

Percentiles

Farmers’ planting decisions are not based on averages, but rather
on probabilities and acceptable risk. Tables 3, 4 present the
percentage of grid cells in each AEC based on yields for given
probabilities of exceedance (PE = probability of obtaining yields
equal to or greater than the yield used for AEC classification).
For example, in Table 3, a PE of 70% classifies 50% of the area
as CF (lower but more conservative yields), while at PE of 30%
only 38% of the area is classified as CF (higher-risk classification).
Based on average yields, ~40% is classified as CF (Figure 4).
This illustrates that future cropping systems on the ground can
be variable as influenced by factors such as economics and risk
aversion.

Table 4 shows the AEC classification for future periods based
on probabilities of yield exceedance. Considering a PE of 70% as a
good reference of long-term farmers’ decisions, the area classified
as CF will decline from 50% (Table 3) to 36% in the 2070s and
the RCP 8.5 scenario (Table 4). This can be contrasted with a
CF decline from 40 to 34% based on average yields (Figure 6).
Similarly, 2070s CC will increase from 16 to 28% for RCP 8.5
(from 19 to 30% for the classification based on average yields),
while the change of the fractional area classified as CCF is small
regardless of the method used.

The main driver of AEC distribution changes in response
to future conditions is the beneficial effect of increasing
atmospheric CO, on TUE (greater biomass production per
unit of water transpired), with potentially damaging effects
of increasing temperature moderated by the relatively mild
current temperatures in the region and future earlier crop
maturity providing an escape from increasingly warm summers.

TABLE 4 | Percent of cells in each agroecological class in the dryland
region of the Inland Pacific Northwest (crop/fallow (CF), annual
crop/fallow transition (CCF) and continuous cropping (CC)) for the future
periods under 2 representative concentration pathways (RCP) at different
probabilities of exceedance (PE).

PE (%) RCP 4.5_2030 RCP 8.5_2030
CF CCF cC CF CCF CcC

90 45 35 20 47 37 16
80 43 36 21 45 39 16
70 41 37 21 43 40 17
60 40 39 22 42 39 19
50 39 39 22 41 39 20
40 39 38 23 38 4 21
30 37 40 24 36 42 22
20 36 40 24 36 4 22
10 38 29 33 37 34 28

RCP 4.5_2050 RCP 8.5_2050
90 44 35 21 40 38 22
80 40 38 22 39 38 23
70 39 38 23 38 38 24
60 39 38 24 38 38 24
50 39 37 24 37 38 25
40 38 38 24 35 40 25
30 37 38 25 34 40 25
20 35 39 26 34 40 26
10 37 26 37 36 25 39

RCP 4.5_2070 RCP 8.5_2070
90 47 37 16 37 37 26
80 41 35 24 36 36 27
70 39 36 24 36 37 28
60 38 37 25 35 37 28
50 36 39 25 35 36 29
40 35 40 25 34 35 31
30 35 40 25 33 35 32
20 34 41 25 33 34 33
10 36 27 37 36 19 45

Under future conditions, dryland crops will utilize available
precipitation with greater efficiency, resulting in a trend to
better yields under water-limited conditions, thus explaining
the projected relative decrease of fallow in the region.
These projections remained unchanged when the variation of
downloaded weather from 12 GCMs used in this study was
considered or when yields with a probability of exceedance of
70% were used to classify AECs. One weakness of the study is
the use of a single crop model for yield projections, although
the CropSyst model has been used extensively in wheat studies
in the IPNW (Pannkuk et al., 1998; Peralta and Stockle, 2002;
Stockle et al,, 2010; and around the world, Pala et al., 1996;
Sommer et al., 2013; Donatelli et al., 2015; Holzkdmper et al.,
2015; O’'Leary et al., 2015). Previous studies conducted with other
models have also shown positive impacts of climate change in the
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region (Thomson et al., 2002; Rosenzweig and Tubiello, 2007).
Furthermore, a study of winter wheat production in the IPNW
using 5 well-established cropping system models calibrated for
the region and downloaded weather from 14 GCMs also reported
improved winter wheat yields throughout the century, with
CropSyst consistently producing more conservative projections
than the mean of the ensemble of the 5 crop models (Ahmed
et al., under review).

CONCLUSIONS

In this study a method was presented to project possible
shifts of current AECs and associated cropping systems under
future climate and atmospheric CO, scenarios in the dryland
agriculture region of the IPNW. Compared to the historical
baseline period, the fraction of the area classified as CF AEC
decreased under the RCP 4.5 future scenario; the CC area
increased, while the CCF area slightly decreased. In the case
of RCP 8.5, the trends were similar but with a greater degree
of change. In both RCP scenarios and all future periods, there
will be a trend of increasing total grain yield toward the 2070s,
more so for RCP 8.5. Average 2070s total grain yield in CF
increases from 1,556 kg ha™! in the historical period to 1,822
and 2,248kg ha=! in RCP 4.5 and 8.5, respectively; from 2,604
in CFF (baseline) to 3,082 (RCP 4.5) and 3,397 (RCP 8.5) kg
ha~!; and from 3,873 to 5,125 (RCP 4.5) and 5,412 (RCP 8.5) kg
ha=! in CC. These increases result from improvements in TUE
caused by increasing atmospheric CO,, allowing not only gains in
yields but also the opportunity for some cropping intensification
from shorter fallow periods. When considering possible future
AEC shifts, changes based on probabilistic distribution of yields
are more informative than those based on average responses.
Although, farmers are likely to favor more conservative cropping
decisions, the conclusions of the study remained unchanged
when the distribution of AECs was based on lower yields
that were exceeded 70% of the time. Yield and potential AEC
classifications vary if weather projections from individual GCMs
are considered. However, these variations did not affect the
conclusions of the study when grid cells were assigned an AEC
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