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Ecological instability and low resource use efficiencies are concerns for the long-term
productivity of conventional cereal monoculture systems, particularly those threatened
by projected climate change. Crop intensification, diversification, reduced tillage, and
variable N management are among strategies proposed to mitigate and adapt to climate
shifts in the inland Pacific Northwest (iPNW). Our objectives were to assess these
strategies across iPNW agroecological zones and time for their impacts on (1) winter
wheat (WW) (Triticum aestivum L.) productivity, (2) crop sequence productivity, and (3)
N fertilizer use efficiency. Region-wide analysis indicated that WW vyields increased with
increasing annual precipitation, prior to maximizing at 520 mm yr~! and subsequently
declining when annual precipitation was not adjusted for available soil water holding
capacity. While fallow periods were effective at mitigating low nitrogen (N) fertilization
efficiencies under low precipitation, efficiencies declined as annual precipitation exceeded
500mm yr—'. Variability in the response of WW vyields to annual precipitation and
N fertilization among locations and within sites supports precision N management
implementation across the region. In years receiving <350 mm precipitation yr—1, WW
yields declined when preceded by crops rather than summer fallow. Nevertheless, WW
yields were greater when preceded by pulses and oilseeds rather than wheat across
a range of yield potentials, and when under conservation tillage practices at low yield
potentials. Despite the yield penalty associated with eliminating fallow prior to WW,
cropping system level productivity was not affected by intensification, diversification,
or conservation tillage. However, increased fertilizer N inputs, lower fertilizer N use
efficiencies, and more vyield variance may offset and limit the economic feasibility of
intensified and diversified cropping systems.
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INTRODUCTION

Ecological instability, high demand for inputs, and low resource
use efficiencies are concerns for the long-term productivity of
conventional cereal monoculture systems (Matson et al., 1997;
Tilman, 1999). Crop intensification, diversification, reduced
tillage, and variable N management are among the strategies
proposed to mitigate and adapt monocultures to projected
climate shifts (Burney et al, 2010; Smith and Olesen, 2010;
Tilman et al, 2011; Powlson et al, 2014; Ponisio et al,
2015). Diversifying crop options may increase the resiliency
of agroecosystems (Lin, 2011) and stabilize cropping systems
vulnerable to a changing climate (Altieri et al., 2015) through
agronomic (Johnston et al., 2005; Kirkegaard et al., 2008; Hansen
et al., 2012; Seymour et al., 2012; Cutforth et al., 2013; Angus
et al., 2015), economic (Entz et al., 2002; Zentner et al., 2002b,
2004), and environmental (Zentner et al., 2004; Gan et al,
2011; Davis et al, 2012) benefits. In the summer-dominate
precipitation region of the North American Great Plains, soil
conservation practices have enabled crop intensification through
fallow replacement (Lafond et al., 1992; Anderson et al., 2003),
which has increased opportunities to diversify crops (Halvorson
et al,, 1999; Zentner et al.,, 2002b; Tanaka et al., 2005; Roberts
and Johnston, 2007), enhance N and water use efficiencies
(Pikul et al., 2012). In addition to conserving soil water, the
reduction or elimination of tillage is a strategy to combat
water and wind erosion (Singh et al, 2012; Williams et al,
2014) in combination with continuous annual cropping (Thorne
et al., 2003; Feng et al., 2011). Heterogeneous topography also
challenges nutrient management due to significant variability
in plant-soil-nutrient interactions and crop performance (Fiez
et al, 1994, 1995) with opportunities for site specific N
fertilizer management to mitigate differences in water and N
use efficiencies across the landscape (Miao et al., 2011). A
combination of these alternative cropping system strategies may
increase productivity and economic returns (Tanaka et al., 2002;
Alam et al., 2015; Babu et al.,, 2016), and multiple strategies
may be needed (Kirkegaard and Hunt, 2010; Snapp et al,
2010).

The wheat producing region of the iPNW includes a
steep precipitation gradient, making it an ideal area to
study the influence of climate and management practices
on wheat production. The iPNW is a highly productive
wheat growing region that encompasses over 3 million ha in
Washington, Idaho, and Oregon. The area is characterized by
a Mediterranean-like climate, and 80% cropland largely relies
on stored soil water to support dryland grain production (Pan
et al, 2016b). A steep annual precipitation and temperature
gradient, combined with complex topography, contributes to
large-scale heterogenetic edaphic, and climatic conditions that
delineate the region into three distinct classes of agroecological
systems. Continuous, annual cropping systems predominate in
cooler, wetter conditions in areas receiving 450-600 mm of
annual precipitation, whereas a 2-year grain-fallow rotation

Abbreviations: CV, coefficient of variation; iPNW, inland Pacific Northwest; SD,
standard deviation; SW, spring wheat; WW, winter wheat.

dominates under drier, warmer conditions with <330 mm
(Pan et al., 2016b). The frequency of fallow decreases as
dry and warm conditions become wetter and cooler, and
growers may fallow once every 3 years in the fallow-
transition systems in areas receiving between 300 and 450
mm (Schillinger and Papendick, 2008; Pan et al., 2016b). In
the driest region, grain production requires irrigation. Wheat
predominates in these dryland systems, which makes up 98%
of crops grown in the grain-fallow systems, 89% in fallow
transition, and 70% in the annual systems (Maaz et al,
in press).

Over the last decade, average annual temperature in the Pacific
Northwest has increased by 0.7°C (Mote et al., 2014), while
the coldest winter night has risen by almost 2°C (Abatzoglou
et al., 2015). Snowfall has also declined during this time period,
with a decreasing proportion of total precipitation as snow
(Kunkel et al., 2009). Assuming no changes in greenhouse gas
emissions, climate models forecast a 5-15% increase in regional
annual precipitation (Mote et al., 2014) with an increasing
proportion occurring in winter and spring months and drier
summers (Mote et al, 2014). Annual temperatures are also
predicted to increase by 3-6°C by mid to late twenty-first century
(Walden, 2014) with a greater degree of warming in the summer
months (Abatzoglou et al., 2015). Warmer and drier summer
conditions may have negative impacts on wheat productivity
depending upon the extent of nutrient, heat, and water stress
during critical growth stages (Rosenzweig et al., 2014; Asseng
et al., 2015), although CO; fertilization may counteract such
stresses with some uncertainty (Erda et al., 2005; Guo et al,
2010; McGrath and Lobell, 2013). Given the potential impact of
climate change, coordinated efforts are required to understand
patterns in productivity and the potential for improving yields
and resource use efficiency within these systems to ensure long-
term resiliency.

The first objective of our study was to characterize WW
productivity across the different cropping system zones of
the iPNW. The second objective was to provide an initial
assessment of the potential to improve WW and cropping
system productivity and efficiencies across the iPNW upon
(1) fallow reduction, (2) increasing crop diversity, and (3)
adopting soil conservation practices, with a particular focus
on responses in low-precipitation conditions. Our first
hypothesis was that yields would increase with increasing
annual precipitation before reaching a maximum prior and then
declining. Our second hypothesis was that intensification
through the reduction of fallow in the drier zones will
reduce WW productivity and rotational yields, as well as
increase variability. We anticipated that crop diversification
would enhance productivity as WW yield potential increases,
and we expected soil conservation practices, such as direct
seeding and chemical (i.e., no-till) fallow, would improve
crop productivity, particularly under low-precipitation
conditions. Because of the reductions in WW yields in
intensified rotations, we expected cropping system level
productivity to offset any gains due to continuous cropping in
intensified and diversified systems utilizing soil conservation
practices.
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MATERIALS AND METHODS

Data from 11 sites and 8 independent studies conducted across
the iPNW (Table 1) were utilized to determine trends in WW
yields and the potential impacts of intensification, diversification,
improved use efficiencies, and soil conservation. All soils were
classified as silt loams; however, the available water holding
capacity was lowest at the location with the highest precipitation
due to the presence of dense, subsurface clay layers.

Ralston, WA

The Ralston study is located at the long-term research plots
located southwest of Ritzville, WA, which was utilized to
assess effects of soil conservation and fertilizer efficiencies.
The long-term annual precipitation for the study site is 280
mm yr~!. Information about previous crop rotations and site
characterization were published by Young et al. (2015). In 2012
and 2013, the study contained four cropping systems, each
replicated four times in a randomized complete block design.
There were two complete sets of plots with fallow and crops
present in any given year. Individual plots were 7.9 x 152 m.
Cropping systems included standard-height (i.e., tall) WW (cv.
Farnum) following conservation tillage fallow harvested with
a cutter bar header, tall WW following no-till chemical fallow
harvested with a stripper header, winter triticale (Triticosecale
hexaploid L. cv. Trimark 099) following no-till chemical fallow
harvested with a cutter bar, and winter triticale following no-till
chemical fallow harvested with a stripper header.

Moro, OR

A long-term experiment was initiated in 2003 at the Oregon
State University Sherman Station near Moro, OR, to evaluate
traditional winter wheat-summer fallow cropping system under
conservation tillage, intensified, and diversified cropping systems
using no-till practices (Machado et al., 2015). Average annual
precipitation at the site is 289 mm. The experimental area
consisted of 42 plots, each 15 by 105 m, with 14 treatments of
eight crop rotations in a randomized complete block design with
three replications. In addition to WW-summer fallow, WW-no-
till chemical fallow, WW-spring barley (Hordeum vulgare L.)-
chemical fallow, WW-winter pea, and continuous WW were
evaluated. All phases of the rotations were present every year.
Details on management are reported by Machado et al. (2015).

Ritzville, WA

A long term experiment was initiated in 1997 on the
Ronald Jirava farm near Ritzville, WA, to evaluate diverse
cropping systems using no-till and conservation-till management
(Schillinger et al., 2007; Schillinger and Paulitz, 2014). Average
annual precipitation at the site is 292 mm. The experiment
consisted of 56 plots of 9 by 150 m, six crop rotation
treatments with all phases of all rotations present each year
in a randomized complete block design with four replications.
The traditional rotation was WW-summer fallow. Alternative
rotations were WW-spring wheat (SW)-summer fallow, WW-
safflower (Carthamus tinctorius L.)-summer fallow, winter
triticale -SW-chemical fallow, continuous no-till SW, and

no-till SW-spring barley. Further details on treatments and
management of the experiment are reported by Schillinger and
Paulitz (2014).

Davenport, WA

Three- and four-year rotational field experiments were initiated
at Davenport, WA, in 2011 to evaluate intensive cropping
systems under no-till practices diversified with oilseeds and
pulses. Average annual precipitation for the site is 353 mm
yr~!. Field plots, measuring 3.7 x 15 m, were established in a
randomized complete block designed with four replications with
each phase of the rotation present each year, with 96 plots and
5 treatments. Data were collected following the initiation of the
rotations in 2011.

Pullman, WA and Davenport, WA

Three-year field experiments were initiated at Pullman, WA and
Davenport, WA, following wheat in 2011 and 2012 (Pan et al,,
2016a) to determine the rotational effect of pulses on WW. The
long-term average annual precipitation at Pullman is 517 mm
yr~1. Field plots, measuring 2 by 15 m, were established in a
randomized complete block designed with four replications and
seeded to spring canola (Brassica napus L.). In the following
spring after canola, plots were split longitudinally (1 by 15 m)
and were randomly seeded with inoculated dry field pea (Pisum
sativum L.) or SW. In the third year, WW was direct-seeded
across the existing split-plot design following spring pea or SW
harvest.

In 2013, a subsequent 2-year field experiment was initiated
at Pullman, WA and Davenport, WA, to determine the effect
of oilseed vs. pulses vs. SW on following WW yields. Field
plots, measuring 2 by 15 m, were established in a randomized
complete block designed with four replications and seeded to
spring canola, spring pea, and spring wheat. In the following
year, WW (cv. Madsen at Pullman and Otto at Davenport) was
direct-seeded across the existing plot design following spring
crops.

Kambitsch Farm, ID

A long-term experiment at the University of Idaho Kambitsch
farm, north of Genesee, ID, was established in 2000 to study the
impact of conservation tillage on WW (Johnson-Maynard et al.,
2007). The average annual precipitation at the farm is 695 mm
yr~L. Prior to 2000 the land was managed using conventional
methods. Tillage treatments (chisel plow and no-till, each with
plots 20 x 80 m) were replicated four times across a hillslope
running east to west (across the slope). Each tillage treatment was
split into three crop zones planted to either pea/chickpea (Ciser
arietinum L.), spring barley/wheat, or winter wheat. Tillage plots
were 18 x 80 m. Crop subplots are 6 x 80 m (1.2 m alley between
tillage strips).

Colfax, WA, Genesee, ID, Troy, ID, and
Leland, ID

A site-specific, precision agriculture study was initiated in 2011
southwest of Colfax, WA, southeast of Troy, ID, southeast of
Genesee, ID and in Leland, ID. The project focused using
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FIGURE 1 | Variance in winter wheat yields in (A) traditional rotations among the sites (ordered by increasing in long term mean annual precipitation of crop
season), (B) across all site locations and year, (C) alternative rotations among the sites receiving <850 mm annual precipitation yr’1 , and (D) by year. The Prosser
location received irrigation.

remote and proximal sensing to characterize and manage field-
scale variability in soil water, N, and crop response across
the landscape rather than plot-based research. Average annual
precipitation is 484 mm yr~! at Colfax; 602 mm yr~!, Genesee;
675mm yr~!, Troy; and 721 mm yr~!, Leland. Within each
farm, two catchments were selected such that the entire drainage
area was captured within a single field. At each farm, one of
these catchments were selected for intensive automated and
manual monitoring. Each site was equipped with 12 spatially
representative subsites which serve as the primary sampling
locations within the watershed. A second catchment was reserved
for validation purposes and was only monitored over the last 2
years of the project.

Prosser, WA

A 3-year field study was initiated in Prosser, WA, following wheat
2011 to assess conservation tillage and cover cropping effects on
irrigated WW. Average annual precipitation at Prosser is 227
mm yr~!. The cropping sequence was corn (Zea mays)-potatoes
(Solanum tuberosum)-winter wheat. Winter wheat was irrigated
with 458 mm in the spring and summer. Field plots measuring 4.9
by 15 m, were established in a randomized complete block design
with four replicates. The treatments were reduced tillage, reduced
tillage winter cover crop, conventional tillage, and conventional
tillage winter cover crop. Winter cover following sweet corn was
triticale (x Triticolescale) and following potatoes was mustard

(Brassica hirta). The conventional tillage treatments were chisel
disked prior to planting and post harvesting of every crop. The
reduced tillage sequence was only chisel disked prior to planting
potatoes and following potato harvest.

Soil and Plant Sample Processing

At Ritzville and Davenport, WA, composite soil samples from
three replicates were taken every 30 cm down to 120 cm (or to
an impermeable layer) with a giddings probe after harvest. At
Moro, WA, soil samples were collected to a depth of 30 cm and
composited. Ammonium and nitrate N were analyzed following
KCl extraction and measured colorimetrically with a Quickchem
8000 Series FIA+ system and AutoSampler (Lachat Instruments,
Hach Company, Loveland, CO). Total C and N of composted soil
samples collected in the first year of each study were measured by
combustion in a CN analyzer.

At Prosser, Moro, Ritzville, Ralston, Davenport, Pullman,
and Kambitsch, grain was harvested using commercial plot
combines. Total above ground biomass was sampled from 1 m?
area at maturity and prior to determining harvest index to
calculate residue biomass and N yields. Biomass samples were
dried at 45-60°C for 48 h, weighed, and threshed with a Vogel
Stationary Grain Thresher, from which seeds, chaff, and stems
were collected. Seeds were weighed to determine the harvest
index. Seeds were ground with a Cyclone Sample Mill (Thomas
Scientific, Swedesboro, NJ) for C and N analysis with a C/N
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autoanalyzer (LECO Corp, St. Joseph, MI) at all sites except for
Moro, in which grain protein was measured using the Inframatic
9200 (Perten Instruments, Hégersten, Sweden). Residue yields
were calculated from the combined seed yields by applying the
harvest index. Residue samples were ground with a Thomas
Wiley mill (Thomas Scientific, Swedesboro, NJ) prior to C and
N analysis (for all sites except Moro) by combustion using a
Truspec Carbon and Nitrogen Analyzer (LECO Corporation, St.
Joseph, MI). At Colfax, Genesee, Troy, and Leland locations, total
above-ground biomass was determined at each of the 12 locations
at harvest by hand-harvesting four 1 m? plots at each site, and
total grain yield within each 1 m? locations was determined by
threshing. All grain samples were analyzed for protein using
Infratec 1241 Grain Analyzer (Foss, Hillerod, Denmark). Total
nitrogen in the above ground residue was determined using a
Truspec machine (LECO Corporation, St. Joseph, MI).

Calculations and Statistical Analyses
The mean, standard deviation (SD), and coeflicient of variation
(CV) were assessed for WW yields within and across all site
locations. An analysis was conducted to assess variation in
yields from traditional rotations (Table1), in which fallow
periods preceding WW when annual precipitation was <350 mm
yr~!, under both conventional and conservation tillage. Annual
precipitation was calculated on a crop-year basis from September
to August. In a separate analysis, variance was assessed for WW
in alternative rotations when annual precipitation was <350 mm
yr~! in which the fallow frequency was reduced to once every
3 years or WW (i.e., no fallow) followed crops. An analysis of
variance was conducted with location as the fixed effect and
annual precipitation, cropping sequence, and replicates as the
random effects using the Ime package in R (R Core Team, 2016).
To determine the effect of fallowing prior to WW, the
response of WW yields to increasing annual precipitation were
best fitted with a quadratic function, and two yield response
curves were derived, including WW following crops vs. fallow
when annual precipitation was <350 mm yr~!. To determine
the efficiency of fertilization across the region in all systems,

the relationship between annual precipitation and N fertilization
rate, as well as grain N accumulation, was also best fitted with
quadratic equations. These relationships were reassessed after
annual precipitation was adjusted for the available water holding
capacity of the soil, using data obtained from USDA NRCS Web
Soil Survey (Soil Survey Staff, Natural Resources Conservation
Service and United States Department of Agriculture, 2016).
The regression-based predicted yields following fallow vs. recrop,
as well as grain N accumulation vs. N fertilizer rate, were
assessed by differencing the definite integrals (to calculate the
areas underneath the curve) for precipitation ranges of 200-350,
350-500, and 500-650 mm yr~!.

The comparative effects of cropping sequence on WW yields
(WW after fallow vs. cereals/pulses/oilseeds), and WW following
wheat vs. other cereals/pulses/oilseeds) were assessed using data
collected in the iPNW described above relative to data obtained
from a literature survey (Appendix 1). The literature survey
included, but were not limited to, references provided by Angus
etal. (2015) with a particular focus on wheat-fallow. The effect of
tillage on wheat yields was also assessed for the iPNW. Winter
wheat yields following break crops (i.e., non-wheat cereals,
pulses, or oilseeds) were regressed against WW vyields after fallow
or SW/WW. Break crops included other cereal crops (barley
and triticale), oilseeds [including canola, rapeseed, and camelina
(Camelina sativa L. Crantz)], and pulse crops [including field
pea, lentil (Len culinaris L.), garbanzo beans (Cicer arietinum
L.), and lupin (Lupinus L.)]. In addition to the data collected
in the present study, WW yields following break crops vs.
wheat were compiled from iPNW data presented (Guy, 2013).
For tillage comparisons, WW yields under conservation tillage
were regressed against WW yields under conventional tillage for
selected sites.

Linear regressions were used to assess the relationships among
yields, fertilizer N, plant N, and grain N for WW after fallow (only
when annual precipitation was <350 mm yr—!) vs. recropped
WW for all sites. An analysis of covariance was conducted to
determine interaction of cropping sequence with N responses,
specifically the relationships between yield vs. fertilizer, grain N
vs. fertilizer N, yield vs. grain N, and grain N vs. plant N using
the stats package in R (R Core Team, 2016).

For cropping system level comparisons, energy outputs, total
fertilizer inputs, and total grain N exports were summed over
3-4 years of observations. Annualized values were calculated
to account for differences in the years of observations. Energy
was calculated by multiplying grain yields by a conversion
factor: legumes and cereals, by 15 MJ kg~!, and oilseed,
by 25 MJkg™! (Zentner et al, 2004; Farine et al, 2010;
Unakitan et al.,, 2010; Mousavi-Avval et al., 2011; Keshavarz-
Afshar and Chen, 2015). The variance of annualized energy
outputs, fertilization, and grain N export was compared across
increasingly intensified cropping systems at Moro, OR, Ritzville,
WA, and Davenport, WA, all of which received <350 mm
yr~! within the study period. Finally, an analysis of covariance
was conducted to determine interaction of cropping sequence
with rotational N responses, specifically the relationships
between total energy output vs. total fertilizer input, total
grain N export vs. total fertilizer input, total energy output
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vs. total grain N, and total grain N export vs. total plant At Moro, Ritzville and Davenport, multi-year cropping system
N uptake using the stats package in R (R Core Team, N budgets were constructed. Inputs included pre-plant inorganic
2016). N summed in the 120-cm soil profile (or 30-cm at Moro),
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total N fertilizer applied, and estimated N mineralized based
on soil organic matter (described by Pan et al., 2016a). Outputs
included total crop N uptake and post-harvest inorganic N in
the 120-cm soil profile. Nitrogen balance was determined by
subtracting N outputs from N inputs. The fertilizer N balance was
calculated by subtracting rotational grain N from total fertilizer
N inputs.

RESULTS AND DISCUSSION

Winter Wheat Productivity along a

Precipitation Gradient

In the iPNW, water is the most limiting resource in crop
production due the region’s semi-arid Mediterranean-like
climate and steep rainfall gradient within the rain shadow of
the Cascade Mountains (Schillinger and Papendick, 2008). As a
result, yield potential of WW varies along the regional gradient
in annual precipitation (Cook, 1986). Schillinger et al. (2008)
determined that modern wheat cultivars can reproduce (e.g.,
yield grain) with 61 mm of available water in the iPNW, and WW
yields improved by almost 20 kg ha=! for every millimeter gain
in available water as available soil water increased from 60 to 350
mm. However, a regional assessment of WW grain yield along
the full extent of the annual precipitation gradient in the iPNW
is lacking.

We found that WW yields varied considerably across and
within the 11 locations (Figure 1A) with annual precipitation
ranging from 220 to 650 mm yr~!, with an overall mean of
WW in traditional rotations of ~6,000 kg ha=! and a CV of 31%
(Figure 1B, Table 2). The regional variability in WW yields was
consistent from 2012 to 2015 (Figure 1D). Annual precipitation
and field position (plot or replicate) contributed similarly to
the variability in WW within sites (Table2). Winter wheat
yield means were similar to or higher in the traditional fallow
rotations than intensified, alternative rotations (Figure 1C), and
the stability of WW yields declined, as indicated by the increase
in CV, in intensified rotations (Table 2).

Winter wheat yields responded significantly to annual
precipitation (Figure 2A). Summer fallowing prior to WW
reduced the yield response to annual precipitation in comparison
with intensified WW production following cereal, oilseeds, and
pulse crops substituting summer fallow. As a result, annual
precipitation explained more of the variation in the WW yields
when following crops (R? = 0.53) than fallow (R? = 0.31).
While the fallow frequency (every other year vs. once every 3
years) did not affect the yield response, foregoing fallow prior
to WW resulted in an integrated loss of 263 Mt of WW yield
ha™! when annual precipitation ranged from 200 to 350 mm
yr~L. Ultimately, WW production in the fallow cropping system
is restricted by stored soil water plus April, May, and June
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rainfall; overwinter stored soil water dependent upon soil depth.
Furthermore, previous studies have shown that the precipitation
storage efficiency of fallowing in the iPNW is generally around
30% (Wuest and Schillinger, 2011).

As annual precipitation increases, the topography becomes
increasingly sloping, and soil biology changes. Earthworms may
be observed above 330-370 mm of mean annual precipitation
(Walsh and Johnson-Maynard, 2016), and soil organic matter
increases in the topsoil (Morrow et al., 2017). We determined
that WW yields reached a maximum of 6,800 kg ha=! at 520 mm
yr~!, within the annual cropping region where precipitation is
adequate to economically support crops every year (Figure 2A).
The decline in WW yields after reaching the maximum may
be due to various factors that contribute to an increase in
the actual yield gap under more favorable conditions, such as
increasing incidences of pests, disease, crop lodging, and nutrient
deficiencies (Cook, 1986). Furthermore, topographic complexity
varies across the region leading to differences in soil properties
(Horner et al., 1957). As precipitation increases, the presence of
finer-textured silty-clay and clay-loam soils with dense (~1.65
Mg m~3) argillic and fragipan horizons at depths from 0.2
to 1.2m below the soil surface can restrict vertical drainage
and root penetration leading to the development of seasonal
perched water tables (McDaniel et al., 2001; Brooks et al., 2012).
These argillic and fragipan soils are generally found where mean
annual precipitation exceeds 600 mm and have a limited soil
water holding capacity due to the presence of dense subsurface

clays (Brooks et al., 2012). In the Paradise Creek Watershed of
North Idaho, which receives 650 mm annual precipitation yr—!,
precipitation use efficiency is reduced by both restrictive layers,
as well as winter runoff when soils saturate and frozen soils
reduce infiltration (Brooks et al., 2010). Timely May and June
precipitation is particularly critical in wheat production across
the iPNW (Schillinger et al., 2008). Therefore, the soil constraints
in the highest precipitation zone add additional risk to annual
cropping as these shallow argillic and fragipan soils dry out faster
and experience more water stress without adequate precipitation
in May and June. The constraint of available soil water in the
highest precipitation zones is evident when annual precipitation
is adjusted for available water holding capacity (Figure 2B), and
yields attain a plateau with the range of observed data rather than
declining.

Winter Wheat Response to Fertilizer along

a Precipitation Gradient

The interaction between WW yields and N fertilizer use efficiency
has also never been examined across the extent of the iPNW’s
precipitation gradient. However, the regional soil and climatic
properties have also served as the basis for the hypothesized
interaction between N use efficiency and annual precipitation
outlined by Pan et al. (2007). As precipitation increases in the
region, root growth and yields become less limited by drought
conditions, and N use efficiency increases as plants recover
increasing amounts of fertilizer N from the topsoil. Therefore,
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TABLE 2 | Mean and variance of winter wheat produced at 11 site locations in the inland Pacific Northwest region.

Location Years of observation Avg. precipitation Winter wheat yields in traditional rotations Winter wheat yields in alternative rotations
Mean (kg/ha) SD (kg/ha) CV% n Mean (kg/ha) SD (kg/ha) CV% n
Ralston, WA 2012-2013 288 3,991 487 12 8
Ritzville, WA 2012-2014 294 4,298 669 16 12 4,471 972 22 12
Moro, OR 2011-2015 305 4,030 1,017 25 10 2,944 1,096 37 16
Davenport, WA 2012-2014 334 4,449 2,248 50 20 3,364 2,162 64 89
Colfax, WA 2012, 2015 478 5,213 1,376 26 36
Pullman, WA 2013-2014 526 8,780 1,405 16 24
Genesee, ID 2015 575 7,537 1,773 24 24
Troy, ID 2013, 2015 598 6,124 1,334 22 36
Kambitsch Farm, ID 2012-2014 591 5,553 706 13 30
Leland, ID 2013, 2016 658 5,707 1,089 19 32
Prosser, WA 2013 152+ 458 irrigated 7,333 1,450 16 48
Total 6,120 1,909 31 280 3,394 1,980 58 116
2012 591 5,726 1,893 33 48 2,636 993 38 10
2013 530 6,545 1,824 28 79 5,181 1,419 27 49
2014 508 5,941 2,329 39 56 1,837 1,034 56 51
2015 598 6,173 1,794 29 75 2,399 680 28 3
ANALYSIS OF VARIANCE
Traditional rotations Alternative rotations
Fixed effect p-value
Site ** NS
Random effects SD
Annual precipitation 969 kg ha™" 1402 kg ha=1
Sequence 0.30kg ha™" 710kg ha™'
Field/Plot/Replicate 1195kg ha~! 720kg ha™'
Residual 45kg ha™" 366kg ha~'

Rotations are listed in Table 1. When annual precipitation was <350 mm yr~', rotations were differentiated as traditional WW-F at Ritzville and Moro and WW-SW-F at Davenport.
Alternative rotations were characterized by a reduction or elimination of fallow at these particular sites.

fallow periods are practiced to mitigate inefficiencies. A decline
in N use efficiency was predicted by Pan et al. (2007) under
increasingly high precipitation due to expected N losses in runoft,
leaching, and denitrification pathways, in addition to limitations
in rooting depth due to the presence of restrictive subsoil clay
layers.

Our findings support these hypothesized interactions. First,
annual precipitation explained most of the variance in fertilizer
N rates (R? = 0.67), and 39% of the variance in the accumulation
of grain N (Figure2C). Grain N increased with annual
precipitation, prior to reaching a maximum at 480 mm yr—!
before declining. Similar to yield trends, the decline in grain yield
at high levels of precipitation was moderated by adjusting for
available soil water holding capacity (Figure 2D). The regression
analyses predicted similar amounts of N were applied as fertilizer
and exported in grain when annual precipitation ranged from 200
to 350 mm, corresponding with grain N to fertilizer ratios were
> 1. These high fertilization efficiencies were the result of residual
N carryover and the recycling of mineralized N, particularly
for WW after fallow. As a result, fallow periods were not

only instrumental in maintaining high yields through soil water
storage, but also to reducing N deficiencies, as discussed by Pan
etal. (2016a). High efficiencies of fertilization were also observed
between 350 and 500 mm yr—!, in which the integrated grain
N export exceeded fertilizer N by 2,000kg N ha~!. However,
fertilization inefficiencies declined when annual precipitation
exceeded 480 mm. The regressions predicted greater amounts of
fertilizer were applied than removed in grain, with an integrated
fertilizer N deficit of 2,650kg N ha=! from 500 to 650 mm
yr~!. As fertilization increased beyond this maximum (120-
150kg N ha=!), the grain N to fertilizer ratios were <1. Fall
and spring applications of fertilizer are recommended under
high precipitation, but current extension guides suggest splitting
a predetermined N fertilization rate rather than fine-tuning
fertilizer management through tactical in-season applications or
variable rates based on crop performance indicators (Mahler,
2007). Furthermore, these findings highlight the opportunity to
investigate the utilization of nitrification inhibitors in soils of the
inland Pacific Northwest with high risks of nitrate leaching or
denitrification (Abalos et al., 2014).
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Opportunities for Site-Specific N

Management

In addition to regional variability, we observed a considerable
amount of within-site variability in WW productivity (Table 2),
even at a field or plot scale. While a portion of this variability
was teased out by differences in year-to-year precipitation, other
environmental, genetic, and management factors contribute to
within-site variability, such as landscape elevation, slope, aspect
(Mulla et al., 1992; Fiez et al., 1994; Yang et al., 1998), subsoil
constraints (Robertson et al., 2016), spring rainfall (Schillinger
et al., 2008), crop rotation (Hammel, 1995), nutrient availability
(Fiez et al., 1995), onset of drought and temperature stress
(Gizaw et al,, 2016), and crop genetics (Schillinger et al., 2008).
Despite the heterogeneity of the landscape, iPNW growers still
commonly apply single rates of fertilizer, particularly in the
higher precipitation areas (Mahler et al., 2014). The need for site-
specific N management across the entire region is warranted,
as evidenced by N fertilizer rate explaining only 35% of WW
yield (Figure 3A) and 28% of grain N variability (Figure 3C)
when WW followed crops, and 21% of the variation in yield and
11% of grain N accumulation when WW followed fallow when
precipitation was <350 mm yr—!.

In contrast, our analysis indicated that crop N was a consistent
and reliable indicator of yield and grain protein, and may
be a useful evaluation tool for site-specific N management
in the iPNW. Across all data, grain N accumulation was
closely correlated with the synthesis grain biomass (Figure 3B)
and total above-ground plant N (Figure 3D) across all data,
regardless of location, years, fertilizer rate, and previous crop,
with R? values ranging from 0.80 to 0.98. Magney et al. (2016a)
demonstrated that in-season canopy monitoring using daily
Normalized Difference Vegetation Index (NDVI) data could be
used to explain 83% of yield variance and 80% of grain N
accumulation. Total N in the biomass and grain has also been
shown to be highly correlated to vegetation indices, particularly
using red-edge bands, acquired from high resolution (5 x 5
m) satellite imagery (Magney et al., 2016b). Therefore, precision
agriculture based on plant-based sensing opportunities may
be used in combination with tactical nutrient management to
optimize wheat performance. Ultimately, these data can be
utilized by decision support tools emerging for the region which
allow growers to systematically evaluate their site specific N
management practices based on performance criteria, and to
diagnose conditions that contribute to suboptimal performance
(Brown et al., 2015).

Winter Wheat Productivity under

Alternative Practices

The traditional WW-summer fallow system was developed as
an economically feasible strategy to accumulate water and N,
manage weeds, and mitigate risk associated in low precipitation
areas of the iPNW (Leggett et al., 1974; Bolton and Glenn,
1983). Crop diversity is largely lacking in the iPNW and
fallow periods remain common in the low and intermediate
precipitation cropping systems, and a decrease in species richness
has also been reported along the diminishing mean annual

precipitation gradient in other Mediterranean-like, semi-arid
regions (Koocheki et al., 2008). The lack of crop diversity may
be contrasted with other major wheat belts, such as the dryland
systems of Canada and Australia (Cook et al., 2002; Zentner
et al., 2002b; Conley et al., 2004; Kirkegaard et al., 2008). For
instance, in the semi-arid region of Canada, the prevalence of
fallow has decreased from 50 to 15% since the 1970s, coinciding
with the development of chemical weed management and the
adoption of direct seeding practices (Zentner et al, 2002a).
The intensification of crop rotations enabled the expansion of
pulse crops in semi-arid Canada (McVicar et al., 2000), which
performed well in water-stressed environments of the Canadian
prairies dominated by summer rainfall (Angadi et al., 2008;
Cutforth et al., 2009; Bueckert and Clarke, 2013). Furthermore,
the shallower rooting depth of pulse crops compared to cereals
left behind deep residual water to support subsequent cereal
and oilseed crops (Gan et al., 2009). By the late 1990s, research
on pulse crops highlighted the rotational benefits of pulses to
cereals (Miller et al., 2003) as a means to economically intensify
crop rotations in Canada’s semi-arid zone. These developments
provide the rationale for assessing the effects of reduced tillage,
crop diversity, and intensified of wheat-based systems in the
iPNW.

Conservation Tillage

The adoption of conservation tillage practices was instrumental
in intensifying and diversifying cropping systems in the Northern
Great Plains (Zentner et al., 2002a). Across five locations in the
iPNW, the adoption of conservation tillage practices was tightly
correlated with WW productivity under conventional tillage
practices (Figure 4). We found that conservation tillage increased
WW yields at lower yield potentials, which diminished as yield
potential increased (y-intercept of 725 + 257kg ha~! with a
regression slope of 0.85). However, conservation tillage practices
were not effective at mediated the WW yield loss associated with
fallow elimination. Similarly, Williams and Robertson (2016) at
an 430 mm annual precipitation site reported that WW yields, as
well as precipitation use efficiency, were not affected by tillage
practice in long-term plots, whereas WW following crops had
significantly lower yields and precipitation use efficiency.

Crop Diversity

In a review of the literature, Angus et al. (2015) reported that
fallow periods were instrumental in increasing wheat yields at
low yield potentials, whereas break crops were more effective
at enhancing wheat yields at higher yield potentials (>1,700 kg
ha~!) relative to wheat following wheat. In our survey of the
literature (Appendix 1), wheat yields were enhanced to a greater
extent following oilseed (Figure 5B) and pulse (Figure 5C) break
crops than cereals (Figure 5A) even at low yield potentials, which
increased with greater yields (y-intercept > 0 and slope > 1)
(Table 3). In comparison, the advantage of wheat following other
cereal break crops rather than wheat was only observed at high
yield potentials. In the iPNW, the effect of break crops were
within the range reported in the literature (Figure 5), and the
response of WW following pulses was greater than oilseeds and
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cereal crops, particularly due to influential observations pulse and
oilseed crops at high and low yield potentials.

Crop Intensification

There were two means of intensifying crop rotations in this
study. The first strategy was to eliminate fallow altogether, and
continuous cropping practiced instead, whereas the second was
to reduce the frequency of fallow from every other year to once
every 3 years. In this scenario, WW is grown after fallow, while
a spring crop follows WW. The effect of fallow elimination
prior to WW reduced yields in the iPNW, which is within
the range reported in the literature (Figure 6). However, within
our dataset, differences in trends between the iPNW and the
literature were observed. The substitution of summer fallow in
the iPNW led to reductions in WW yield potential regardless
of break crop (cereal vs. oilseed vs. pulse), as indicated by the
negative y-intercepts and regression slopes of <1.0 (Table 4).
In contrast, the intensification with cereals led to the greatest
reduction in wheat yields reported in the literature (Figure 6A),
particularly at higher yield potentials with a regression slope of
0.76 (Table 4). Yet, when wheat followed oilseeds (Figure 6B)
and pulses (Figure 6C) rather than fallow, wheat yields reported
in the literature were reduced to a lesser extent across a range of
yield potentials—approximately 600 kg ha~! following oilseeds

TABLE 3 | Regression parameters for the linear relationship between
winter wheat yield following other cereals, oilseeds, or pulses and wheat
following wheat.

R2

Slope Intercept n

LITERATURE SURVEY

Wheat-cereal 0.94 1.15 £ 0.08"** —85 + 1568 NS 18
Wheat-oilseed 0.87 1.10 £ 0.04*** 303 + 147* 105
Wheat-pulse 0.75 1.20 + 0.06** 362 + 98** 162
PNW

Wheat-cereal 0.92 1.39 £ 0.12** —692 + 349 NS 14
Wheat-oilseed 0.49 1.01 £ 017 849 + 624 NS 39
Wheat-pulse 0.80 1.09 + 0.09*** 927 + 380* 40

*, **, ***, indicates significance at a p < 0.05, 0.01, and 0.001 level. NS, Not significant.

TABLE 4 | Regression parameters for the linear relationship between
winter wheat yield following other cereals, oilseeds, or pulses and wheat
following fallow.

R2

Slope Intercept n
LITERATURE SURVEY
Wheat-cereal 0.76 0.77 £ 0.04*** —332 £+ 131** 99
Wheat-oilseed 0.89 1.10 + 0.05"** —593 + 174** 69
Wheat-pulse 0.75 0.97 £ 0.05"** —325 + 126 NS 138
PNW
Wheat-cereal 0.98 0.79 + 0.06"** —695 + 247 NS 12
Wheat-oilseed 0.73 0.87 £ 0.17*** —109 + 840 NS 5
Wheat-pulse 0.66 0.80 £ 0.33 NS —475 + 1,302 NS 5

** ***indicates significance at a p < 0.01, 0.001 level. NS, Not significant.

in place of fallow, and 325 kg ha=! following pulses (as indicated
by the negative y-intercepts and regression slopes of 0.97-1.10,
Table 4).

These trends illustrate that break crops could not replace
fallow without penalizing WW yields in the iPNW, unlike effects
reported elsewhere. These results may be attributed to systematic
differences between the iPNW and other regions, such as the
Northern Great Plains. Despite similarities in soils and water
holding capacity, the Great Plains is characterized by summer-
dominated rainfall (Pan et al., 2016b). Spring crops dominate
in the Northern Great Plains, whereas WW is predominant in
the iPNW due to its winter-dominant precipitation patterns,
moderate winter temperatures, and drought and heat stress
frequently encountered during the flowering and grain-fill
period with spring crops. In the iPNW, WW yields greatly
exceed those for SW, due to their more efficient utilization
of winter precipitation and earlier grain filling (Schillinger
et al., 2008). Together, these conditions make WW production
more economic but also highly reliant on stored precipitation
for both crop establishment and in-season growth. While our
study indicated that conservation tillage practices have benefits
compared to traditional tillage on WW yields at lower yield
potentials, chemical fallow may not provide advantages observed
in the Northern Great Plains. In particular, chemical fallow does
not provide gains in soil water storage efficiency (Schillinger
and Bolton, 1993) over conservation-tillage fallow. Nevertheless,
chemical fallow has been reported to be, overall, just as efficient
as tilled fallow in retaining soil moisture throughout the 13
month fallow period in areas receiving more than 290 mm
annual precipitation (Schillinger, unpublished; Machado et al.,
2015). Previous research in the region has also demonstrated
that conservation practices can be more profitable if weeds are
properly managed, and conservation production systems may
incorporate multi-faceted approaches to manage weeds in the low
precipitation zone (Young, 2004).

Importantly, we found that the timing and frequency of fallow
was an important consideration for the region. In particular,
a reduction of fallow frequency could be practiced under low-
precipitation conditions without penalizing WW yields as long
as fallow preceded WW. Our results also support previous results
at individual sites in Moro, OR (Machado et al., 2015) and
Lind, WA (Schillinger, 2016), who determined that intensified
rotations were agronomically competitive to a traditional WW-
fallow rotation which practiced fallow every 3 years but prior
to WW.

Cropping System Productivity in
Continuous Cropping

Despite the yield penalty on WW in continuous cropping
systems under low precipitation conditions, continuous cropping
may be agronomically feasible on an annualized basis of
whole rotations. From 2012 to 2014/2015, intensification of
cropping systems through the reduction of fallow frequency
or elimination of fallow periods did not affect annualized
energy outputs or grain N export (Figure?7), though more
intensified systems received more fertilizer inputs at Moro,
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TABLE 5 | Rotational fertilizer and total N balance for Moro, Ritzville, and Davenport from 2012 to 2014.

1. Initial soil 2. Total N 3. Total fertilizer 4. Total 5. Final soil Total Total Fertilizer N Rotational N
inorganic N mineralization N inputs grain N inorganic N inputs outputs balance balance
kg N ha—1 14243 445 3-4 (1+2+3)—(4+5)

MORO, OR
ww-sf 66 59 95 154 92 220 246 -59 —26
ww-cf 58 78 75 173 96 211 269 -98 —58
ww-sb-cf 76 62 129 157 84 266 241 -29 25
SW-SW 53 59 111 144 80 223 224 —-33 -1
sb-sb 45 55 166 167 116 266 283 -1 -17
WW-WW 9 73 148 151 53 230 204 -3 26
RITZVILLE, WA
ww-tf 156 65 98 166 54 319 220 —68 100
ww-sw-tf 20 73 129 148 30 221 178 -19 43
trit-sw-cf 16 73 101 137 60 190 197 —36 -7
SW-SW 18 79 135 143 57 231 199 -8 32
sw-sb 18 83 135 149 42 236 191 -14 45
DAVENPORT, WA
cf-ww-sw 85 110 155 146 139 350 284 10 66
cf-ww-can 85 110 139 158 74 333 232 -19 101
SW-WW-SW 85 110 232 184 86 427 270 48 157
can-ww-sw 85 110 215 194 138 410 332 21 78
cam-ww-sw 85 110 215 179 151 410 330 37 80

Fertilizer N balance represented the deficit between fertilizer added and grain N exported. Rotational N balance was calculated as the difference between estimated total N supply and
grain N export and final residual soil N. Crop residue N was omitted from the N balance. ww, winter wheat; sf, summer fallow; sb, spring barley; cf, no-till chemical fallow; sw;, spring

wheat; trit, winter tricticale; can, spring canola;, cam, spring camelina.

OR, Ritzville, WA, and Davenport, WA. Alternative cropping
systems also did not differ significantly in rotational fertilizer
use efficiency patterns from traditional rotations. In particularly,
the relationship between fertilizer N and annualized energy
production (Figure 8A) and grain N accumulation (Figure 8C)
did not differ whether wheat followed fallow or crops when
annual precipitation was <350 mm yr~!. Nitrogen fertilization
increased energy yields and grain N accumulation, but explained
only 13% of the variation in energy outputs (Figure 8A) and
21% of grain N accumulation (Figure 8C) in traditional systems.
In comparison, 17% of energy outputs and 25% of grain N
variability were explained by N fertilization rates in alternative
rotations with the reduction or elimination of fallow. Like WW,
plant N was tightly regulated to produce grain (Figure 8B) and
synthesis grain protein (Figure 8D) across all data, explaining
82-97%. Importantly, no differences among relationships were
observed due to reduction or elimination of fallow when annual
precipitation was <350 mm yr—!.

Researchers in other Mediterranean climates have also
reported agronomically viable intensified rotations, despite lower
wheat yields upon the elimination of fallow (Christiansen et al.,
2015). Cropping systems research in Canada have indicated
that intensified rotations were agronomically feasible (Zentner
et al,, 2003), and fallow timing (e.g., wheat following fallow
or recrop) predominately influenced annual wheat productivity
in intensified rotations even though annualized grain yields
increased with cropping intensity (Campbell et al., 2004).

Continuous cropping of wheat rotated with legumes reduced
the fertilizer requirements of a wheat-fallow rotation, and
economics were dependent on commodity prices (Zentner et al.,
2001). However, despite greater economic returns, financial risk
increased with continuous wheat (Zentner et al., 2006).

In the iPNW, research has indicated that continuous spring
cropping may be agronomically feasible (Schillinger et al., 2007;
Bewick et al., 2008), even with less precipitation than we observed
in our study (Machado et al., 2015). However, in six cropping
seasons previously conducted at Ralston, the wheat-fallow system
yielded 25% more than continuous spring wheat (Young et al.,
2015). Furthermore, observations taken from a only few years,
such as in the present study, may not be consistent over decades
(Nielsen and Vigil, 2014). Previous research has also found
that the profitability diminishes relative to WW-fallow rotations
in the low precipitation zone due to high year-to-year yield
variability and associated economic risk (Juergens et al., 2004;
Schillinger and Young, 2004; Schillinger et al., 2007; Bewick
et al., 2008). This finding may be due to differential pricing
of alternative spring crops, increased costs associated with N
fertilizers, changes in weed pressure (Sullivan et al., 2013), and
grain yields in continuous cropping systems that average only
50-60% of WW following fallow.

Lastly, we developed N budgets at Moro, Ritzville, and
Davenport to determine the effect of crop intensification in
fertilizer N balances and unaccounted for N over multiple
years (Table5). At all locations, the fertilizer N balance was
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greater (fertilizer N exceeded grain N) for all continuous
cropping systems with spring wheat, barley, camelina, or canola
implementing conservation practices than the traditional fallow
rotations. However, the total N balance had no discernible trends
according to intensification. Earlier examination of N fertilizer
balances at the Ralston site also revealed that the WW-summer
fallow conventional system, when fertilized during the fallow
period, had the highest fertilizer N efficiency (grain N/fertilizer
N = 76.8%) compared to spring wheat-chemical fallow (64%),
due to deeper rooting and efficient soil N extraction by winter
wheat down to 150 cm (Pan et al., 2001). Similar to the latter
rotation, continuous no-till spring cereal cropping also had a
lower fertilizer N efficiency (grain N/fertilizer N = 61.7%) and
water extraction, as evidenced by nitrate movement below 90
cm. It is notable that although conventional WW is fertilized
during fallow nearly a year before the accelerated N uptake phase
of winter wheat, the grain N to fertilizer index is surprisingly
high in this low rainfall zone. While mineralized N accumulates
during the fallow period in addition to the fertilizer application,
soil tests indicate minimal overwinter nitrate leaching beyond
the 150 cm root profile. The pre-plant N application during
fallow allows growers to spread their workloads, and for the
ammonia to nitrify and move into the middle of the winter wheat
root zone, at 60-90 cm soil depths. Similarly, high N fertilizer
efficiencies of WW-summer fallow grown in the northern iPNW
near Okanogan, WA, has been observed, with 79% of fallow-
applied ammonia over 20 years accounted for in harvested grain,
and the remainder was accountable in an increase in soil organic
N over that period (Pan et al., in review). This fertilizer N
recovery was higher than the biosolids N recovery (24-37%)
WW-summer fallow, when biosolids were applied once every 4
years at 3 different rates. However, biosolids significantly made
greater contributions to the build-up of soil organic N, leading to
the conclusion that while the synthetic fertilizer mainly fed the
wheat grain, the biosolids fed both the wheat grain and the soil
organic matter build-up. Nevertheless, the biosolids applications
resulted in more net unaccounted for N than the ammonia.

CONCLUSION

Our region-wide assessment examined the performance of WW
across the regional precipitation gradient. We observed that
WW vyields increased with increasing annual precipitation before
maximizing at 520 mm yr~—! and subsequently declining. While
fallow periods were effective at mitigating low N fertilization
efficiencies under low precipitation, fertilization efficiencies
decreased as annual precipitation exceeded 500 mm yr~!.
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APPENDIX 1
Location Comparisons Angus et al., 2015  Citation
AUSTRALIA
Formartin, Eastern Australia =~ Wheat, barley, canola, chickpea, fababean, Yes Owen et al., 2010
fallow
Tamworth, Eastern Australia =~ Wheat, chickpea, fallow Yes Holford et al., 1997
N NSW, Eastern Australia Wheat, barley, canola, mustard, chickpea Yes Kirkegaard et al., 2004
N NSW, Eastern Australia Wheat, chickpea Yes Felton et al., 1998
Walpeup, Southeastern Wheat, barley, oats, canola, pea, lupin, fallow  Yes Kollmorgen et al., 1983
Australia
NSW and Vic. Southeastern Wheat, canola, mustard, flax, pea, fallow Yes Ryan et al., 2002
Australia
S. NSW, Southeastern Wheat, canola, mustard, fallow Yes Gardner et al., 1998
Australia
S. NSW, Southeastern Wheat, canola, flax, pea, fallow Yes Kirkegaard et al., 2000
Australia
Kantannig, Western Australia =~ Wheat, barley, oats, canola, pea, lupin, fallow  No Malik et al., 2015
Beverley, Western Australia Wheat, barley, canola, mustard, flax, Yes Gregory and Gregory, 1997
fababean, lupin, fallow
NORTHERN GREAT PLAINS, NORTH AMERICA
Swift Current, SK, Canada Wheat, flax, fallow Yes Zentner and Campbell, 1988
Swift Current, SK, Canada “Cereal,” pea, lentil, fallow No Gan et al,, 2015
Stewart Valley and Swift Wheat, pea, lentil, chickpea, fallow Yes Miller et al., 2003
Current, SK, Canada
Indian Head, SK, Canada Wheat, “legume,” fallow No Campbell et al., 2011
Scott, SK, Canada Wheat, canola, fallow Yes Brandt and Zentner, 1995
Indian Head, SK, Canada Wheat, flax, pea, fallow Yes Lafond et al., 1992
Bow Island, AB, Canada Wheat, flax/mustard, pea, fallow No Bremer et al., 2011
Beaverlodge, AB, Canada Wheat, oilseed rape, pea No Soon and Arshad, 2004
Havre, MT, USA Mustard, pea, lentil, chickpea, fallow No Lenssen et al., 2007
Moccasin, MT, USA Wheat, pea, lentil, fallow No Chen et al., 2012
Amsterdam, Bozeman, Wheat, flax, pea, chickpea, fallow Yes Miller and Holmes, 2005
Denton, Dutton, and Havre,
MT, USA
WEST ASIA
Khamishly, Syria Wheat, lentil, fallow No Christiansen et al., 2015
Tel Hayda, Syria Wheat, pea, lentil, fallow Yes Ryan et al., 2008
Tel Hayda, Syria Wheat, chickpea, fallow No Pilbeam et al., 1998
WESTERN EUROPE
Cordoba, Spain Wheat, sunflower, chickpea, faba bean, No Lopez-Bellido et al., 2000
fallow
Cordoba, Spain Wheat, sunflower, chickpea, faba bean, No Garrido and Lopez-Bellido,

fallow

2001
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