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Accurate carbon and water flux simulations for croplands are greatly dependent on high

quality representation of management practices and meteorological conditions, which

are key drivers of the surface-atmosphere exchange processes. Fourteen site-years of

carbon and water fluxes were simulated using the CropSyst model over four agricultural

sites in the inland Pacific Northwest (iPNW) US from October 1, 2011 to September 30,

2015. Model performance for field-scale net ecosystem exchange of CO2 (NEE) and

evapotranspiration (ET) was evaluated by comparing simulations with long-term eddy

covariance measurements. The model captured the temporal variations of NEE and ET

reasonably well with an overall r of 0.78 and 0.80, and a low RMSE of 1.82 g C m−2 d−1

and 0.84 mm d−1 for NEE and ET, respectively. The model slightly underestimated

NEE and ET by 0.51 g C m−2 d−1 and 0.09 mm d−1, respectively. ET simulations

showed better agreement with eddy covariance measurements than NEE. The model

performed much better for the sites with detailed initial conditions (e.g., SOC content)

and management practice information (e.g., tillage type). The CropSyst results showed

that the winter wheat fields could be annual net carbon sinks or close to neutral with

the net ecosystem carbon balance (NECB) ranging from 92 to −17g C m−2, while the

spring crop fields were net carbon sources or neutral with an annual NECB of −327 to

−3 g C m−2. Simulations for the paired tillage sites showed that the no-till site resulted

in lower CO2 emissions for the crop rotations of winter wheat-spring garbanzo, but had

higher carbon loss into the atmosphere for spring canola compared to the conventional

tillage site. Water budgets did not differ significantly between the two tillage systems.

Winter wheat in the high-rainfall area had higher crop yields and water use efficiency but

emitted larger amounts of CO2 into the atmosphere than in the low-rainfall area. Based

http://www.frontiersin.org/Ecology_and_Evolution
http://www.frontiersin.org/Ecology_and_Evolution/editorialboard
http://www.frontiersin.org/Ecology_and_Evolution/editorialboard
http://www.frontiersin.org/Ecology_and_Evolution/editorialboard
http://www.frontiersin.org/Ecology_and_Evolution/editorialboard
https://doi.org/10.3389/fevo.2017.00050
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2017.00050&domain=pdf&date_stamp=2017-05-23
http://www.frontiersin.org/Ecology_and_Evolution
http://www.frontiersin.org
http://www.frontiersin.org/Ecology_and_Evolution/archive
https://creativecommons.org/licenses/by/4.0/
mailto:jinshu.chi@slu.se
https://doi.org/10.3389/fevo.2017.00050
http://journal.frontiersin.org/article/10.3389/fevo.2017.00050/abstract
http://loop.frontiersin.org/people/375055/overview
http://loop.frontiersin.org/people/430687/overview
http://loop.frontiersin.org/people/365922/overview
http://loop.frontiersin.org/people/431168/overview
http://loop.frontiersin.org/people/375010/overview
http://loop.frontiersin.org/people/361841/overview
http://loop.frontiersin.org/people/381953/overview


Chi et al. Agricultural Carbon and Water Budgets

on model evaluations in this study, CropSyst appears promising as a tool to simulate

field-scale carbon and water budgets and assess the effects of different management

practices and local meteorological conditions for the wheat-based cropping systems in

this region.

Keywords: CropSyst, eddy covariance, tillage practices, rainfall, fallow, carbon and water budgets

INTRODUCTION

Carbon and water cycles are two critical biophysical processes
within the biosphere-atmosphere exchanges (Law et al., 2002)
and agriculture plays an important role in global carbon and
water dynamics (Bondeau et al., 2007; Running, 2012). CO2

is one of the major greenhouse gases in the atmosphere
affecting the processes of global warming. CO2 emissions
from agricultural soils are estimated to be 13 Pg C per year
globally, accounting for 13% of total soil respiration (Bond-
Lamberty and Thomson, 2010). Agricultural systems have also
been considered as potential net carbon sinks to mitigate CO2

in the atmosphere resulting from photosynthesis. Examining
the contribution of carbon budgets by agriculture systems is
crucial to understand the global carbon cycle with respect to
climate change (Sauerbeck, 2001). Agricultural carbon and water
cycles are greatly affected by local meteorological conditions and
management practices (Bernacchi et al., 2005; Aubinet et al.,
2009; Vuichard et al., 2016). Meteorological variables, such as
photosynthetically active radiation (PAR) and air temperature,
play vital roles in photosynthesis and respiration processes
(Rabinowitch, 1951; Lloyd and Taylor, 1994). In addition, local
meteorological conditions also influence farming practices. For
example, in dry cropping areas where rainfall is insufficient,
crop-fallow is one management practice used to increase
productivity (Schillinger, 2001). Farming activities can also alter
carbon and water dynamics; for example, tillage practices can
change soil structure and aggregation which eventually changes
soil bulk density, soil water retention capacity, and hydraulic
conductivity of soil, as well as accelerate soil organic carbon
(SOC) decomposition (e.g., Ball et al., 1999; West and Post,
2002; Regina and Alakukku, 2010). As a result, there is a critical
need to quantify the effects of different climatic conditions and
management practices on agricultural carbon and water cycles
to better understand how the underlying biophysical processes,
and thus carbon and water dynamics, respond to a changing
environment.

Cropping system simulation models have been widely used
to predict the effects of weather conditions, crop rotations, site
characteristics, and management practices on crop growth as
well as water and nutrient dynamics in agro-ecosystems (Benli
et al., 2007). Through crop simulations under different scenarios,
the models can be utilized as a practical tool to help improve
the efficacy of decision making for agriculture not only under
the current conditions but also for the future changing climate.
CropSyst is a cropping system simulationmodel that is structured
in modular systems (Stöckle et al., 1994, 2003). It has been used
to provide a better understanding of ecological interactions to
help guide relevant areas of research in a wide range of crops

(Donatelli et al., 1997; Confalonieri et al., 2009), management
practices (Jalota et al., 2012; Marsal and Stockle, 2012), climatic
scenarios, (Tubiello et al., 2000; Lehmann et al., 2013), and
simulation scales (Stöckle et al., 2014). However, the simulation
of real ground conditions is a challenge for cropping system
models due to the spatial complexity and variability of factors
that are difficult to capture in initial conditions (Holzworth et al.,
2015).

On the other hand, methods, such as the eddy covariance
technique have been widely used to directly measure agricultural
carbon and water budgets over the field-scale but have their
own limitations. The eddy covariance method measures net
exchanges of water and carbon between the surface and the
atmosphere (Baldocchi, 2003), and uses models to partition
these net fluxes into different components (Reichstein et al.,
2005; Lasslop et al., 2010). Furthermore, the uncertainties due
to random measurement errors and data-processing procedures
can be large for annual or multi-year cumulative carbon or
water budgets determined via eddy covariance. From a practical
standpoint, long-term field scale eddy covariance measurements
can be expensive and it is not feasible to deploy eddy covariance
towers in every ecosystem, while cropping models can provide
scenario analysis and field-scale simulations for cropping systems
under various conditions. Therefore, it is beneficial to combine
both modeling andmeasurement methods to first evaluate model
performance and then apply the model to assess the agricultural
carbon and water dynamics under different scenario conditions.

In this study, carbon and water fluxes were simulated using
the CropSyst model at four agricultural sites in the inland Pacific
Northwest (iPNW) region of the United States. To evaluate the
model performance, net ecosystem exchange of CO2 (NEE) and
evapotranspiration (ET) were measured using eddy covariance
flux towers. The iPNW region is a major wheat production
area in the US and covers several agro-ecological classes (AECs)
classified by integrating different biophysical (e.g., climate, soils,
and terrain) and socioeconomic factors (e.g., commodity prices)
(Douglas et al., 1992; Huggins et al., 2011). Traversing from
the west to the east of the iPNW region, the AECs include
dynamic- and stable- irrigated, crop-fallow, annual crop-fallow
transition, and annual crop zones (https://www.reacchpna.org).
Thus, the iPNW region is a unique study area to investigate the
performance of wheat-based cropping systems under different
water regimes and management practices. Consequently, the
primary goal for this paper is to apply the CropSyst model
to assess carbon and water dynamics at selected sites in the
iPNW. Specific objectives are to (1) evaluate the CropSyst model
performance with corresponding eddy covariance NEE and ET
measurements, (2) determine the seasonal and inter-annual
variability of carbon and water budgets in wheat-based cropping
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systems, and (3) discuss the implications of management
practices and local meteorology on carbon and water budgets.

METHODS

Site Description
The four study sites are located in the iPNW region across
a precipitation gradient of 250–600 mm and a variety of
agricultural management practices (Table 1). Briefly, LIND is
situated in a low-rainfall, crop-fallow area. Two paired sites are
located in the high-rainfall zone (550 mm annually), with the
same crop rotation and similar meteorological conditions but
different tillage types. One site has been in continuous no-till
management (CAF-NT) since 1998 while the other site has been
under conventional tillage practice (CAF-CT) over the same
period. MMTN is located in a higher rainfall zone (>600 mm
annually), 10 km southeast of CAF-NT and CAF-CT.

Field Measurements
Each site has identical eddy covariance flux tower set-
ups, including a 3D sonic anemometer (CSAT3A, Campbell
Scientific, Inc.), an open-path infrared gas analyzer (IRGA,
EC 150, Campbell Scientific, Inc.), net radiometer (NR-Lite2,
Kipp&Zonen), air temperature and humidity sensor (HMP155A,
Vaisala Inc.), PAR sensor (LI190SB, LI-COR Biosciences),
wind vane (034B Windset, Met One Instruments), and soil
temperature andmoisture probes (5TM, DecagonDevices). Crop
phenology is monitored using a time-lapse camera (WCT-00122,
Wingscapes). Carbon content in the above-ground biomass
is determined from the bi-weekly collected biomass samples
using a TruSpec Carbon/Nitrogen Determinator (630–100–
100, Leco Corporation), based on the method described in
Law et al. (2008). The eddy covariance technique directly
measures NEE and ET between the atmosphere and the
surface. Uncertainties due to random measurement errors and

gap-filling in annual sums of NEE and ET are estimated
based on the method described in Richardson and Hollinger
(2007). Full details of instrumentation, flux computation, quality
assurance and quality control, data gap-filling, and uncertainty
analysis are presented in Waldo et al. (2016) and Chi et al.
(2016). The eddy covariance systems measure exchange over
a homogeneous but fluctuating area, typically 1.5–2.5 ha,
depending on wind direction and speed as well as atmospheric
stability.

Cropsyst Model
At each of the four sites, the CropSyst model simulated carbon
and water flux components in daily time step and field-scale
spatial resolutions. Similar to the eddy covariance assumption,
within the modeling domain (approximately 1.0 ha), it was
assumed to have homogeneous soil, crop, meteorological and
management conditions at the field-scale, although the “rolling
hill” area in the iPNW is heterogeneous at the landscape
scale. The CropSyst model simulates potential and actual ET
partitioned into transpiration (T) and soil water evaporation
(E) components, and based on transpiration-use efficiency
determines biomass accumulation, which is partitioned into
straw and grain yield (Stöckle et al., 2003). In addition,
the model simulates CO2 emissions from SOC oxidation
and residue decomposition. Using daily biomass production
simulated by CropSyst, crop respiration (Ra), including growth
and maintenance components, gross primary productivity (GPP)
can be obtained as discussed below, which is the sum of biomass
and Ra. Total ecosystem respiration (Reco) is the sum of Ra
plus soil and residue respiration (Rh) associated with microbial
decomposition activity. NEE is calculated as the difference
between GPP and Reco. Based on Chapin et al. (2006), net
ecosystem carbon balance (NECB) is determined by combining
NEE and the exported harvest biomass carbon content (EXP). In

TABLE 1 | Site characteristics, local meteorology, and management practices at each site.

Site LIND CAF-NT CAF-CT MMTN

Latitude 46◦59′N 46◦47′N 46◦46′N 46◦45′N

Longitude 118◦35′W 117◦04′W 117◦04′W 116◦56′W

Elevation (masl) 475 807 799 817

Date tower installed 10/18/2011 8/19/2011 6/27/2012 7/11/2012

Soil typea Mollisols Mollisols Mollisols Mollisols

Soil texturea Silt loam (Shano and Ritzville

Series)

Silt loam (Naff, Thatuna and

Palouse Series)

Silt loam (Naff, Thatuna and

Palouse Series)

Silt loam (Latahco-Thatuna complex,

Southwick, and Larkin Series)

Annual temperature (◦C)b 10 9 9 9

Annual precipitation (mm)b 280 550 550 680

Crop rotationc TF-WW-TF-WW WW-SG-WW-SC WW-SG-WW-SC SB-SP-WW

Tillage practicesd RT NT CT CT

Nearby weather statione LIND, AgWeatherNet Pullman NE, AgWeatherNet Pullman NE, AgWeatherNet Crumarine Creek, University of Idaho

aSoil types and textures were from Soil Survey Staff (1999) and Web Soil Survey (2013).
bAnnual temperature and precipitation were averaged based on historical records from 1981 to 2010, National Centers for Environmental Information, NOAA.
cTF (Tillage fallow), WW (winter wheat), SG (spring garbanzo), SC (spring canola), SB (spring barley), SP (spring pea).
dRT (reduced tillage), NT (no-till), CT (conventional tillage).
eNearby weather stations are the AgWeatherNet stations (AgWeatherNet, 2016).
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this study, we used the sign convention that positive carbon fluxes
indicate carbon loss from the ecosystem, and vice versa.

Model input includes hourly or daily local meteorological
data, such as air temperature, precipitation, vapor pressure deficit
(VPD), PAR, solar radiation, wind speed, as well as agricultural
management information, such as tillage, fertilization and
irrigation. Daily meteorological data are from nearby weather
stations in the AgweatherNet network which provides access to
current and historical weather data measured at 177 automated
weather stations (AgWeatherNet, 2016). The weather data are
filtered with a range test (Estévez et al., 2011). Gaps in the weather
data are filled by averaging data over a period of adjacent 5 days.
Parameters used to define each crop species are taken from the
CropSyst default values based on Stöckle et al. (2012) (Appendix
I in Supplementary Material) and thermal time accumulation is
used to determine different crop phenological stages, which are
based on observations by time-lapse cameras in the field (Bater
et al., 2011). All the simulations are initialized in the fall of
2,000, providing 12 years to make the simulations independent
of initial conditions before the period of comparisons with eddy
covariance flux measurements. However, the crop history during
the 12 years was not available and was assumed similar to the crop
rotation during the period of measurements.

Crop Growth and Transpiration
To simulate crop growth, the CropSyst model incorporates crop
phenology, canopy development, potential transpiration and
biomass production (assuming no stress), factors of stress, and
partitioning of the actual biomass (leaves, stems, grain, and
roots). Crop phenology is determined by a thermal time scale,
which is also adjusted for water stress (Stöckle et al., 2003).
The daily potential biomass production is determined under
unstressed conditions as theminimum of potential transpiration-
dependent and PAR-dependent biomass gain (Monteith, 1977;
Sinclair et al., 1984). The actual biomass gain is then determined
by themost limiting of two stress factors: water and nitrogen. The
reference and potential evapotranspiration is calculated using
the Penman-Monteith equation (Monteith, 1965). Potential
transpiration is part of the potential evapotranspiration adjusted
by the fraction of solar radiation intercepted by the crop canopy.
Root biomass and density are simulated by layer, which are used
to determine the actual water and nitrogen uptake from soil
layers. Partitioning of the tissues (leaves, stems, and root biomass)
is determined by dynamic partitioning coefficients (Table 2).
Crop yield is a function of the harvest index at maturity stage.
Crop growth and transpiration are set to zero during the periods
including (1) prior to seeding, (2) post-harvest, and (3) fallow.

Crop Respiration
Crop respiration, or autotrophic respiration (Ra), is the sum of
maintenance (Rm) and growth (Rg) respiration (Thornley, 1970;
Penning de Vries, 1974; Amthor, 2000; Cannell and Thornley,
2000). Rm is the amount of CO2 released due to maintenance
per unit of existing biomass per time and Rg is the amount of
CO2 released due to biomass growth per unit time. According
to Amthor (2000); Penning de Vries (1974), and van Iersel and
Seymour (2000), Rm and Rg (g CO2 m

−2) are calculated using the

biomass data and respiration coefficients (Table 2), as presented
in Equations (1) and (2):

Rm = WCm (1)

where W is the existing biomass (g B m−2) which is equal
to the cumulative biomass by tissue (see Section Crop Growth
and Transpiration); and Cm (g CO2 g B−1) is the maintenance
respiration coefficient, which is determined using a Q10 value of
1.8 for each 10◦C increase in tissue temperature (Confalonieri
et al., 2009). Daily mean air temperature is used as an
approximation of the tissue temperature.

Rg = WCg

Cg =
1− Yg

Yg
(2)

where Cg (g CO2 g B
−1) is the growth respiration coefficient and

Yg (g CO2 g B
−1) represents the units of carbon appearing in new

biomass per unit of glucose carbon utilized for growth (Thornley,
1970).

Soil and Residue Respiration
In order to simulate heterotrophic respiration (Rh), the CropSyst
model apportions residue carbon into three fractions (fast-
and slow-cycling, and lignified fractions) with distinctive
decomposition rates; and SOC into either single (Kemanian and
Stöckle, 2010) or multiple (Stöckle et al., 2012) pools. Residue
pools are initialized with the estimated contents of surface, root
and residues from previous crops, while the SOC pool (single-
pool model) is initialized based on the observed soil organic
matter (Table 3). The pools are updated each day with a specified
potential decomposition rate (d−1), adjusted as a function of soil
temperature and moisture in each soil layer. Tillage effects on the
decomposition rates are determined based on a soil conditioning
index (USDA-NRCS, 2002), which describes the soil disturbance
levels. Different soil disturbance levels as a result of tillage
practices and clay content are used to determine tillage factors
that adjust the SOC oxidation rate in the SOC pool (Kemanian
and Stöckle, 2010). Soil and residue respiration is determined as
the amount of CO2 released to the atmosphere via SOC oxidation
and decomposition of residue carbon pools.

Model Evaluation
We used the Willmott index of agreement (d) (Willmott, 1982)
to evaluate the CropSyt performance for simulating cumulative
above-ground biomass, daily NEE and ET by comparing with the
field measurements at four sites. As defined in Equation (3), d
ranges from 0 to 1 where a value of 1 indicates perfect agreement.

d = 1−

∑N
i= 1 (CSi − ECi)

2

∑N
i= 1 (|CSi| + |ECi|)

2
(3)

where CSi and ECi are the CropSyst simulations and the field
measurements, respectively. N is the total number of data points.
In addition, correlation coefficient (r), root mean square error
(RMSE), and bias are also calculated to estimate the degree of
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TABLE 2 | Coefficients of maintenance respiration (Cm) and growth

respiration (Cg) of vegetative organs at a temperature of 20◦C (adapted

from Penning de Vries et al., 1989).

Cm (g CO2 g B−1) Cg (g CO2 g B−1)

Non-legume Legume Non-legume Legume

Leaves 0.016 0.019 0.461 0.790

Stems and storage 0.010 0.020 0.406 0.540

Roots 0.015 0.017 0.406 0.537

TABLE 3 | Organic matter (%) at different depths used for initial conditions

at each site (adapted from Purakayastha et al., 2008).

Depth (m) LIND CAF-NT CAF-CT MMTN

0.05 0.7 3.8 2.8 0.5

0.1 0.7 3.2 2.8 1.8

0.2 0.7 2.7 2.8 1.6

0.3 0.5 2.5 1.8 1.1

0.4 0.3 1.5 1.5 1.0

0.5 0.1 1.3 1.3 0.8

0.6–2 0.1 0.4–0.1 0.4–0.1 0.5

association and the average differences between simulations and
measurements.

The annual period, or one water year, is defined from October
1 to September 30. According to Schmidt et al. (2012), the
main growing season (MGS) is defined as the period when the
measured NEE is less than the median NEE during each water
year, with the remainder of the annual period defined as the off-
main growing season (oMGS). The way of defining the MGS
in this study, rather than from seeding to harvest, emphasizes
the period where photosynthesis is significant and excludes the
wintertime where little carbon uptake by winter wheat occurred.

RESULTS

Evaluation of Modeled Above-Ground
Biomass
As the core engine for modeling carbon and water budgets
heavily relies on biomass simulations in CropSyst, accuracy
in the CropSyst biomass results directly affects the model
performance. The overall Willmott index of agreement (d)
between biomass simulations and measurements was 0.98
for all 12 site-years (not including the two fallow years),
indicating good agreement between CropSyst simulations and
field measurements. Other statistical evaluation results also
suggested good model performance for biomass simulations,
illustrated by the relatively low bias and RMSE, as well as
correlation coefficient (r) and slope close to 1 (Table 4). CropSyst
performed best at CAF-CT, followed by CAF-NT, MMTN, and
LIND (Figures 1A–D). The magnitudes of RMSE and bias
ranged from 44 to 88 g C m−2 and −40 to 57 g C m−2,
respectively, with CAF-CT and LIND having a relatively smaller
magnitude compared to CAF-NT and MMTN.

TABLE 4 | Evaluation of modeled cumulative above-ground biomass, daily

net ecosystem exchange of CO2 (NEE), and evapotranspiration (ET) for all

14 site-years.

Slope r RMSEa Biasb d

Above-ground biomass 0.90 0.92 82 25 0.98

NEE 0.69 0.78 1.82 0.51 0.87

ET 0.98 0.80 0.84 -0.09 0.93

a,bUnits for RMSE bias of above-ground biomass are in g C m−2. Units for RMSE and

bias of NEE and ET are in g C m−2 d−1 and mm d−1, respectively.

For each site-year, the simulated above-ground biomass
generally agreed well with the observed biomass data
(Figure 2). CropSyst results captured the above-ground biomass
accumulation rates reasonably well for all the crop species at both
no-till and conventional tillage sites (CAF-NT 2012–2015 and
CAF-CT 2013–2015), winter wheat at the low-rainfall site during
2013 (LIND 2013), and the spring barely field (MMTN 2013).
At LIND, the model slightly overestimated the above-ground
biomass by 50–120 g C m−2 during the early growth stages in
2015 (Figure 2A). While at MMTN, CropSyst overestimated the
above-ground biomass of spring pea by 50–80 g C m−2 during
the MGS of 2013 and underestimated winter wheat biomass by
10–130 g C m−2 during the MGS of 2015 (Figure 2D).

Evaluation of Modeled NEE and ET
Overall Accuracy
Compared to the eddy covariance measurements for the four
sites, the modeled daily NEE and ET agreed well with a
high agreement index of 0.87 and 0.93, respectively, indicating
a slightly better performance for ET simulations than NEE
(Table 4). Statistical evaluation also showed a high correlation
coefficient of 0.78 and 0.80, as well as a low RMSE of 1.82 g Cm−2

d−1 and 0.84 mm d−1 for NEE and ET, respectively. Overall, the
model resulted in less negative NEE (bias = 0.51 g C m−2 d−1)
and slightly underestimated ET (bias=−0.09 mm d−1).

Evaluation of NEE and ET by Site
Focusing on each site individually, the highest agreement
index for NEE simulations was found at CAF-CT (d = 0.92),
accompanied by a high correlation coefficient (r = 0.86), a
small RMSE (1.59 g C m−2 d−1), and a low bias (0.36 g C
m−2 d−1) (Figure 1G). At CAF-CT, the modeled NEE captured
the NEE peak values during each MGS and showed very
good agreement for the growing seasons of winter wheat and
spring canola in 2014 and 2015, respectively (Figure 3C). NEE
simulations at CAF-NT were also in good agreement with
the eddy covariance measurements, followed by MMTN and
LIND (Figures 1E–H, 3A,B,D). The largest RMSE (2.18 g C
m−2 d−1) was found at MMTN and was primarily attributed
to the large discrepancies during each MGS, where the model
underestimated the carbon sink strength of spring barley,
spring pea, and winter wheat by 100–185 g C m−2 month−1

(Figure 3D). Even though LIND had the lowest RMSE (1.40 g C
m−2 d−1), the other evaluation parameters, such as slope and
correlation coefficient indicated fair performance (Figure 1E),
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FIGURE 1 | Scatter plots of the simulated and the measured cumulative above-ground biomass (A–D), daily net ecosystem exchange of CO2 (NEE, E–H),

and daily evapotranspiration (ET, I–L) at four sites.

therefore further in-depth comparisons (e.g., by site-year) are still
needed to better evaluate themodel performance for determining
annual or MGS carbon sink or source for all sites.

For ET simulations, the model had very good agreement with
the measured ET at each site, particularly at the three high-
rainfall sites (Figures 3E–H), with d > 0.85 and r ranging from
0.64 to 0.85 (Figures 1I–L). The highest agreement index was
found at CAF-NT and CAF-CT throughout the entire evaluation
period. At MMTN, the model also captured the particular
ET seasonal patterns during 2013 and 2014, where two ET
peak periods occurred during both early spring and the MGS
(Figure 3H). During these two ET peak periods, the simulated
ET was slightly lower compared to the measurements for the first
peak, but simulated the measurements well for the second peak
period. In contrast, at LIND, even though the simulated ET values
were comparable to the corresponding measured ET on average,
the correlation coefficient (r = 0.64) was still relatively small
compared to the three high-rainfall sites (Figure 1I). The lower r
at LIND was most likely attributed to the slightly underestimated
ET values over the winter wheat field during 2013 (Figure 3E).

Evaluation of Annual and MGS Cumulative NEE and

ET by Site-Year
Two site-years (CAF-CT 2013 and MMTN 2014) had very
comparable annual NEE magnitudes between simulations and

measurements, with differences of only 6 and 38 g C m−2

for CAF-CT and MMTN, respectively. For the remaining 12
site-years, CropSyst underestimated the CO2 sink strength or
overestimated the CO2 source amount by an annual difference
of 63–461 g C m−2 (Figure 4A). This annual difference range
was greater than the uncertainties in the measured annual
NEE (6–47 g C m−2 year−1). In terms of determining if a site
was a net CO2 sink, source, or neutral over an annual basis,
the modeled results were consistent with the measurements
for 8 out of 14 site-years. However, CropSyst did a better
job on estimating the MGS cumulative NEE than the annual
NEE (Figure 4B). The differences in the MGS-cumulative NEE
between CropSyst and eddy covariance were 95–303 g C m−2

and the model showed agreement with the measurements for all
the growing seasons, where both simulations and measurements
indicated these sites were all net CO2 sinks during the MGS
(Figure 4B).

With respect to simulating the annual ET, the model
performed well for 10 out of 14 site years with a small
difference (2–7%) between the CropSyst simulations and the
eddy covariance measurements (Figure 4C). A relatively greater
annual ET difference (10–24%) was found at MMTN for all
3 years and at LIND during 2015. Differences in the MGS-
cumulative ET between simulations and measurements varied
greatly with sites and crops, and ranging between 1% and 31%.
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FIGURE 2 | CropSyst modeled and field measured above-ground biomass carbon content at LIND (A), CAF-NT (B), CAF-CT (C), and MMTN (D). WW,

winter wheat; SG, spring garbanzo; SC, spring canola; SB, spring barley; SP, spring pea.

Simulations for the MGS-cumulative ET had better agreement
(1–6% difference) with the measurements for the winter wheat
fields at CAF-NT and CAF-CT, as well as the spring canola field
at CAF-CT. While for the remaining 8 site-years, the modeled
MGS-cumulative ET was smaller than the measured values by
a MGS difference of 13–27%. Uncertainties due to random
measurement errors and gap-filling uncertainty in the measured
annual ET were around 2mm year−1, accounting for a very small
portion of annual ET (<1%).

Seasonal and Inter-Annual Variabilities of
Modeled Carbon and Water Fluxes
CropSyst was also used to simulate other flux components to
assess the seasonal and inter-annual variabilities of carbon and
water budgets at each site. The simulated carbon (NEE, Reco,
and GPP) and water (ET, E, and T) fluxes showed a typical
seasonal pattern of larger magnitudes during the MGS and
lower fluxes during the oMGS at each site (e.g., Figures 5, 6).
As a result of CropSyst stomatal-related flux components (GPP
and T) being set to zero prior to seeding, after harvest, and
during fallow, NEE and ET were equivalent to the non-stomatal
parameters, Reco (or Rh) and E, and all sites were small net CO2

sources and water was lost into the atmosphere directly during
these periods. During the MGS, NEE (or ET) was affected by
both GPP (or T) and Reco (or E) at all sites with GPP (or T)
contributing the most (e.g., Figures 5, 6). By averaging all the
non-fallow years, 96% of GPP and 99% of T occurred during

the MGS. For Reco and E, the MSG fractions were 67% and 22%,
respectively.

The inter-annual variabilities of carbon and water fluxes were
greatly dependent on crop rotations and water availability at each
site. The crops grown at the four sites encompassed typical crop
rotations for the iPNW region: winter wheat-spring crops and
winter wheat-tillage fallow (Table 1). Winter wheat generally had
larger flux magnitudes compared to the spring crops (i.e., canola,
garbanzo, barely, and pea; e.g., Figures 5, 6). Due to the different
annual rainfall amounts, the high-rainfall sites (CAF-NT, CAF-
CT, and MMTN) always had relatively larger magnitudes of
carbon andwater fluxes compared to the low-rainfall site (LIND),
regardless of crop species (e.g., Figures 7, 8).

Among the 14 site-years of carbon flux simulations, the
CropSyst model showed that all the spring crop fields and
the tillage fallow years were net carbon sources or close to
carbon neutral over an annual basis, with an annual NECB
ranging from −327 to −3 g C m−2 (Table 5). The annual
NECB for the winter wheat fields ranged from 92 to −17 g
C m−2, suggesting either net carbon sinks or near carbon
neutral annually. As the ratio of T/ET is one index indicating
the proportion of water utilized for crop growth, the CropSyst
water budgets implied that less water was utilized by crops
than directly lost into the atmosphere at the high-rainfall
spring crop fields and the low-rainfall site, with the annual
T/ET less than or close to 0.5. While for the high-rainfall
winter wheat fields, their annual T/ET values were >0.6
(Table 5).
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FIGURE 3 | CropSyst and eddy covariance monthly net ecosystem exchange of CO2 (NEE, A–D) and evapotranspiration (ET, E–H) at four sites from October

2011 to September 2015.

Carbon and Water Budgets at No-Till and
Conventional Tillage Sites
The simulated annual NECB suggested that the no-till site
was a slightly smaller net carbon source over the spring
garbanzo field (−132 vs. −201 g C m−2) but was a stronger
carbon source over the spring canola field (−327 vs. −104 g

C m−2), compared to the conventional tillage site (Table 5).
For winter wheat field, the no-till site was a net carbon
sink (61 g C m−2) while the tilled site was close to carbon
neutral (−17 g C m−2). Over the three water years, the
average annual NECB differed by 25 g C m−2 between the two
sites.
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FIGURE 4 | CropSyst and eddy covariance annual (A,C) and main growing season (MGS, B,D) cumulative net ecosystem exchange of CO2 (NEE) and

evapotranspiration (ET) for each site-year. Error bars are the uncertainties in the eddy covariance annual NEE (A).

Comparing the carbon simulations between the two sites
(CAF-NT and CAF-CT), major differences in their carbon
budgets were attributed to the oMGS Reco and the MGS GPP
(Figure 5). The CropSyst results showed that the no-till site
had comparable annual Reco during the 2013 spring garbanzo
year, 55 g C m−2 lower annual Reco during 2014 (winter wheat),
and 152 g C m−2 greater annual Reco during 2015 (spring
canola), compared to the conventional tillage site (Figure 5E,
Table 5). Respiration simulations over the spring garbanzo field
showed that the no-till management practice resulted in an
increased amount of Ra but a comparable reduced amount
of Rh compared to the conventional tillage scenario runs.
For winter wheat, the no-till site had both smaller Ra and
Rh compared to the conventional tillage site by an annual
difference of 23 and 32 g C m−2, respectively (Table 5). While
for spring canola, the modeled results suggested that the no-
till practice enhanced Reco with larger contributions by Rh
rather than Ra. Due to the large Reco difference over the
spring canola fields, the mean annual Reco only differed by
32 g Cm−2 yr−1 (5%) between CAF-NT and CAF-CT over a
3-year crop rotation of spring garbanzo-winter wheat-spring
canola. Based on the paired t-test, Reco and Rh were significantly
different (p < 0.05) during 2015 over the spring canola field
(Table 5).

Differences in the modeled GPP and EXP varied with crop
rotations. During the 2013 spring garbanzo year, the modeled
GPP did not differ much between the two sites and CAF-NT
had 41 g C m−2 lower EXP compared to CAF-CT. During 2014
and 2015, the conventional tillage site had more negative GPP
throughout the two growing seasons and eventually had 66
and 79 g C m−2 more carbon uptake and 89 and 8 g Cm−2

greater EXP relative to the no-till site for winter wheat and
spring canola, respectively (Figures 5C,F, Table 5). The GPP
and EXP differences in winter wheat and spring canola between
the two tillage practices were also noticeable in the biomass
measurements (Figure 2). During the end of the growing seasons
for spring garbanzo and spring canola, CAF-NT was harvested
1-to-2 weeks later than CAF-CT and therefore resulted in a
slightly longer growing simulation period compared to CAF-CT
(Figure 5C).

The simulated ET, E, and T was not significantly different
(p > 0.05) between CAF-NT and CAF-CT over the three water
years (Table 5). For spring garbanzo and winter wheat, the
modeled annual sums of ET, T, and E were similar at the two
sites (Figure 6). While during 2015 (spring canola), CAF-CT
had 36 mm greater annual ET than CAF-NT, primarily a result
of the higher annual T (Table 5, Figures 6D–E). As a result,
CAF-NT and CAF-CT had very similar T/ET ratios for spring
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FIGURE 5 | CropSyst daily (A–C) and cumulative (D–F) net ecosystem exchange CO2 (NEE), total ecosystem respiration (Reco), and gross primary productivity

(GPP) at the no-till (CAF-NT) and the conventional tillage (CAF-CT) sites from October 1, 2012 to September 30, 2015. Daily mean air temperature (Tair) was only

plotted for CAF-NT to represent the general temperature conditions at CAF.

garbanzo and winter wheat and CAF-CT had a slightly greater
ratio for spring canola. Even though the annual water budgets
did not vary much between the two sites, there were some subtle
differences in each water flux component illustrated in the daily
step simulations (Figure 6). For instance, CAF-CT had greater E
compared to CAF-NT during some of the oMGS rainfall events
(Figure 6B). Several small differences in T were mostly seen
during the winter wheat growing season; for example, T at CAF-
CT was higher than CAF-NT during the early growth stages,
but slightly lower during the later MGS (Figure 6C). These small
differences in T also corresponded with the GPP patterns.

Carbon and Water Budgets at Low- and
High-Rainfall Winter Wheat Fields
Winter wheat was grown at both high- and low-rainfall sites
(MMTN and LIND) during 2015. All CropSyst carbon and water
flux components differed greatly between MMTN and LIND,
with Reco, GPP, ET, and T significantly different (p < 0.05)
between the two sites (Table 5). Limited by the water availability,
the magnitude of Reco was much smaller at LIND compared to
MMTN over the entire water year (Figures 7B,E), thus resulting
in 492 g C m−2 lower annual Reco relative to MMTN (Table 5).
The rainfall influence on the simulated Reco was relatively small
during the oMGS, as respiration rates were primarily inhibited

by the low air temperature during this period. While during the
MGS, themodeled Reco at LINDwas<30% of the Reco atMMTN,
which was mostly attributed to the different rainfall amounts at
the two sites, even though the majority of the rainfall occurred
during the oMGS (Figures 7B, 8B). Similar to the Reco patterns at
the two sites, MMTN annual GPP (−887 g Cm−2) was estimated
to be much greater in magnitude compared to LIND (−317 g
C m−2). LIND also had a shorter growing season compared to
MMTN due to the influence of rainfall (Figure 7C). In CropSyst,
winter wheat at LIND began growing earlier and faster than
MMTN during March and April, due to the warmer weather
conditions and the stored soil water content from the previous
fallow year (Figure 7C). Influenced by both Reco and GPP flux
components, winter wheat at MMTN had a larger annual NEE
magnitude (−177 g C m−2), compared to LIND (−99 g C m−2).
In terms of EXP simulations, the high-rainfall site obtained a
much higher crop yield (114 g C m−2) compared to the low-
rainfall site (39 g C m−2). Combining annual NEE and EXP
together, over the water year of 2015, both sites were estimated
as net carbon sinks with a similar annual NECB magnitude, 60
and 63 g C m−2 for LIND and MMTN, respectively.

In 2015, the simulated annual ET was 229 and 475 mm at
LIND and MMTN, respectively, with an annual T difference
contributing the most (Table 5). From October 2014 to March
2015, the cumulative ET did not vary much between the two sites
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FIGURE 6 | CropSyst daily (A–C) and cumulative (D–F) evapotranspiration (ET), soil water evaporation (E), and crop transpiration (T ) at the no-till (CAF-NT) and the

conventional tillage (CAF-CT) sites from October 1, 2012 to September 30, 2015. Daily precipitation measurements were only plotted for CAF-NT to represent the

general precipitation conditions at CAF.

and the slightly higher ET at MMTN was primarily attributed to
the relatively higher E flux component (Figures 8D,E). Starting
in April 2015, T increased quickly at LIND as a result of earlier
crop growth compared to MMTN and therefore resulted in a
comparable cumulative ET to MMTN in May 2015 (Figure 8D).
However, starting in June, both cumulative T and E started
increasing at MMTN, while water fluxes at LIND remained
nearly constant due to the dry conditions and the short growing
season. The estimated T/ET ratio was 0.34 and 0.61 for LIND
and MMTN, respectively, with a higher fraction of water directly
evaporating into the atmosphere at LIND.

DISCUSSION

Model Performance and Evaluation
Through model evaluations for all 14 site-years, we found that
CropSyst performed well for simulating biomass and water
budgets, as well as determining if a site was an annual carbon
sink or source. Therefore, CropSyst can provide reliable daily,
annual, and long-term simulations for agricultural carbon and
water dynamics over a field-scale.

Overall, the model had better performance for CAF-NT and
CAF-CT sites, compared to LIND and MMTN. Both CAF-
NT and CAF-CT are located at the research site operated by
Washington State University (WSU), vs. the LIND and MMTN

sites that are managed by local growers cooperating with WSU.
As a result, the more detailed site-specific management practices,
such as seeding and harvest dates, tillage types and depths, and
fertilization types and rates, were available at CAF-NT and CAF-
CT compared to the other two sites. These management practices
greatly affected the carbon and water budgets, as the inter-
annual variability of carbon and water fluxes is mainly driven by
these indirect effects (e.g., the altered soil microbial community
by tillage), rather than the direct effects from the short-
term environmental forcing, such as temperature and moisture
(Chu et al., 2016). Additional conditions that may contribute
to reduced model performance include site history, which is
critical for setting the model initial conditions (e.g., soil organic
matter and residue contents). This model input information
should ideally be based on specific field measurements, which
was partially available at CAF-NT and CAF-CT in this study.
Uncertainties in the initial SOC and residue conditions affected
the Rh simulations and thus carbon budget simulations in
CropSyst.

Because CropSyst does not provide Ra simulations directly,
Ra was estimated based on simulated biomass production and
coefficients of growth and maintenance respiration per unit of
biomass produced. Therefore, Ra simulations are sensitive to the
values chosen for the respiration coefficients. Due to the lack
of specific crop variety information, crop parameters were set
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FIGURE 7 | CropSyst daily (A–C) and cumulative (D–F) net ecosystem exchange of CO2 (NEE), total ecosystem respiration (Reco), and gross primary productivity

(GPP), at the low-rainfall (LIND) and high-rainfall (MMTN) winter wheat fields during the water year of 2015. Daily air temperature (Tair) was only plotted for LIND.

identically for the same crop species at all sites. For example,
crop parameters for winter wheat were the same for CAF and
MMTN, resulting in earlier simulated maturity of winter wheat
at MMTN and insufficient accumulation of biomass at harvest
compared to the measurements. Adequate information for crop
model parameterization reduces sources of modeling uncertainty
(Confalonieri and Bechini, 2004; Singh et al., 2013). One known
weakness of this work is the lack of CropSyst simulations of weed
growth during the oMGS or the fallow periods at all sites, which
contributed to an underestimated carbon sink strength during
these periods. Particularly during the fallow years, there was an
important amount of carbon uptake by weeds with an annual
GPP of−519± 21 g C m−2 (Waldo et al., 2016).

Uncertainty related to the input parameters may be even
larger for some crops that have not been well studied (e.g.,
spring garbanzo or canola), but this can be improved by model
validation and calibration using more measurement data over
multiple cropping systems. On the other hand, uncertainties in
the eddy covariance measurements may also affect the model
performance evaluation, such as gap-filling uncertainties and
uncertainties during stable and calm nighttime conditions.

Tillage Practice Effects on Annual
Cropping Area
CropSyst was used to assess the tillage effects on carbon and
water budgets in this study. The simulations for the paired
till and no-till sites had identical model inputs (e.g., crop

species, meteorological variables, and seeding rates) with the
exceptions of soil conditioning indices and initial conditions for
soil organic matter. The different settings for soil conditions
were used to account for the tillage effects within CropSyst
(Stöckle et al., 2012). As few monitoring studies have been
done to investigate the long-term tillage effects on carbon and
water budgets, the CropSyst simulations provide an insight of
the feasibility of implementing a certain tillage practice over
different crop species. The modeled results showed that the
difference in the mean annual NECB between CAF-NT and
CAF-CT was relatively small and within the uncertainty range
of both model simulations and eddy covariance measurements
over agricultural ecosystems. The measurement uncertainty in
annual carbon budgets is in the range of 18–50 g C m−2 (e.g.,
Béziat et al., 2009; Schmidt et al., 2012; Chi et al., 2016; Waldo
et al., 2016) and the modeling uncertainty is even larger, 50–
110 g C m−2 in annual carbon budget or 10–15% in grain yields
(Rotter et al., 2012; Chen et al., 2015). Therefore, differences
in the long-term averaged carbon budgets between no-till and
conventional tillage practices may become less significant under
the crop rotations of winter wheat-spring crops in the long
run.

By investigating the tillage effects on each carbon flux
component over different crops, CropSyst showed greater crop
yields for spring garbanzo, winter wheat, and spring canola
associated with the conventional tillage practice, most likely
resulting from precipitation interception by the residue cover in
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FIGURE 8 | CropSyst daily (A–C) and cumulative (D–F) evapotranspiration (ET), soil water evaporation (E), and crop transpiration (T ) at the low-rainfall (LIND) and

high-rainfall (MMTN) winter wheat fields during the water year of 2015. Daily precipitation data were only plotted for LIND.

TABLE 5 | CropSyst annual carbon (g C m−2) and water (mm) budgets for 14 site-years.

2012 2013 2014 2015

LIND CAF-NT LIND CAF-NT CAF-CT MMTN LIND CAF-NT CAF-CT MMTN LIND CAF-NT CAF-CT MMTN

(TF) (WW) (WW) (SG) (SG) (SB) (TF) (WW) (WW) (SP) (WW) (SC) (SC) (WW)

Reco 142 734 314 445 446 552 119 821 876 361 218b 749a 597a 710b

Ra 0 464 195 181 154 186 0 441 464 182 122b 227 210 383b

Rh 142 270 119 264 292 366 119 380 412 179 96b 522a 387a 327b

GPP −1 −1190 −470 −361 −334 −513 −1 −1108 −1174 −438 −317b −498 −577 −887b

NEE 141 −456 −156 84 112 39 118 −287 −298 −77 −99 251a 20a −177

EXP 0 364 80 48 89 192 0 226 315 80 39 76 84 114

NECB −141 92 76 −132 −201 −231 −118 61 −17 −3 60 −327 −104 63

ET 223 580 316 394 391 381 171 515 518 386 229b 406 442 475b

T 0 357 126 134 134 166 0 312 323 172 77b 190 225 288b

E 223 223 190 260 257 215 171 203 162 214 152 216 217 187

Precip 250 496 278 539 539 584 175 455 455 536 208 467 467 793

T/ET 0 0.62 0.40 0.34 0.34 0.44 0 0.61 0.62 0.45 0.34 0.47 0.51 0.61

asignificant difference between CAF-NT and CAF-CT (p < 0.05).
bsignificant difference between LIND and MMTN (p < 0.05).

TF, tillage fallow; WW, winter wheat; SG, spring garbanzo; SB, spring barley; SP, spring pea; SC, spring canola. NT, no-till; CT, conventional tillage. EXP, carbon content in the exported

harvest materials. Precip, precipitation.

no-till practice, decreasing the amount of water reaching the soil.
Similar results were also found in other studies (Dalrymple et al.,
1993; Rasmussen et al., 1997; Kettler et al., 2000; Lopez-Bellido
et al., 2000; Rieger et al., 2008; Ogle et al., 2012).

The no-till benefits of reduced Reco and Rh over the spring
garbanzo and the winter wheat fields was primarily due to the
fact that no-till practice reduces soil-residue contact, and slows
down SOC oxidation and residue decomposition (Kessavalou
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et al., 1998; Koga et al., 2003; Dong et al., 2008; Li et al., 2010;
Chang et al., 2013; Gollany, 2016; Hu et al., 2016; Lu et al., 2016).
Comparing CropSyst to the DayCENT model showed that over
the winter wheat field, the Rh difference between the two sites
in CropSyst is comparable to the DayCENT model simulations
as reported by Chang et al. (2013). However, CropSyst results
showed that no-till management practice resulted in increased
Reco for spring canola and almost identical Reco for spring
garbanzo, indicating that crop rotations also affected agricultural
CO2 emissions, especially during the growing season (Omonode
et al., 2007). As there were very few studies in the literature
review related to tillage impacts on CO2 emissions from the
spring garbanzo and the spring canola fields, the only available
comparison was with Reco modeled based on corresponding
eddy covariance NEE and other data. The Reco derived from
the measurements showed that the no-till site had a significant
lower annual Reco compared to the conventional tillage over the
spring garbanzo field (Chi et al., 2016) and the spring canola field.
Therefore, more studies on tillage impacts on Reco over spring
crops are needed to validate the modeling results. In summary,
the modeled results suggested that no-till can either increase or
decreaseReco, greatly depending on crop species. As the increased
Reco by no-till practice for spring crops offset the reduced Reco
over winter wheat field, the model showed the mean annual
Reco did not vary much between the two tillage sites over the
three water years. A similar finding was also reported in Campos
et al. (2011) where they found no significant difference in annual
average CO2 emissions between tilled and no-till systems.

Comparing the simulated daily Reco between the two sites
over the course of three water years, the Reco at the conventional
tillage site reactedmore intensely to the rainfall events, which was
presumably due to the “Birch Effects”, where rainfall events after
a drought period can induce respiration pulses (Birch, 1958).
This was also found in other studies, such as Fierer and Schimel
(2003), Jarvis et al. (2007), Unger et al. (2010), and Ma et al.
(2012). The impact of rainfall events under no-till management
is somewhat reduced due to residue interception of rainfall,
particularly with infrequent and low amount rainfall events.
Higher Reco at the conventional tillage site after each seeding
event was attributed to the enhanced Rh under the warmer and
tilled soil conditions, which was also observed in other studies
(Dwyer et al., 1995, 1996; Ben Moussa-Machraoui et al., 2010;
Derpsch et al., 2010; Aziz et al., 2013).

The similar modeled water budgets at the two sites suggested
that tillage practices had insignificant effects on ET, which has
also been found over different crop fields, such as winter wheat,
spring garbanzo, canola, corns, and soybean (Borstlap and Entz,
1994; Tan et al., 2002; Liu et al., 2013; Zhang et al., 2013; Guan
et al., 2015; Chi et al., 2016). Daily E differences between the two
sites were a good indicator of how the different soil conditions
affect the direct water losses from the soil surfaces. Similar to
the previous studies, we found that during the oMGS rainfall
events, the simulated E was suppressed by the residue cover layer
at the no-till site compared to the bare and disturbed soils at
the conventional tillage site (Salado-Navarro and Sinclair, 2009;
van Donk and Klocke, 2012; Wang et al., 2014). This amount of
reduced E at CAF-NT was mostly affected by rainfall frequency

rather than rainfall amounts, which was also supported by van
Donk et al. (2010) where they found the different magnitude
in E between residue-covered and bare soils increased during
the infrequent and light rainfall events. One example of this
is the September 2015 rain events on the 6, 17, and 18th
(10.2, 1.5, and 4.6 mm rainfall, respectively) that resulted in the
largest difference in simulated E between CAF-NT and CAF-
CT (Figure 6B). The simulated daily T was only influenced by
tillage practices during the winter wheat growing season and the
difference between CAF-NT and CAF-CT was consistent with
the finding in Guan et al. (2015) where they concluded that ET
(mostly T during MGS) under tilled conditions was greater than
ET under no-till from seeding to flowering stages, but smaller at
the ripening stage.

Rainfall Effects on Winter Wheat Fields
In 2015, winter wheat was grown at the low- and high-rainfall
sites (LIND and MMTN), and comparing the CropSyst results
between these two sites provided a direct comparison of carbon
and water budgets between different rainfall zones in the iPNW
region during the same year. Through validating the model
performance for assessing the rainfall effects, CropSyst can
be applied to study the impacts of future climatic conditions
on the field-scale carbon and water cycling. As expected, the
high-rainfall area had greater winter wheat crop yield and
the limited rainfall in the crop-fallow area greatly restricted
crop productivity (Musick et al., 1994; Lindwall et al., 1995).
Large rainfall amounts and frequent rainfall events increased
the simulated Reco by enhancing Rh during the oMGS and Ra
during the MGS at MMTN. The frequent rainfall events during
the oMGS greatly enhanced soil microbial activity under the
disturbed soil conditions at MMTN, which was also observed
by Calderon and Jackson (2002); Zhou et al. (2006); Jiang et al.
(2013), and Gong et al. (2015). In addition, MMTN had sufficient
water for winter wheat growth, therefore Ra was also much
higher compared to LIND where both crop growth and crop
respiration were limited by the dry summer. On an annual
basis, both sites were net carbon sinks with a comparable NECB
magnitude. Higher yields at MMTN enhanced GPP, but larger
soil (higher SOC content) and crop (higher biomass) respiration
offset GPP and resulted in a relative smaller NEE compared
to other high-rainfall winter wheat fields. However, the larger
amount of residues produced at MMTNmaintained a larger SOC
stock.

Based on Liu et al. (2002), the average total water consumption
for winter wheat is approximately 450 mm assuming no water
stress conditions. The amount of water available at LIND during
2015 was only half of this, even though LIND stored some soil
water content from the previous fallow year. According to the
CropSyst results, winter wheat was growing under water stress
conditions at LIND during 2015, therefore resulting in a much
smaller annual ET compared to MMTN and the average value
(450 mm). Because of sufficient rainfall during 2015, annual ET
at MMTN was comparable to the average water consumption
of winter wheat. Based on the difference between annual ET
and annual precipitation at MMTN, more than 40% of annual
rainfall amount was either stored in the soil or lost via surface
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runoff. According to the field measurements during 2013–2015,
the average runoff was typically <10% of the precipitation and
the year of 2015 had 71 mm (9%) surface runoff.

Due to the water stress at LIND, T/ET was significantly lower
compared to other studies on winter wheat water use efficiency,
where annual T typically accounts for 60–75% of annual ET
(Gregory et al., 1992; Liu et al., 2002; Sun et al., 2006; Chen
et al., 2010; Aouade et al., 2016). More than 60% of ET was
estimated to be lost directly into the atmosphere, which was
likely due to the less dense crop coverage at LIND compared
to MMTN (seen in the biomass measurements and the time-
lapse camera), as E typically increases with the winter wheat row
spacing (Sun et al., 2006; Chen et al., 2010). T/ET at MMTN
was within the average water use efficiency range (0.60–0.75),
with the majority of evaporation occurring during the early MGS
(March and April). Therefore, the seasonal rainfall distribution
also greatly affected the annual water budget and water use
efficiency.

CONCLUSIONS

Compared to the eddy covariance measurements, the CropSyst
model performed well in simulating NEE and ET at all sites
with an overall r of 0.78 and 0.80 and a RMSE of 1.82 gC
m−2 d−1 and 0.84 mmd−1, respectively. Overall, the model
slightly underestimated the carbon sink strength and the total
water consumption by 0.51 g C m−2 d−1 and 0.09 mmd−1,
respectively. Carbon budget simulations showed that the winter
wheat fields in the iPNW region were either net carbon sinks or
near carbon neutral (NECB, 92 to−17 g Cm−2), while the fallow
site and the spring crop fields were net carbon sources or neutral
(NECB,−327 to−3 g Cm−2) over an annual basis. Annual water
budget simulations indicated that water use efficiency (T/ET) was
significantly lower over the spring crop fields and the low-rainfall
winter wheat field (0.34–0.51), compared to the high-rainfall
winter wheat fields (0.61–0.62).

The seasonal and inter-annual variability of carbon and water
budgets also agreed well with the eddy covariance measurements.
The inter-annual variations of each flux component were greatly
affected by crop rotations and meteorological conditions, with
winter wheat and high-rainfall sites typically having larger
magnitudes of carbon and water fluxes, compared to the spring
and the low-rainfall site.

CropSyst output was used to assess the impacts of tillage
practices and rainfall on agricultural carbon and water

budgets in the iPNW region. The modeled results suggested
that no-till practice resulted in lower carbon losses from
the winter wheat and spring garbanzo fields but higher
CO2 emissions from the spring canola field compared to
the conventional tillage. Tillage practices showed varied
effects on crop yields, strongly depending on crop species.
Therefore, more studies will be needed to further investigate
the tillage effects on different crop species. Water budget
simulations did not differ significantly between the two tillage
systems. Compared to the low-rainfall winter wheat field,
the high-rainfall site obtained greater winter wheat crop
yield and higher water use efficiency but had higher CO2

emissions.
In summary, the CropSyst model can be used as a

practical tool to assess the field-scale carbon and water
budgets. Future work associated with improving the model
performance for site-specific simulations includes using more
detailed management practices as model input, calibrating the
model with measurements over various crop species, obtaining
adequate model initial conditions for each site-year.
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