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A B S T R A C T   

The vast majority (82 %) of the earth’s cultivated area is not irrigated, and half is in semi-arid regions where 
water tends to limit crop growth. In dryland semi-arid agroecosystems, any precipitation not transpired indicates 
crop yield that is below potential. Precipitation that is partitioned to deep percolation can transport nitrate out of 
the root zone, reducing nitrogen use efficiency and potentially contaminating groundwater. To mitigate loss of 
crop yield to drought, the practice of chemical summer-fallow (suppressing plant growth for a full growing 
season with herbicide) has been common in semi-arid regions to store water for the following growing season. 
However, precipitation losses during fallow tend to exceed the amount of precipitation stored, and fallow tends 
to increase nitrate leaching. We present model simulations informed by field observations that explore the 
interaction of crop rotation, weather, and soils as controls on precipitation partitioning and nitrate leaching. 
Simulations reveal that high intensity precipitation periods produce hot moments of deep percolation and nitrate 
leaching such that 54 % of deep percolation and 56 % of leaching occurs in two of 14 model years. Simulations 
indicate that thin soils (having limited water storage capacity) produce hot spots for deep percolation and nitrate 
leaching such that thinner soils (<25 cm) experience water and nitrate loss rates five to 16 times higher than 
thicker soils (>100 cm). The practice of fallow facilitates mineralization of soil organic nitrogen to nitrate and 
increases deep percolation, magnifying the interaction of hot moments and hot spots. Simulations suggest that a 
field with fallow in rotation once every three years experiences 55 % of its deep percolation and 43 % of its 
leaching losses during fallow years.   

1. Introduction 

Fifteen million square kilometers of the earth’s surface is cultivated 
(Ramankutty et al., 2008). Of that cultivated area, 82 % is not irrigated 
(Siebert et al., 2005), and approximately 50 % is in semi-arid regions 
(Ramankutty et al., 2008; Safriel and Adeel, 2005). Definitions vary, but 
the climate is generally considered semi-arid where annual precipitation 
is approximately 20–50% of potential evapotranspiration, and the re-
gions classified as semi-arid are expanding with global-scale changes in 
climate (Huang et al., 2016). Without irrigation (dryland), crops grown 
on cultivated lands in semi-arid areas tend to be water limited, meaning 
that partitioning of precipitation to evaporation, overland flow, and 
percolation below the root zone can result in crop yields below potential 

(Rockstrom and Falkenmark, 2000). This yield gap between actual and 
potential crop production is a loss of economic opportunity and more 
generally inhibits the ability to meet the challenges of feeding a growing 
human population (Cassman et al., 2003; Nielsen et al., 2005; Foley 
et al., 2011). Deep percolation may also transport nutrients out of the 
root zone, simultaneously reducing nitrogen (N) use efficiency and 
potentially degrading downgradient water quality (Spalding and Exner, 
1993; Goulding, 2000; Di and Cameron, 2002; Smith, 2003; Tesoriero 
et al., 2013; Sigler et al., 2018). Cropping system management can in-
fluence efficient use of both water and N in food production, by regu-
lating water storage and movement in soil. Thus, improved 
understanding of the interactions of dryland cropping systems with 
water and solute dynamics in soils is required to achieve reliable crop 
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yields and protection of water resources. 
In semi-arid agricultural regions like the northern Great Plains of 

North America, chemical summer-fallow (fallow) is a common rota-
tional practice of using herbicide to suppress plant growth over a full 
growing season to encourage water storage in the soil for crops grown 
during the subsequent year. Fallow practices strongly influence the 
partitioning of water and N in soils. Water stored in the rooting zone 
during fallow periods can mitigate risk of poor yields due to drought 
during the following season (Nielsen et al., 2002, 2005; Lawrence et al., 
2018). However, extended periods of higher soil water content during 
fallow may also promote in-soil formation if nitrate with decomposition 
of soil organic matter, creating conditions primed for loss of both water 
and nitrate from the root zone (John et al., 2017). The benefit to yield 
resulting from water storage during fallow is quantified as the fraction of 
stored precipitation available for use by the subsequent crop (precipi-
tation storage efficiency; PSE). Since the adoption of no-till and 
crop-residue management practices starting in the 1970s, the maximum 
PSE value observed in the Great Plains region has been ca. 40 %, but PSE 
is commonly less than 20 % (Peterson et al., 1996; Farahani et al., 1998; 
Nielsen et al., 2005). In addition to increasing subsequent yields, 
enhanced soil water content during fallow periods facilitates ammoni-
fication of soil organic N rapidly followed by nitrification of ammonium 
to nitrate, which we collectively term mineralization. Mineralization 
provides an added N supply available to the following year’s crop, but 
mineralized nitrate may also be lost to leaching when subsequent pre-
cipitation exceeds the field capacity of the soil. In our study area of 
dryland wheat production in central Montana, Sigler et al. (2018) found 
evidence that fallow strongly influenced nitrate leaching rates estimated 
to be 11–18 kg N ha− 1 yr− 1 for a 260-km2 terrace landform. In a com-
panion study examining soil mass balance, John et al. (2017) found 
higher nitrate leaching (nitrate-N loss) rates at the field scale (ca. 80 
acres or 0.32 km2) post-fallow in a fallow-wheat sequence (54 kg N ha− 1 

yr− 1) than post-pea in a pea-wheat sequence (18 kg N ha− 1 yr− 1). 
Similarly, in another study of crop management in semi-arid systems, 
Campbell et al. (2006) found higher nitrate leaching rates over a 37-yr 
period with a wheat-fallow rotation (ca. 5 kg N ha− 1 yr− 1) than with a 
continuous cropping rotation (ca. 0 kg N ha− 1 yr− 1). Characterizing the 
connections between fallow practices and nitrate leaching in dryland 
systems requires holistic understanding of the coupling of soil water and 
N dynamics. This understanding in turn can inform land management 
decisions that influence the efficiency of water and nutrient use by crops 
in dryland agriculture. 

Research on N dynamics and plant use efficiency in agricultural soils 
has been extensive, but we are aware of few studies that have integrated 
variation in crop rotation, soil properties, and weather to identify the 
particular times and places where water and N are not being used effi-
ciently. Field trials have been conducted for decades to explore the ef-
fects of fallow on precipitation use efficiency in the Great Plains region 
(Farahani et al., 1998; Anderson et al., 1999; Nielsen and Vigil, 2017), 
and to a lesser degree, field trials have investigated the effects of fallow 
on nitrate leaching (Campbell et al., 2006; John et al., 2017). The few 
related studies that have used modeling approaches have focused on 
predicting yield and water use for various crop rotations (Anapalli et al., 
2005; Saseendran et al., 2010). Modeling work has yet to address in-
teractions of crop rotation, weather, and soils as controls on precipita-
tion partitioning and nitrate leaching in the context of water quality 
implications. This gap in the literature underscores our limited under-
standing of the vulnerability of these agroecosystems to the increasing 
pressure for intensified agricultural production in a changing climate 
(Cassman et al., 2003; Lanning et al., 2010; Siebert et al., 2010). 

Our objective in this work was to employ a hydrologic model 
informed by field data to explore how changes in evapotranspiration 
(ET) due to fallow practices interact with variable soil depths and 
weather patterns to control nitrate leaching via episodic deep percola-
tion. Soils were characterized by combining soil pit observations with 
aerial imagery and SSURGO data. A one-dimensional soil water model 

based on Richard’s equation (Hydrus-1D v4.16; Simunek et al., 2013; 
Šimůnek et al., 2020) was used to characterize precipitation partitioning 
and nitrate leaching across a combination of crop rotation and soil water 
holding capacity scenarios for a 14-yr period in the Judith River 
Watershed, central Montana (Fig. 1). Results from this deep percolation 
modeling based approach were compared to previous estimates of ni-
trate leaching from companion studies, which estimated leaching rates 
based on N mass balance at the field scale (John et al., 2017) and water 
plus nitrate flux at the landscape scale (Sigler et al., 2018). We hy-
pothesize that the reduction of ET by fallow practices increases soil 
water storage and mineralization of soil organic N. While these stored 
resources can benefit the subsequent crop, they also hydrologically 
prime soils for higher rates of deep percolation and biogeochemically 
prime soils for nitrate leaching in response to springtime precipitation 
the following year. More generally, we suggest that long-term use of 
fallow rotations is effectively a manipulative experiment that has 
created a shifting mosaic (Bormann and Likens, 1979) within dryland 
agroecosystems, where the larger-scale water and N budgets of the 
landscape emerge from an interaction of “hot spots” defined by areas 
with shallow soils and “hot moments” defined by periods of rain on soils 
primed for water and nitrate loss (McClain et al., 2003). We therefore 
hypothesize that the overlap of these key locations and key events for 
water and N transport has created predictable ecological control points 
(Bernhardt et al., 2017) that are the primary determinants of N use in-
efficiency of the agroecosystem as a whole. 

2. Methods 

2.1. Study area and cropping practices 

The study area (Fig. 1) is located within the Judith River Watershed 
(HUC 10040103), which drains 7200 km2 of central Montana into the 
Missouri River. Near the center of the study area, mean annual precip-
itation at the Montana State University Central Agricultural Research 
Center (CARC) is 39 cm (1909–2016 period of record at Western 
Regional Climate Center Station: WRCC 245761), with 37 % of mean 
annual precipitation occurring in May and June (Fig. 2). Precipitation 
measured during non-freezing months at fields selected for this study 
ranged from 50 to 140 % of the values reported for the WRCC gage at 
CARC between 2012 and 2014 (Sup Fig. 2.1a). Mean annual reference 
potential evapotranspiration (rPET) at CARC is 144 cm (2001–2016 at 
Agrimet Station: MWSM), resulting in an average precipitation to rPET 
ratio of 0.26 during the 15-yr period of the Agrimet record. 

Nitrate-N concentrations in shallow aquifers recharged by infiltra-
tion through farmlands in the watershed are commonly above 20 mg L− 1 

(U.S. EPA drinking water standard: 10 mg L− 1; Ward et al., 2005), and 
trends suggest concentrations approximately doubled from 1994 to 
2011 (Sigler et al., 2018; Schmidt and Mulder, 2010). These relatively 
high nitrate concentrations have been associated with the common 
practice of summer-fallow, precipitation patterns, and soil characteris-
tics (Bauder et al., 1993). Most soils overlying shallow aquifers in the 
area have relatively thin (ca. 30− 100 cm) fine-textured horizons (typi-
cally clay loams) overlying relatively coarse subsurface horizons (>40 % 
gravel/cobble), resulting in modest water holding capacity and thus 
enhancing vulnerability of underlying shallow aquifers to contamina-
tion from inefficient fertilizer use. 

Crops grown in the region are typically small grains including winter 
wheat (Triticum aestivum L.), spring wheat, and barley (Hordeum vulgare 
L.) with a year of fallow included in rotation every two to four years 
(Sigler et al., 2018). Fertilizer application rates associated with crop 
production are on the order of 60− 100 kg N ha− 1 yr− 1 (John et al., 
2017). Irrigation is not common in the area, so production tends to be 
water-limited, and variation in yields tend to vary with the distribution 
of precipitation and its storage in soils. 

Three study fields (Field A near Stanford, MT; Field B near Moccasin, 
MT; Field C near Moore, MT; Fig. 1) with similar soils were selected from 
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areas managed by collaborating farmers on three different depositional 
landforms in the study area (Fig. 1; detailed field and management de-
scriptions in John et al., 2017). Two crop rotations are addressed in this 
modeling work, based on practices currently employed in wheat pro-
duction in the region. The 3-yr rotations include winter wheat, followed 
by spring grain, followed by either fallow (“with-fallow”) or a second 
spring grain (“without-fallow”). Within each rotation are three possible 
rotational sequences, each offset by one year for a total of 6 rotational 
sequences (Fig. 3) that represent every combination of annual weather 
and crop or fallow. Crop years are delineated starting 1 April, reflecting 
approximate timing of winter wheat emergence in the area (Agrimet; 
start date for winter wheat crop coefficients), as well as initiation of 
spring grain seeding. We present results in the context of each 2-yr crop 
sequence within each rotation, designated by the field use in consecutive 
years (e.g., Fallow-Crop, Crop-Crop, Crop-Fallow), where the underlined 
descriptor indicates land use during the crop year of analysis and the 
prefix indicates land use during the previous crop year (Fig. 3). 

The without-fallow rotation simulated in this work represents a 
continuous small grain rotation, which is not generally recommended 
due to pest control issues. However, the simulation of spring grain in 
place of fallow is expected to represent roughly similar hydrologic 
behavior as other fallow alternatives such as pulse crops (e.g., pea, lentil, 
chickpea). Research suggests that pulse crops may provide more sus-
tainable diversification of crop rotations in at least some areas of Mon-
tana (Burgess et al., 2012; Miller et al., 2015). 

2.2. Spatial distribution of soil thickness (zf) 

We characterized the spatial distribution of soil architecture using a 
combination of soil maps, direct observation from soil pits, and aerial 
imagery. The pertinent soil series from the SSURGO database (USDAb) 
have well drained, fine-textured clay loam surface horizons, underlain 
by coarser textured gravely loam horizons (Sup Section 2.2). For these 
soil series and for our own soil pits, we define the thickness of fine- 
textured soil (zf) as the depth at which the fine-textured horizons tran-
sition to coarser textured subsurface horizons with more than 40 % rock. 
More than seventy soil pits were excavated and described within the 

three study fields between 2012 and 2013. Field C soils were further 
characterized using an aerial image from 24 July 2011 (USDAc), which 
depicts variable greenness across the field in a barley crop. Variation in 
greenness was hypothesized to be correlated with water availability as a 
function of zf. Soil pits were dug at 19 locations within Field C (Fig. 1) 
during fallow in 2012. The zf values observed from these pits were 
plotted versus a normalized difference vegetation index (NDVI) value 
calculated from the NAIP image for a 2-m buffer area around each soil 
pit. This relation was used to estimate the spatial distribution of zf based 
on a 1-m resolution NDVI raster. The frequency distribution of zf 
observed in soil pits and inferred from NDVI for Field C was used to 
characterize an example spatial distribution of zf to estimate field-scale 
deep percolation and nitrate leaching. 

Model results from this study were scaled using soil distribution data, 
allowing comparisons to previous landscape-scale characterizations of 
deep percolation and nitrate leaching rates for two catchments in the 
study area (Sigler et al., 2018; Fig. 1D). The scaling strategy applied 
inferred spatial distributions of zf values from SSURGO soil series 
mapped in the catchments, as well as extensive observations from soil 
pits excavated as part of this study. Soils information from SSURGO data 
compiled by Sigler et al. (2018) indicates both catchments are domi-
nantly (>80 %) comprised of Judith and Danvers soil series. Mean zf 
values for the two series were characterized based on soil series de-
scriptions (USDAa). For the purposes of a parsimonious scaling strategy, 
mean zf for the Judith series was assumed to be 61 cm, corresponding to 
the mean depth to the gravel horizon (2Bk3) and mean zf for the Danvers 
series was assumed to be 112 cm, corresponding to the minimum depth 
to the 2C horizon (Sup Table 2.2a). 

2.3. Measuring nitrate in soil 

Soils were sampled from 36 pits excavated in Fields B and C in 2012 
and 2013. Of these 36 pits, 24 were excavated and sampled in July- 
August during fallow years (fallow since harvest approximately one 
year prior), and 12 were excavated and sampled in August-September 
following harvest (four in winter wheat and eight in barley). Soil vol-
umes (1500 cm3) were sampled at 15-cm depth increments along 10 ×

Fig. 1. Study area. (A) the location of the Judith River Watershed (JRW) study area within the northern Great Plains (green) and the Mississippi Atchafalaya River 
Basin (gray outline); (B) the locations of the Moccasin terrace and towns nearest to the study fields within the JRW; (C) land use on the Moccasin terrace in 2014; and 
(D) soils and sample sites for catchments (outlined with black lines) on the Moccasin terrace. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article). 
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10 cm square columns. Total depth of sampling was ca. 120 cm, 
depending on the depth to gravel. Nitrate pools in the gravel layers were 
much lower than in the fine textured horizons and are not presented. 
Soils were weighed in the field, chilled during transport to the lab, and 
then frozen until analyzed. Solutes were extracted from weighed sub-
samples with 1 M KCl and the resulting solutions were analyzed for 
nitrate concentration by cadmium reduction and colorimetry (Lachat, 
QuickChem 8500). The mass of nitrate-N per unit area (kg N ha− 1) and 
the volume of soil water per unit area (cm) were determined using wet 
and dry mass, measured nitrate-N concentrations, and bulk density. 

Soil water sampling was conducted using tension lysimeters (PTFE/ 
silica; Prenart Equipment; Frederiksberg, Denmark). Eighteen lysime-
ters were installed in Fields B and C at the bottom of the fine-textured 
soil (depths ranging from 40 to 120 cm), and where conditions were 
representative of overall field management. Lysimeters were visited one 
to three times per month during wetter conditions. Approximately 100 
kPa of tension was applied with a hand pump to one-liter sample bottles 
attached to lysimeters and any water in the bottle was collected within 

48 h after applying the tension. A total of 550 water samples were 
collected from lysimeters over a period of four years (2013–2016). 
Samples larger than 2 mL (319 samples) were analyzed by ion chro-
matography (Dionex, ICS-2100, AS18 column) and/or cadmium reduc-
tion and colorimetry (Lachat, QuickChem 8500; Seal, QuAAtro). Nitrate 
concentrations for each lysimeter were aggregated by monthly mean. 
The threshold for outlier concentrations within each 2-yr sequence was 
calculated as three times the interquartile range (IQR) plus the value for 
the 75th percentile, and outliers above this threshold were not included 
in the analysis. Tests for differences in lysimeter nitrate concentration 
among 2-yr sequences were conducted with paired Kruskal-Wallis rank 
sum analyses using R statistical software (kruskal.test function; R 
version 3.4.3; The R Foundation for Statistical Computing, Vienna, 
Austria). 

2.4. Model description 

Simulations of soil water movement with Hydrus-1D were used to 

Fig. 2. Monthly precipitation and reference potential evapotranspiration (rPET). (A) monthly precipitation at CARC (WRCC Gage: 245761) for the modeling period 
(2001-10-01 to 2017-03-31). Symbols for top four precipitation years are noted in the legend. (B) Ratio of monthly median precipitation over monthly median rPET. 
(C) monthly rPET at CARC (Agrimet Gage: MWSM) for the modeling period. Lines within boxes are medians; boxes represent the interquartile range; whiskers extend 
to the value furthest from the median within one interquartile range of the box. 
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assess the potential response of deep percolation to crop rotation, soil 
architecture, and precipitation. Deep percolation is defined as water 
exiting the lower boundary of the model. The lower boundary of the 
model was simulated at a depth of 1.75 m so that it was deeper than 
rooting depth and was 25 cm below the deepest simulated zf value (150 
cm), to avoid possible water flux anomalies occurring near the simulated 
soil texture transition. Simulated deep percolation was multiplied by the 
median observed nitrate concentration for each 2-yr sequence to assess 
potential rates of nitrate leaching. Modeling included various rotational 
sequence and zf values applied over the model period for which daily 
meteorological data were available (2001-10-01 to 2017-03-31). The 
first 17 months of simulation were used as a spin-up period to establish 
appropriate initial conditions specific to each rotational sequence before 
the start of the 14-yr model reporting period (2003-04-01 to 2017-03- 
31). We report the mean annual results aggregated over the model 
reporting period. For all simulations, the model was driven by precipi-
tation data from the WRCC weather station and rPET data from the 
Agrimet station. Agrimet rPET values were calculated with the 
Kimberly-Monteith method, which uses an established perennial grass 
without water limitation as the reference crop (Dockter and Palmer, 
2008). Potential evapotranspiration was allocated completely to po-
tential transpiration when a crop was present and completely to po-
tential evaporation when a crop was absent. Potential transpiration rates 
for winter wheat and spring grain were calculated by scaling rPET with 
crop coefficients. Crop coefficients were calculated based on crop 
growth stage estimated from growing degree day C and the ratio of 
actual ET (measured by eddy covariance) to rPET when crops were 
growing (Sup Table 2.4b; Sup Section 2.4; Sup Figs. 2.4d and 2.4e; Vick 
et al., 2016). Potential evaporation rates were calculated by scaling rPET 
with a fallow coefficient, which was estimated as the ratio of actual ET 
(measured by eddy covariance) to rPET during fallow periods (Sup 
Fig. 2.4f). Maximum rooting depth was informed by soil pit observations 
and root growth rates were estimated as a function of cumulative 
growing degree days after seeding. The root growth rate function 

followed the approach of Thorup-Kristensen et al. (2009) with rate 
adjusted based on preliminary simulation results (Sup Table 2.4b; Sup 
Section 2.4). 

The Hydrus model was configured with two materials to simulate 
soils commonly observed in the study area: a shallow fine-textured ho-
rizon overlying a deeper coarse-textured horizon. The van Genuchten 
soil hydrology parameters used for the lower horizon were the default 
values for sand from Rosetta Lite v. 1.1 embedded in Hydrus (parameters 
listed and defined in Sup Table 2.4a). For the upper fine-textured hori-
zon, the residual water content value (θR, 0.12) was based on volumetric 
water content (VWC) measured in soils near wilting point and the 
saturated water content value (θs, 0.5) was based on porosity calculated 
from bulk density measurements (Sup Table 2.4a). A value of 0.5 was 
used for the pore connectivity parameter l (Mualem, 1976). Remaining 
van Genuchten parameters for the fine-textured horizon were set to 
default values for clay loam from Rosetta Lite v. 1.1. Volumetric water 
content at field capacity for the fine-textured soil horizon was calculated 
to be 0.33 within Hydrus according to Twarakavi et al. (2009). Deep 
percolation can occur at VWC below field capacity (Twarakavi et al., 
2009; Flury et al., 1994), but we apply a simplification and define soils 
as primed for deep percolation when simulated daily VWC (at a depth 2 
cm shallower than the zf depth) was greater than field capacity. 
Maximum soil water storage potential was estimated as the difference 
between field capacity and wilting point for the fine-textured horizon 
multiplied by zf. Precipitation storage efficiency was calculated as the 
fraction of measured annual precipitation that was not lost to modeled 
deep percolation, evaporation, or runoff in fallow years. 

The influence of fine-textured soil horizon thickness on soil water 
storage capacity and deep percolation was assessed by varying zf from 5 
to 150 cm (encompassing values observed in all but one soil pit) in in-
crements of 5 cm (30 zf values). The hydrologic effect of fallow on deep 
percolation was assessed using model scenarios simulating the six 
rotational sequences depicted in Fig. 3, such that all combinations of 
rotational sequence and annual weather were represented. Thirty zf 

Fig. 3. Crop rotations. The two crop rotations with the three associated rotational sequences of fallow (Fa), winter wheat (WW), and spring grain (SG). The first year 
for each phase is the year 2000 (for example, with-fallow phase Fa-WW-SG is fallow in 2000, 2003, 2006, etc.). The crop for each year is listed along with the 2-yr 
crop sequence in parentheses, indicating crop versus fallow for the current year (underlined) and the previous year. The gray polygons are the transpiration co-
efficients and the black lines are evaporation coefficients for scaling and dividing rPET into evaporation and transpiration. Coefficient values correspond to the y axes 
on the right side of the figure. The WW-SG-Fa rotation was fallow in 2014, which is the land use year represented in Fig. 1C where fallow fields are in black. 
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values for each of six rotational sequences produced a total of 180 model 
simulations. 

To assess whether the model produced reasonable predictions of soil 
water content dynamics, additional simulations were configured for 
comparison to field observations and coefficients of determination (R2) 
were calculated for simulated versus observed values (Sup Section 2.4). 
The sensitivity of model results was manually assessed for different 
values of: scaling of mean annual precipitation, maximum root depth, 
root growth rate, fallow crop coefficient, spring grain seeding date, crop 
development rates, and van Genuchten parameters for the fine-textured 
horizon (10 texture scenarios assessed; Sup Table 2.4e). 

3. Results 

3.1. Soil water content and soil nitrate 

Soil water contents observed during August and September of fallow 
years were consistently higher than those observed following harvest 
(Fig. 4A). Volumetric water content in fallow soils was up to 0.18 higher 
than post-harvest across 15-cm depth increments. The total water stored 
in soil to a depth of 105 cm was 10.1 cm post-harvest and 23.3 cm in 
fallow (Fig. 4A). Total nitrate-N pools (kg N ha− 1) in the top 15 cm of soil 
were seven times higher in fallow than post-harvest and total nitrate-N 
pools in deeper soils were at least three times greater in fallow than post- 
harvest for all but the deepest 15-cm increment. The total mass of soil 
nitrate-N to a depth of 105 cm was 12 kg ha− 1 after harvest and 46 kg 
ha− 1 during fallow (Fig. 4B). Apparent dissolved nitrate-N concentra-
tions (mg L− 1; calculated as nitrate-N pool from soil extractions / water 

pool) were 1.3–2 times higher in fallow than post-harvest for all but the 
deepest profile increment (Fig. 4C). The depth-weighted mean nitrate-N 
concentrations over the profile were 12 mg L− 1 for post-harvest and 19 
mg L− 1 for fallow. 

Nitrate-N concentration values observed in lysimeter samples over 
the 2013–2016 period ranged from 0.03–347 mg N L− 1. Six values from 
one field in the Crop-Fallow sequence were removed as extreme outliers 
reducing the maximum value to 45.5 mg N L− 1, with a median of 12.0 
mg N L− 1 (IQR 8.1–20.2 mg N L− 1). Median concentrations were 
significantly higher for Fallow-Crop years (19.4; IQR 9.9–28.0 mg L− 1) 
than for Crop-Fallow years (9.8; IQR 6.1–15.7 mg L− 1; p < 0.05) and 
Crop-Crop years (11.1; IQR 7.6–17.5 mg L− 1; p = 0.06; Table 1). 
Lysimeter nitrate concentrations did not vary with zf (R2 = 0.01, p =
0.33; Sup Fig. 3.1a). 

3.2. Spatial distribution of soil thickness (zf) 

Soil pits in Field B (n = 18) had zf values ranging from 26 to greater 

Fig. 4. Soil water and nitrate profiles by crop 
sequence. (A) Water pools for soil profile sam-
ples collected at 15 cm increments in August 
and September 2012 in fields fallow for a year 
(blue) and fields immediately post-harvest 
(black). Values on left side of the plot for each 
depth increment are mean water pools for 
samples post-harvest and values in parentheses 
are sample sizes. Values on the right are parallel 
for fallow field samples. Black dashed line is 
mean values for post-harvest and blue line is 
mean values for fallow. (B) Nitrate pools for the 
same samples in panel A with parallel symbol-
ogy and mean values by depth increment. Sum 
of profile means are at the bottom. (C) Apparent 
nitrate concentrations calculated with nitrate 
and water pools from panels A and B with 
symbology and mean values parallel to panel A. 
Mean of profile means are at the bottom. (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article).   

Table 1 
Lysimeter nitrate concentrations. Summary statistics for lysimeter nitrate-N 
concentrations (mg L− 1) with extreme outliers removed.  

2-yr Sequence Mean StDev Median 0.25 and 0.75 Quartiles Sample 
Size 

Crop-Crop 14.0 9.3 11.1 7.6, 17.5 34 
Crop-Fallow 11.2 6.4 9.8 6.1, 15.7 23 
Fallow-Crop 19.9 13.0 19.4 9.9, 28.0 36  
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than 142 cm (zf transition not observed in one pit, 142 cm deep; Sup 
Table 3.2a), with a median value of 48 cm. This field is primarily 
mapped as Danvers-Judith complex, with series descriptions suggesting 
a zf range from 58− 150 cm with mean zf values for the two series of 61 
and 131 cm (Sup Table 2.2a). Additionally, a portion of Field B includes 
Tamaneen series, which is described as having a minimum zf of 43 cm. 

The zf measured in soil pits from Field C (n = 26) ranged from 16 to 
125 cm with a median value of 86 cm. In this field, values of zf up to 55 
cm (n = 9 soil pits) showed a positive relationship with NDVI from the 
2011 NAIP image (R2 = 0.46; Fig. 5B). Soil pits with zf values greater 
than 55 cm all had NDVI values near 0.15, so extrapolation of the zf: 
NDVI relationship was inappropriate for deeper soils. A subsequent soil 
core sampling campaign targeting validation of this relationship found 
68 of 72 core locations falling within the NDVI-predicted zf value cate-
gory (Sup Section 3.2). This field is mapped as a Doughty-Sipple-Judith 
complex. The Doughty, Sipple, and Judith series have mean zf values of 
81, 132, and 61 cm respectively, with a range of 51–152 cm across the 
three series (Sup Table 2.2a). Lower values for zf observed in pits (on 
both Fields B and C) and across Field C based on the zf relationship to 
NDVI suggest that soil mapping for the fields do not capture the thinnest 
fine-textured soils, nor do they characterize the distribution of zf 
necessary for mechanistic hydrologic modeling. We adopted an example 
zf distribution (“standard-zf”) with mean zf of 50 cm based on NDVI for 
Field C and soil pits on Field B, and standard deviation of 30 cm based on 
soil pits in both fields. 

3.3. Model results versus observations and sensitivity 

The model explained 72 % (i.e. R2 = 0.72) of the variation in 
observed VWC during winter wheat and spring grain years, 53 % of 
variation in observed ET during the winter wheat year, 19 % of variation 
in observed ET during the spring grain year, and exhibited a negative 
coefficient of determination (R2) with observed ET during the fallow 

year (i.e., the chosen parameterization did not allow the mechanistic 
model to outperform the statistical mean during fallow, R2 = -0.28; Sup 
Fig. 3.3a). Fallow year ET was calculated by scaling rPET with a coef-
ficient (i.e. the fallow coefficient) that was empirically derived from the 
median ratio of measured ET to rPET (0.22). While simulations with a 
fallow coefficient value of 0.22 reproduce the variation in moderate ET 
rates reasonably well, the highest ET rates could not be reproduced by 
simulations constrained by that value, resulting in a negative R2 value. 
The implications of these episodically higher evaporation rates 
measured during fallow (Sup Fig. 2.4f) were evaluated with sensitivity 
analysis scenarios where the fallow coefficient was set to 0.5 (scenario 
24; Sup Table 3.3a). Simulation results with the higher fallow coefficient 
produced patterns similar to the primary simulation, but with decreased 
PSE, time above field capacity, overall deep percolation, and difference 
in deep percolation between crop and fallow years; the higher fallow 
coefficient increased the fraction of deep percolation occurring on 
thinner soils. More broadly, the sensitivity analysis identified the 
rescaling factor for precipitation and the fallow coefficient as the pa-
rameters with the most influence on simulated water movement and that 
general patterns in model results were robust across likely parameteri-
zation scenarios. 

3.4. Simulated precipitation partitioning 

Model results suggest that shallower fine-textured soil horizons 
spend a larger fraction of time with VWC above field capacity, repre-
senting soils that are more regularly "primed" for deep percolation (zf of 
25 cm = 39 % of time primed, zf of 50 = 33 %, and zf of 100 = 24 %; Sup 
Figs. 3.4b-d). Thinner soils spending more time primed for water loss 
resulted in higher rates of deep percolation for thinner zf soils (Figs. 6 
and 7). Simulated mean annual deep percolation rates varied more 
across zf values (within a 2-yr sequence) than among 2-yr sequences for 
any given zf value. The range of simulated deep percolation rates across 

Fig. 5. Normalized Difference Vegetation Index (NDVI) and thickness of fines (zf). (A) NDVI values calculated for Field C using a one-meter resolution National 
Agricultural Imagery Program (NAIP) image captured on July 24, 2011. Cross symbols are locations of soil pits excavated in 2012. (B) Relationship between mean 
NDVI for pixels touching a two-meter radius around soil pits and zf observed in the pit. Black line represents linear regression line, described in detail in Sup Section 
3.2. (C) Pixel frequency histogram for NDVI values and corresponding zf. Values near top of the plot are the percent of the field in depth categories separated by 
dashed lines (0-25, 25-50, >50 cm). 
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zf values was largest for the Crop-Fallow sequence with a spread of 13.6 
cm yr− 1 (2.8–16.4 cm yr− 1; Fig. 7A; Table 2). The range in deep 
percolation rates across zf values was 7.9 cm yr− 1 for Fallow-Crop 
(1.9–9.7 cm yr− 1) and 10.9 cm yr− 1 for Crop-Crop (0.6–11.6 cm yr− 1). 
The difference in deep percolation rates among 2-yr sequences was 
largest (6.9 cm yr− 1) between Crop-Fallow and Fallow-Crop for zf = 30 
cm and the range across 2-yr sequences was smallest (2.2 cm yr− 1) at the 
largest zf values. The dependence of deep percolation on zf was strongest 
at lower zf values (< 100 cm), while deep percolation was relatively 
insensitive to zf at higher values (> 100 cm). 

Across 2-yr sequences, the thinnest soils (zf < 25 cm, Fig. 6) had 14- 
yr mean simulated water loss rates approximately equal to mean annual 
precipitation (38 cm yr− 1) indicating that on average, no net precipi-
tation storage occurred regardless of crop presence/absence. Mean PSE 
during Crop-Fallow years (white space below 38 cm line in Fig. 6B) for 
the model reporting period plateaued at a maximum value of 9.1 cm, or 
23 % of mean annual precipitation (Sup Table 3.4a). The mean PSE for 
Crop-Fallow given the standard-zf distribution was 8%. The maximum 
annual PSE during our modeling period was 46 % for the thickest soils 
(zf = 150) in 2013 when 22.3 of the 48 cm of annual precipitation was 
stored, a value 71 % of theoretical maximum of 31.5 cm (0.21 VWC 
times 150 cm; Sup Fig. 3.4e). 

Simulated transpiration rates during Fallow-Crop years were higher 
with deeper zf, resulting in mean annual combined losses exceeding 
mean annual precipitation by up to 9.5 cm yr− 1 for the thickest soils 
(Fig. 6C; Table 2). This increased loss of stored water with increasing zf 
in Fallow-Crop years mirrors the increase in water storage (PSE in 
Fig. 6B) with increasing zf in Crop-Fallow years. The simulated mean 
annual transpiration rates for thickest soils (zf = 150 cm) in Fallow-Crop 
years (34.6 cm yr− 1) were approximately 10 cm higher than rates in 
Crop-Crop years (24.5 cm yr− 1), due to the water stored during fallow 
years. The transpiration rate difference between cropped years was less 
pronounced for thin soils (zf ≤ 25 cm), where mean annual simulated 
transpiration was 16.5 cm yr− 1 in Fallow-Crop years and 13.0 cm yr− 1 in 
Crop-Crop years. 

While annual deep percolation was strongly correlated with annual 
precipitation for the thinnest soils (zf = 10 cm; R2 = 0.77, p < 0.005), 
this relationship breaks down with increasing zf. For soils with zf > 40 
cm, less than 33 % of annual deep percolation was independently 
explained by annual precipitation (Sup Fig. 3.4a); the rate and timing of 
precipitation in the current and previous year were also important 

explanatory variables for precipitation partitioning. For example, 2010 
and 2011 had virtually identical annual precipitation (47.8 and 47.6 cm 
respectively), but 2010 had only 4.6 cm of deep percolation (zf = 50) in 
contrast to 24.4 cm in 2011. Higher deep percolation in 2011 occurred 
due to above normal precipitation occurring prior to peak rPET, on soils 
with high antecedent VWC from above average precipitation the pre-
ceding fall (Figs. 2 and 8; Sup Section 3.4). 

3.5. Nitrate leaching 

As a result of the modeling approach, the shape of the relationship 
between simulated nitrate leaching and zf (Fig. 7C) was identical to that 
for deep percolation (Fig. 7A) for each 2-yr sequence, but nitrate 
leaching rates were shifted relative to deep percolation due to different 
nitrate concentrations observed for each 2-yr sequence (Table 1). 
Modeled nitrate leaching rates were lowest in the Crop-Crop sequence, 
which has the lowest deep percolation rates and intermediate nitrate 
concentrations. The Crop-Fallow sequence had the highest modeled 
nitrate leaching rates for mid-range zf values, but at low and high zf 
values the Fallow-Crop sequence had the highest leaching rates. 

Simulated deep percolation and nitrate leaching rates for all three 
rotational sequences with fallow were higher than rates for all three 
rotational sequences without fallow (Fig. 7B and D). While all rotational 
sequences without fallow group tightly across zf values for deep perco-
lation and nitrate leaching, the three rotational sequences with fallow 
have variable deep percolation and nitrate leaching rates for the same zf 
value. Mean nitrate leaching rates for the two rotations differ by 3.8 kg 
ha− 1 yr− 1 at low zf values, but the difference decreases to 2.0 kg ha− 1 

yr− 1 at zf values greater than 100 cm (Fig. 7D). The zf weighted differ-
ence between the rotations (assuming standard-zf) was 2.8 kg N ha− 1 

yr− 1 (without-fallow = 4.2; with-fallow =7.0 kg N ha− 1 yr− 1). Overall 
nitrate leaching rates for the rotational sequences range from 0.2 kg N 
ha− 1 yr− 1 for thick zf soils in without-fallow rotational sequences to 16.9 
kg N ha− 1 yr− 1 for thin zf soils in with-fallow rotational sequences. 

3.6. Scaling simulation results to fields and landforms 

While only 43 % of Field C has zf < 50 cm (Fig. 5C), model results 
indicate 61 % of deep percolation and 59 % of nitrate leaching occurs 
through those thinner soils (Table 3; Sup Fig. 3.6a). The fraction of the 
field with zf < 25 cm (13 %) accounts for 25 % of the mean annual deep 

Fig. 6. Simulated precipitation partitioning by 2-yr crop sequence. Mean annual precipitation partitioning results for 14-y model reporting period for the three with- 
fallow rotations. Each bar represents mean 14-y water loss to transpiration, evaporation, and deep percolation, with total bar height representing total losses (cm). 
Bar heights greater than 38 cm indicate mean annual losses exceeding 14-y mean annual precipitation and include losses of water stored from the previous year. (A) is 
data from model years from the Crop-Crop sequence (field is in crop and was crop last year). (B) is data from fallow years (Crop-Fallow). Total values less than 38 cm 
(white area below line) indicate annual precipitation exceeding losses, and thus precipitation is stored for the following year. (C) is data from the Fallow- 
Crop sequence. 
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percolation, while field areas with zf of 25− 50 cm and > 50 cm account 
for 36 % and 41 % of deep percolation, respectively. The Crop-Fallow 
sequence represents one-third of the time in the 3-yr rotation but pro-
duces 55 % of the deep percolation and 43 % of nitrate leaching 
(Table 3). The model approach produces similar distributions of deep 
percolation and nitrate leaching across the field, the largest difference 
being the larger fraction of nitrate leaching occurring in Fallow-Crop 
years (35 %) relative to deep percolation (23 %) occurring in those years 
(Table 3, Fig. 9, Sup Fig. 3.6a). This difference in nitrate leaching is due 
to the higher nitrate concentration accumulated from mineralization 
during fallow years and resulting from fertilizer application during crop 
years (Table 1). 

Application of the deep percolation and nitrate leaching rate re-
lationships to zf for the with-fallow rotation (upper polynomial line in 
Fig. 7B and D) to various observed zf distributions produced a range of 
estimates presented in Table 4. The combinations of zf distributions and 
model time periods produce deep percolation rates ranging from 
2.0–10.8 cm yr− 1 and nitrate leaching rates ranging from 2.2–13.8 kg N 
ha− 1 yr− 1. 

4. Discussion 

Periods of fallow in a dryland crop rotation interacted with both 
rainfall and variation in soil water storage capacity to exert a strong 

Fig. 7. Deep percolation (DP) and nitrate leaching versus thickness of fines(zf). (A) 14-yr mean DP versus zf aggregated by crop sequence. This is the same DP data in 
Fig. 6. (B) 14-yr mean DP versus zf aggregated by crop rotation. Lines are third degree polynomial relationships for mean DP aggregated by rotation type (with-fallow 
and without-fallow; Sup Table 3.4b). (C) 14-yr mean nitrate leaching versus zf aggregated by crop sequence. (D) 14-yr mean nitrate leaching versus zf aggregated by 
rotation. Lines are third degree polynomial relationships parallel to panel B. 

Table 2 
Summary of precipitation partitioning by sequence. Maximum, minimum, and range of mean annual partitioning losses (cm yr− 1) across zf values, presented as bar 
heights in Fig. 6. Runoff values were all <= 0.1 and are not shown. Small values for transpiration in the Crop-Fallow sequence are due to modest early season growth of 
winter wheat prior to 1 April, which is aggregated within the Crop-Fallow sequence.  

Sequence Evaporation Transpiration Deep Percolation Total Losses  

Min Max Range Min Max Range Min Max Range Min Max Range 

Crop-Crop 12.3 13.6 1.3 13.0 24.5 11.6 0.6 11.6 10.9 36.8 37.8 1.0 
Crop-Fallow 21.5 26.6 5.1 0.1 0.2 0.1 2.8 16.4 13.6 29.0 38.1 9.2 
Fallow-Crop 10.9 12.1 1.2 16.5 34.6 18.1 1.9 9.7 7.9 37.6 47.5 9.9  
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influence on patterns of simulated episodic nitrate leaching. We suggest 
that the first step in predicting leaching is to understand the controls on 
partitioning of precipitation to soil storage, evapotranspiration, and 
deep percolation. Subsequently, we develop the concept that more 
intense precipitation on wetter soils defines hydrologic hot moments of 
deep percolation. Wet soil conditions promote accumulation of nitrate 
mineralized from soil organic matter, contributing to biogeochemical 
hot moments of potential leaching. Areas with thinner soils exceed field 
capacity more frequently, hence defining hot spots for deep percolation. 
Hot moments of meteorological phenomena interact with hot spots of 
low soil water storage capacity to define ecological control points that 
can be used to predict the episodic nature of deep percolation and nitrate 
leaching across the system. The ability to predict nitrate leaching control 
points suggests management practices that may help to increase N use 
efficiency, and points to future research that may further inform sus-
tainable farming practices. 

4.1. Controls on precipitation partitioning 

Our simulation results for a dryland system demonstrate the in-
teractions of weather, crop rotation, and thickness of fine-textured soil 
horizons (zf) as primary controls on the partitioning of precipitation in 

soils. Weather and land use exert control on partitioning by altering the 
timing of supply and demand for meteoric water, while zf determines the 
size of the storage buffer that can retain soil water against gravity, 
allowing for subsequent use by plants or loss via evaporation. 

A motivation for the practice of fallow is to store water for the sub-
sequent crop, an outcome that our model results suggest is controlled 
primarily by spatial variation in the thickness of fine-textured surface 
soil, a proxy for water storage potential (zf; Figs. 6 and 7). Our 14-yr 
mean modeled PSE values (range: 0–23%; zf weighted mean: 8%) 
were low relative to values of 15–45 % compiled by Nielsen et al. 
(2005), a result consistent with the relatively low water holding capacity 
of study area soils. We found that the highest deep percolation rates tend 
to be associated with thinner zf (Fig. 7), which is parallel to Wang et al. 
(2009) who found that deep percolation was negatively correlated with 
soil water storage potential related to variation in soil texture. 

Within limits dictated by soil water storage potential, factors 
affecting gains and losses of water exert important controls on PSE and 
may include tillage/stubble management, crop type, fallow duration 
(Nielsen et al., 2005), and timing of precipitation. The maximum PSE 
observed during our modeling period (46 %) occurred in 2013, when 
unusually high precipitation rates occurred in the months after peak 
rPET (Fig. 2). Under more typical conditions when the highest 

Fig. 8. Modeled daily deep percolation (DP), transpiration (T) and evaporation (E). The top panel is daily precipitation from CARC (WRCC Gage: 245761); the value 
for each year is the annual precipitation total. The bottom three panels are model results for zf of 50 cm, organized by crop sequence year with rotations printed above 
for each year. Values printed in the panels are the annual DP (cm yr− 1). Purple polygons represent DP and correspond to the left axis. Blue lines represent soil 
volumetric water content (VWC) and correspond to the second right axis. Shaded areas represent VWC greater than field capacity (hydrologically primed for deep 
percolation). Green lines represent T and correspond to the right axis. Black lines represent E and correspond to the right axis. Extended versions of this plot with all 
model years for different zf values are included in the supplemental materials. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article). 
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precipitation rates occurred in May and June, large fractions of annual 
precipitation were subject to high evaporative losses from fallow fields 
during summer months (> 0.1 cm d− 1; Sup Figs. 3.4b-d). In cases of 
fallow during drier years (2004 and 2012) or in years preceded by 
above-normal fall precipitation (2011 and 2015), evaporation and/or 
deep percolation far exceed storage, even for soil with the thickest zf, 
resulting in little to no net change in water storage over the year. 
Simulated evaporation during fallow years is approximately twice that 
of cropped years (Fig. 6; Table 2) and was influenced by the capacity of 
soils to transport water upward to the surface in our simulations. The 
simulation of upward water transport is heavily influenced by the van 
Genuchten pore size distribution parameter n, where the maximum 
upward flux potential occurs in soils with n values around 1.5 (Or et al., 
2013). Values of n for clay loam soil textures (ca. 1.4) fall near the 1.5 
value for maximum upward water transport potential. This suggests that 
clay loam soils such as those in our study area may be highly prone to 
evaporative losses, which can extract water efficiently to a depth of 

approximately 50 cm (Or et al., 2013). Our finding that water losses 
during fallow exceed storage agrees with previous work in the Great 
Plains (Peterson et al., 1996) and prompts questions about sustainability 
of the practice in the context of pressure to increase “crop per drop” 
(Rockstrom, 2003). 

4.2. Weather & soils as controls on deep percolation and leaching 

The relatively large amounts of deep percolation simulated during 
spring storms on wet soils (2011 versus 2010; Fig. 8) underscore the 
potential for relatively short periods of time to have a disproportionate 
effect on whole-system behavior (i.e. “hot moments” in time; McClain 
et al., 2003). In semi-arid climates such as our study area, where rPET 
exceeds precipitation on both a mean annual (148 versus 38 cm) and a 
mean monthly (Fig. 2) basis, soils are typically below field capacity and 
poised to store precipitation. Periods of relatively high intensity pre-
cipitation are necessary for soil water to exceed storage potential and 

Fig. 9. Field scale simulated deep percolation (DP) and leaching for Field C. (A) Mean DP volume for the full field area by thickness of fines (zf) for the Fallow-Crop 
sequence. Each bar is the mean annual DP of three with-fallow rotations, for the 14-y model reporting period. Values near the top of the plots are the percent of the 
total DP volume summed over the three crop sequence years for the 0-25, 25-50, and 50-100 cm zf ranges. (B) Mean nitrate leaching mass for the for the full field 
area, configured parallel to DP in panel (A). Black dots show the relative distribution of zf of Field C (bar heights in Fig. 5C). See supplemental materials for parallel 
plots for all 2-yr crop sequences. 

Table 4 
Deep percolation (DP) and leaching by thickness of fines (zf) distribution and time period. DP and leaching rates based on zf distributions characterizing Field B, Field C, 
the Judith, and Danvers soil series for different time periods. zf distribtions are normal with the centers and standard deviations specified. DP and leaching rates for 14- 
yr estimates are based on relationships depicted in Fig. 7B and D for the with-fallow rotation. Rates are also provided for the abnormally wet 2011-14 period and the 
more average 2012-2014 period. Standard deviations for soil series were not available and are set equal to that for Field B pits.   

zf Distribution (cm) Deep Percolation (cm yr− 1) Leaching (kg N ha− 1 yr− 1) 

zf Scenario zf center zf SD 14-yr 2011− 14 2012− 14 14-yr 2011− 14 2012− 14 

Field B Pit Median 48 30 6.2 10.8 6.7 7.7 13.8 8.3 
Field B Pit Mean 63 30 4.8 9.2 5.0 5.9 11.7 6.0 
Field C Pit Median 86 31 3.2 7.1 3.0 3.9 9.1 3.4 
Field C Pit Mean 76 31 3.8 8.0 3.8 4.8 10.2 4.5 
Judith Series 61 30 4.8 9.2 5.0 5.9 11.8 6.0 
Danvers Series 112 30 2.3 5.7 2.0 2.9 7.5 2.2  

Table 3 
Field scale deep percolation (DP) and leaching. Percentage of DP and leaching for the mean 3-yr with-fallow rotation attributed to each 2-yr sequence for thin (0-25 
cm), intermediate (26-50 cm) and thick (> 50 cm) thickness of fines (zf) soils on Field C. The bottom row is the percentage of 3-yr DP and leaching attributed to each zf 
category. Percentages in parentheses are the portion of the field area in that depth range. Subtle deviations from 100 % in sum of bottom row values and sum of right 
column values within DP and leaching are due to rounding.  

Period within Rotation 

Deep Percolation Leaching 

0− 25 cm 
(13 %) 

26− 50 cm 
(30 %) 

> 50 cm 
(57 %) 

All depths 0− 25 cm 
(13 %) 

26− 50 cm 
(30 %) 

> 50 cm 
(57 %) 

All depths 

Crop-Crop 7% 9% 8% 24 % 6% 8% 7% 21 % 
Crop-Fallow 12 % 19 % 24 % 55 % 9% 15 % 19 % 43 % 
Fallow-Crop 6% 8% 9% 23 % 9% 12 % 14 % 35 % 
Full Rotation 25 % 36 % 41 %  24 % 35 % 40 %   
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simulation results indicate that the majority of deep percolation occurs 
when VWC is above field capacity. These periods when VWC is above 
field capacity hence represent hot moments of disproportionate impor-
tance for controlling cumulative long-term groundwater recharge rates. 
With lysimeter nitrate-N concentrations ranging up to 45 mg L− 1, hot 
moments for deep percolation represent the temporal control points for 
nitrate leaching that must be quantified to understand aggregate 
ecosystem behavior (McClain et al., 2003; Bernhardt et al., 2017). The 
propensity for intense precipitation to drive export of water and solutes 
from soils was demonstrated by 54 % of deep percolation and 56 % of 
leaching over the 14-yr period occurring in just the two years associated 
with the largest monthly precipitations in May 2011 and August 2014 
(Figs. 2, 8 and Sup Figs. 3.4b-d). As a result, a two or three year study (e. 
g. 2012–2014; John et al., 2017) may capture highly variable rates of 
deep percolation, leaching, and economic outcomes that are distinct 
from approaches that aggregate longer term responses (Sigler et al., 
2018). 

The influence of thin fine-textured soil horizons on deep percolation 
suggests that even if thin soils are limited in spatial extent, they may be 
disproportionately important to whole-system leaching behavior (i.e. a 
“hot spot” in the landscape; McClain et al., 2003). Thinner zf soils have 
less water holding capacity and reach field capacity more readily, hence 
thinner soils are primed for water loss after smaller precipitation events 
and may be defined as hot spots, with a propensity to exaggerate the 
influence of deep percolation hot moments. In fact, simulation results 
indicate that thinner soils spend more time primed compared to thicker 
soils (zf of 25 = 38.5 %; zf of 100 = 23.6 % time; Sup Figs. 3.4b and 
3.4d). This pattern was reflected in deep percolation and nitrate leach-
ing rates that were five times higher for zf from 0− 25 cm compared to zf 
from 100− 150 cm under the with-fallow rotation (Fig. 7B and D). This 
pattern is even stronger during the without-fallow rotation, such that 
thinner soils lose 16 times more water and nitrate than thicker soils, a 
more punctuated difference due to very low loss rates from the thickest 
soils with crop present. These findings of disproportionately high deep 
percolation rates through thinner soils agree with our prediction that 
thicker zf soils mediate losses of water and nitrate to groundwater. 

4.3. Fallow expands hot moments and hot spots 

The relatively high rates of deep percolation simulated during fallow 
periods, along with observed accumulation of nitrate from mineraliza-
tion in soils during fallow, provides support for our hypothesis that 
fallow primes soils for loss of water and nitrate. The propensity of the 
Crop-Fallow sequence to generate more deep percolation than the 
Fallow-Crop or Crop-Crop sequences was apparent across zf values and 
was exemplified during high precipitation periods in 2011 and 2014 
(Sup Materials 3.4). In addition to higher deep percolation, the warm 
and moist conditions during fallow periods facilitate mineralization of 
soil organic N to nitrate (Fig. 4; Vigil and Kissel, 1995; John et al., 2017; 
Sup Section 4.3), resulting in high leaching rates during the intense 
precipitation period (May-June) the following year. We observed the 
highest nitrate concentrations in lysimeters during Fallow-Crop years 
(Table 1), suggesting biogeochemical nitrate priming of soils in fallow 
years augments the fertilizer applied during the subsequent year to 
promote nitrate loss. This priming due to mineralization suggests that 
the duration of fallow influence extends beyond one third of the crop 
rotation. We observed an average of 34 kg ha− 1 of nitrate-N accumu-
lated from mineralization approximately half-way through the fallow 
period (difference between profiles in Fig. 4B). This rate of nitrate 
accumulation aligns with modeled mineralization rates ranging from 61 
to 77 kg ha− 1 yr− 1 for the full fallow period, reported by John et al. 
(2017), which equate to 70–90 % of N rates applied as fertilizer by our 
farmer-collaborators (83 to 91 kg ha− 1 yr− 1). 

Simulations also suggest that fallow practices increase the spatial 
extent of high deep percolation rates (i.e. expand hot spots). The zf value 
for a given deep percolation rate was always higher for Crop-Fallow than 

for the Fallow-Crop or Crop-Crop sequences (Fig. 7A). In the case of 
Field C, the simulated increase in spatial extent of hydrologically primed 
soils during fallow results in a disproportionately high fraction of overall 
deep percolation occurring during the Crop-Fallow sequence (55 %) 
relative to the cropped sequences (23–24 %; Sup Fig. 3.6a, panel C 
versus A & E). 

4.4. Management implications 

The thickest soils and the rotation without fallow produce the 
highest transpiration and the lowest nitrate leaching rates. The general 
relationship between transpiration and crop yield (Musick et al., 1994; 
Rockstrom, 2003) suggests that crop-rotation and soil architecture sce-
narios that produce the highest transpiration rates may also produce the 
highest precipitation use efficiency; Hatfield et al., 2001). The precipi-
tation use efficiency to transpiration correlation is complicated by 
non-linear reductions in yield depending on timing of water stress 
(Lehane and Staple, 1962; Campbell et al., 1977; Gu et al., 2020). 
Nonetheless, our model results highlight soil architecture (zf) and 
rotation-related management opportunities to reduce nitrate leaching 
and increase precipitation use efficiency, simultaneously protecting 
groundwater quality and enhancing economic sustainability of agricul-
tural operations. Reducing fallow periods and transitioning to contin-
uous cropping or perennial vegetation on the thinnest zf soils show the 
most promise for reducing nitrate leaching losses. These results also 
suggest that precision agriculture approaches that align seeding rates 
and fertilizer N application with spatially variable transpiration poten-
tial (a surrogate for yield potential) could reduce nitrate leaching. While 
the soils for the study area are abnormally thin on the spectrum of 
cultivated soils, simulations for thicker (>100 cm) zf scenarios may 
approximate patterns expected for thicker soils in similar semi-arid lo-
cations. In addition, sensitivity analysis results for different soil textures 
and alternate values for other input parameters may facilitate extrapo-
lation of results to additional scenarios. This type of broadly applicable 
tool for identifying control points may become increasingly important 
for sustainable agriculture, given climate projections for warmer tem-
peratures and more intense precipitation events (Whitlock et al., 2017), 
which are likely to exacerbate hot moments of water and N use 
inefficiency. 

4.5. Emergent landscape-scale behavior 

We assess the concept that whole-system water and N flux behavior 
can be predicted with a shifting mosaic of fallow land use overprinted on 
soil and precipitation derived control points, by comparing simulation 
results with emergent landscape scale patterns in deep percolation and 
nitrate leaching presented by Sigler et al. (2018). Deep percolation es-
timates by Sigler et al. (2018) were 8.7 cm yr− 1 for the Porter catchment 
(thin soils) and 5.4 cm yr− 1 for the Kolin catchment (thick soils; Fig. 1), 
values bracketed by our model results applied with relevant zf distri-
butions and time periods (Table 4; Sup Section 4.5). The Sigler et al. 
(2018) estimates were based on stream flow measurements over the 
2012− 14 period, with estimates that groundwater-fed stream flows may 
lag behind precipitation patterns by up to one year. This suggests that 
the relevant period for comparison to modeling work here begins 
sometime in 2011 and runs through 2014. Exceptionally high precipi-
tation in 2011 produced notably higher simulated deep percolation rates 
when that year was included (Table 4). The Sigler et al. (2018) deep 
percolation estimate for the Porter catchment (8.7 cm yr− 1) falls be-
tween the 2011–2014 and the 2012− 14 estimates from this work for zf 
distributions based on both the Judith soil series (5.0–9.2 cm yr− 1) and 
the median of Field B soil pits (6.7–10.8 cm yr− 1). Similarly, the Sigler 
et al. (2018) deep percolation estimate for the Kolin catchment (5.4 cm 
yr− 1) falls between the 2011–2014 and the 2012− 14 estimates from this 
work for zf distributions based on both the Danvers soil series (2.0–5.7 
cm yr− 1) and the median of Field C soil pits (3.0–7.1 cm yr− 1). This 
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agreement between our simulation results and an independent 
large-scale assessment of deep percolation lends credence to the idea 
that predictions of control points of episodic behavior may lead to 
reasonable estimates of landscape-scale phenomena. 

Nitrate leaching rates estimated here from deep percolation 
weighted by zf (2.2–13.8 kg N ha− 1 yr− 1; Table 4) were somewhat lower 
than those from Sigler et al. (2018) at the catchment scale (11.1 kg ha− 1 

yr− 1 Kolin; 18.4 kg ha− 1 yr− 1 Porter). The fact that simulated deep 
percolation rates align with previous work while nitrate leaching rates 
are low relative to previous work, points to characterization of N con-
centration in leachate as an imporant avenue for future work. Mean 
nitrate concentrations observed in lysimeters for all three 2-yr sequences 
were lower than the mean nitrate concentration in groundwater, sug-
gesting that the higher nitrate concentrations observed in lysimeters 
during the Fallow-Crop sequence may be more representative of con-
centrations reaching groundwater. A fraction of N loss from soils may 
have also occurred as reduced N species not quantified in our lysimeter 
samples (ammonium or dissolved organic nitrogen). Reduced N species 
in leachate could be oxidized in the vadoze zone, augmenting the nitrate 
load reaching groundwater (Lorite-Herrera et al., 2009). In addition to 
enhanced biogeochemical analysis and modeling, future work incorpo-
rating snowmelt and the role of macropores as controls on deep perco-
lation may increase model predictive power. 

5. Conclusions 

Our results combine field observations with modeling to capture key 
interactions among crop rotation, soil architecture, and weather in 
cropping systems of the northern Great Plains that incorporate fallow. 
This synthesis highlights opportunities to increase water and N use ef-
ficiency for enhanced sustainability of agricultural yields in these sys-
tems that can also contribute to protection of environmental quality. In 
northern Great Plains agroecosystems, increased soil water storage 
during fallow periods facilitates mineralization of soil organic N to ni-
trate, resulting in elevated soil water and nitrate pools until the 
following growing season. Simulations suggest that fallow years account 
for 55 % of deep percolation and 43 % of leaching, despite fallow years 
only representing 33 % of the rotation. In this work, soils with zf values 
thinner than 25 cm have mean precipitation storage efficiency values of 
zero and confer no water storage benefits to the crop following fallow, 
while facilitating nitrate leaching rates five to 16 times higher than 
thicker soils (zf >100 cm). While there can be motivations for including 
fallow in rotation other than water storage, these areas with the lowest zf 
values may be attractive candidates for conversion to perennial forage 
production or for annual cropping with lower N application rates. Future 
work to improve resolution and accuracy of mapped soil water holding 
capacity could be combined with this work to identify soils that produce 
low transpiration and economic returns while producing high leaching 
rates. These land areas with thin soil could be a focal point of programs 
incentivizing conversion to perennial vegetation or continuous crop-
ping, with a likely outcome of reduced nitrate leaching and improved 
economic returns for farmers. 
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