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ABSTRACT: Nutrient, herbicide, and sediment loading from agricultural fields
cause environmental and economic damage. Nutrient leaching and runoff pollution
can lead to eutrophication and impaired drinking water resources, while soil erosion
reduces water quality and agronomic productivity. Increased cropping system
diversification has been proposed to address these problems. We used the ArcSWAT
model and long-term Iowa field experimental measurements to estimate
eutrophication and erosion impacts of three crop rotation systems under two
weed management regimes. Rotations were comprised of 2-year corn�soybean, 3-
year corn�soybean�oat/clover, and 4-year corn�soybean�oat/alfalfa�alfalfa
systems. All were managed with conventional or low herbicide applications. Total
N and P runoff losses were up to 39% and 30% lower, respectively, in the more
diverse systems than the 2-year corn�soybean system, but NO3

�-N leaching losses
were unaffected by cropping system. Diversification reduced erosion losses up to
60%. The 3- and 4-year systems maintained or increased crop yields and net returns relative to the 2-year conventional system.
Reductions in herbicide use intensity generally did not affect nutrient and sediment losses nor crop yields and profitability.
These results indicate that diversifying the corn�soybean rotation that dominates the central United States could reduce water
nutrient contamination and soil erosion while maintaining farm productivity and profitability.

■ INTRODUCTION
A significant agricultural challenge of the 21st century is
providing sufficient food, feed, and fuel for an increasing global
population without degrading the planet’s natural resources
and productive capacity.1�3 Consequently, balancing crop
productivity, profitability, and maintenance or improvement of
soil and water quality and biodiversity will be critical to
meeting these goals.4,5

Current levels of agricultural productivity are closely linked
to agrichemical use. Following World War II, lower
commercial fertilizer and herbicide costs from improved
manufacturing technologies and infrastructure allowed farmers
to replace traditional methods of soil and weed management,
including crop rotation, cultivation, and manuring strategies,
with simplified cropping systems and synthetic fertilizers and
herbicides. Between 1960 and 1990, global synthetic nitrogen
use increased 700% and phosphorus use increased more than
300%.6 From 1952 to 2008, application of herbicides to
hectares planted with corn in the United States rose from 10%
to >90%.7

While these changes have led to large increases in crop
productivity, including a doubling of global cereal production
and a 3-fold increase in production of vegetable-based proteins
since the early 1960s, they have also been characterized by
increased expenditures on purchased inputs and increased
nonpoint pollution of surface and groundwater systems.2,8�10

Surface water eutrophication drives increased algae growth and

leads to reductions in dissolved oxygen content in the water
column due to algal decomposition, which can result in
reductions of populations of other aquatic organisms.11 Nitrate
leaching into groundwater systems can also increase costs of
drinking water treatment and can pose threats to human
health, particularly for infants.12 Phosphorus, another driver of
eutrophication, can lead to algal blooms of cyanobacteria,
resulting in harm to human and animal health.6

Excess nutrients entering water bodies by agricultural runoff
and leaching are often the result of an overabundance or
asynchrony of applied nutrients between application and crop
uptake. When more nutrients are applied than are taken up by
crops, soil nutrient enrichment occurs, rendering a field
susceptible to runoff or leaching losses under certain
precipitation conditions.9

One approach for reducing the environmental impacts of
conventional cropping systems in the U.S. Midwest is cropping
system diversification. Increasing the length of corn- and
soybean-based rotation systems with forage crops and small
grains and applying organic matter amendments can boost
crop yields13�15 while reducing soil erosion16 and risks of
eutrophication due to runoff and leaching.17�20 Increased crop
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rotation diversity with concomitant increases in the diversity of
associated management practices can also disrupt weed life
cycles, thereby reducing weed survival, reproductive output,
and biomass production and enhancing weed suppression with
lower reliance on herbicides.21�24 As populations of a rising
number of weed species evolve resistance to a wide range of
herbicides, cropping system diversification has been identified
as a key resistance management strategy.25 Incorporating a
reduced herbicide application regime into an increasingly
diverse cropping system may not only suppress weeds
effectively but also significantly reduce toxicity impacts to
freshwater bodies in agricultural landscapes.23,24

Cropping system diversification is often linked to integration
with livestock production. In integrated systems, grain
concentrates and forages are fed to livestock and manure is
used as a nutrient source for crops.26 In addition to reducing
requirements for purchased fertilizers, the soil-related benefits
of this practice include improvements in soil carbon storage
and microbial biomass, soil physical structure, plant-available
nitrogen, and infiltration and retention of water.27,28 Manure
transfer between on-farm enterprises or neighboring farms
provides an opportunity to integrate crop and livestock
operations within a watershed and can alleviate costs
associated with manure storage, handling, and disposal.26

The objective of this study is to extend previous findings by
Davis et al.23 and Hunt et al.24 by estimating the potential
eutrophication loading and erosion loss from a watershed
under three crop rotation systems and two herbicide regimes.
We used empirical data collected from 2008 to 2016 as well as
modeling analyses to make the estimates. We predicted that
soil erosion and nutrient losses would decrease as cropping
system diversification increased. We also expected that a
reduction in herbicide use intensity would have little or no
impact on erosion and nutrient losses for the different rotation
systems. On the basis of our previous work, we expected that
the primary agronomic functions of crop productivity, weed
suppression, and net returns to land and management would
be sustained or enhanced under system diversification and
largely unaffected by the herbicide regimes we assessed.

■ MATERIALS AND METHODS
Experimental Design. Empirical measurements were

made at Iowa State University’s Marsden Farm, which is
situated in Boone County, IA (42°01′N, 93°47′W). All soil
types at the experimental site are Mollisols. The site does not
have a subsurface tile drainage system.

Experimental treatments were established in 2002. Preced-
ing setup of the experiment, the site was used for corn and
soybean production for at least 20 years using conventional
management practices. Experiment plots were organized in a
randomized complete block design, with four replicates of each
crop phase of each rotation system present every year. Main
plots, each 18 m × 85 m, comprised three different crop
rotation systems. Starting in 2008, each main plot was split into
two herbicide regimes, each applied over 9 m × 85 m subplots,
generating a 3 × 2 factorial set of treatments.24 Plots were
managed with conventional farm machinery.

Three crop rotation systems appropriate for the Midwest
United States were incorporated in this study: a 2-year corn
and soybean rotation and two more diverse systems: a 3-year
corn�soybean�oat/red clover rotation and a 4-year corn�
soybean�oat/alfalfa�alfalfa rotation. The 3-year rotation
system consisted of planting oat with red clover following

the soybean crop phase; oat grain and straw were harvested in
midsummer, oat stubble was mowed for weed control, and red
clover grew in the stubble until it was incorporated with a
moldboard plow in the late fall. The 4-year rotation system
consisted of planting oat with alfalfa following the soybean
crop phase; oat grain and straw were harvested in midsummer,
oat stubble was mowed once, and the alfalfa was left to grow
into the fourth crop phase, when it was harvested three or four
times, before being moldboard plowed in the late fall of the
fourth year.20,23,24 The more diverse cropping systems were
representative of integrated farms that incorporate livestock
through forage production and manure recycling. Synthetic
fertilizers were applied to corn in the 2-year system at
conventional rates based on soil tests. Composted cattle
manure was applied in the fall prior to the corn phase, and
reduced rates of synthetic fertilizers were applied to corn in the
3- and 4-year rotations (Table 1).

Alternative herbicide application regimes were applied to the
corn and soybean crop phases within each rotation system. We
implemented a conventional treatment (CONV) comprising
broadcast applications of pre- and postemergence materials
and a low-herbicide regime (LOW) involving postemergence
banded herbicide application followed by one or two passes
with an interrow cultivator. Oat stubble in the 3- and 4-year
systems was mowed to suppress weeds 19�28 days after grain
harvest. Repeated cutting of alfalfa hay suppressed weeds in the
alfalfa crop grown in the 4-year system. Details of the
management of the experimental plots are given in Davis et
al.,23 Tomer and Liebman,20 and Hunt et al.24

During the 2008�2013 field seasons, as part of a related
study examining contrasting “technology packages” of crop
genotypes paired with particular herbicide regimes, a
glyphosate-resistant variety of soybean was used in the
CONV herbicide regime, while a nonglyphosate-resistant
soybean variety was used in the LOW herbicide regime.29

From 2014 to 2016, the same glyphosate-resistant soybean
variety was used for both herbicide treatments, thus avoiding
confounding of crop genotype and weed management
strategies.24 Glyphosate was used consistently in the CONV
herbicide treatment but was not used in the LOW herbicide
treatment during 2008�2016.

Tillage practices varied among rotation systems. The 2-year
rotation was chisel plowed in the fall following corn harvest
and surface cultivated in the spring following soybean harvest.
Similar practices were used following corn and soybean phases
of the 3- and 4-year systems, but additionally, soybean residue
was disked before planting oat and red clover or oat and alfalfa,
and red clover and alfalfa were moldboard plowed in the fall
preceding corn production. The effects of these tillage
practices were intertwined with those of the crop rotation

Table 1. Nutrient N and P Applications via Fertilizer and
Composted Manure During 2008�2016 Averaged over All
Crop Phases of Each Rotation System

crop rotation system

2 year
(kg ha�1 yr�1)

3 year
(kg ha�1 yr�1)

4 year
(kg ha�1 yr�1)

fertilizer N 89 13 8
fertilizer P 15 0 9
manure N 0 46 34
manure P 0 15 11
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systems in which they were used and were part of system-level
comparisons in which suites of farming practices varied across
the different rotation systems and herbicide regimes.

Model Calibration and Parameterization. ArcSWAT is
a hydrologic process model that estimates nutrient and
sediment fluxes within a watershed. It was applied to the
Marsden Farm watershed for 2008�2016, and generated
annual estimates of total nitrogen runoff, total phosphorus
runoff, sediment loading from erosion, and nitrate leaching
loads at the scale of the watershed on a per-hectare basis
(Figure 1).

Because no surface water bodies exist within the Marsden
Farm watershed, ArcSWAT was calibrated for a 31 km2

watershed using U.S. Geological Survey streamflow data
(05451080) on the South Fork of the Iowa River near
Blairsburg in Hamilton County, IA. This site is located at
42°32′37″N, 93°35′22″W and was selected due to the
similarity of soil types to those in the Marsden Farm
watershed, duration of available streamflow data for compar-
ison, and similarity of land use. Monthly and daily USGS
streamflow measurements were obtained for 2006�2016, and
the highest rated quality data were used in the calibration. U.S.
Department of Agriculture National Agricultural Statistics
Service (NASS) annual corn and soybean yield measurements
for Hamilton County were used for comparison against
ArcSWAT dry yield estimates (https://quickstats.nass.usda.
gov).

A 2-year corn�soybean rotation was used to drive
hydrological and productivity dynamics for the calibration
site. Daily climate data included precipitation, solar radiation,
relative humidity, wind speed, and maximum/minimum air
temperature, and were obtained from the National Centers for
Environmental Prediction (NCEP) Climate Forecast System
Reanalysis (CFSR) program in the format appropriate for
ArcSWAT inputs.30 Precipitation data for calibration were

derived from a climate station near the Blairsburg site. The
model was run for 4 years to equilibrate to steady state
conditions, and from there the model ran for the time period
parallel to available USGS streamflow and yield data and Daily
Erosion Project (DEP) surface runoff estimates (https://
dailyerosion.org). Criteria for evaluating model performance
included visual assessment of hydrographs, Nash-Sutcliffe
efficiency (NSE), percent bias (PBIAS), and coefficient of
determination (R2).31 Model parameters evaluated for
performance included average daily streamflow over a monthly
time step (m3 s�1), annual dry corn and soybean yields (Mg
ha�1), mean annual surface runoff estimates (mm), and annual
evapotranspiration (mm). Calibration results are reported in
the Supporting Information.

Following calibration within the Hamilton County water-
shed, ArcSWAT was applied to the Marsden Farm watershed.
Only site-specific parameter values changed between the two
watersheds, including climate, soils, elevation, topography, land
cover, and absence of subsurface tile drainage, thus reflecting
characteristics specific to the Marsden Farm site.

ArcSWAT Parameters. Simulated nutrient transport
within the watershed was driven by the hydrologic cycle in
ArcSWAT, which disaggregated the study site into multiple
sub-basins to model all iterations of soil types and management
practices within the watershed. The Marsden Farm watershed
was comprised of seven sub-basins, each representing a distinct
topography, soil type, and management operation (Figure 1).

The modeling unit was comprised of the land cover, soil
type, and hillslope of the Marsden Farm, as represented by a 3-
m LiDAR digital elevation model (https://datagateway.nrcs.
usda.gov/), SSURGO soil classification (https://datagateway.
nrcs.usda.gov/), and the 2012 NLCD cropland data set
(https://nassgeodata.gmu.edu/CropScape/). Hydrologic Re-
sponse Units (HRU) were generated to represent a modeling
unit comprised of soil type, land cover, slope, and management
(Figure 1). Dominant soil types represented in the Marsden
Farm watershed included Canisteo silty clay loam (fine-loamy,
mixed, superactive, calcareous, mesic Typic Endoaquolls, 0�
2% slope) (7.0% of watershed area), Webster silty clay loam
(fine-loamy, mixed, superactive, mesic, Typic Endoaquolls, 0�
2% slope) (21.5%), Harps clay loam (fine-loamy, mixed,
superactive, mesic Typic Calciaquolls, 0�2% slope) (15.9%),
Nicollet loam (fine-loamy, mixed, superactive, mesic, Typic
Hapludolls, 2�5% slope) (26.5%), and Clarion loam (fine-
loamy, mixed, superactive, mesic, Typic Hapludolls, 2�5%
slope) (25.0%).32 Average slope for the watershed was 1.7%,
and all biophysical crop characteristics were represented by the
agricultural land cover database type.

The model was run from 1991 to 2016 and included a 17-
year spin-up period of generic agricultural row crop production
to equilibrate the soil pools to steady state conditions.
Following this, ArcSWAT simulated the rotation systems as
described in the experimental design. Modeling scenarios
included specific dates for planting, nutrient application, tillage,
and harvest derived from experiment logs, and represented all
rotation system and herbicide regime characteristics. The
ArcSWAT Land Cover/Plant Growth Database contains crop-
specific parameters that characterize specific crop traits. In the
absence of Marsden Farm-specific physiological crop data, we
used parameter values from published literature for calibration.
Within the field experiment, each crop phase in each rotation
system and herbicide regime was present every year. This was
replicated in the ArcSWAT modeling environment by

Figure 1. Aerial view of the Marsden Farm experiment boundary
shown in yellow, ArcSWAT-created watershed with representative
Hydrologic Response Units shown in black, and simulated water flow
in blue.
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simulating multiple sets of each crop phase within each
rotation system and herbicide regime over 1 year across each
HRU within the entire watershed. Averages of the modeling
outputs were calculated across the staggered simulations, years,
and HRUs, and were expressed in per-hectare units.30 To
reconcile the empirical data with the modeling outputs, we
assumed that the plot outputs were representative of the
average HRUs across the Marsden Farm watershed. Watershed
scale values were expressed in per-hectare units to align with
the per-hectare plot scale outputs.

Performance Metric Calculations. Performance metrics
for the contrasting crop rotation systems and herbicide regimes
included annual N and P in runoff water, NO3

�-N in leached
water, and eroded sediment yield per land area (ha�1).
Agronomic performance metrics included net returns to land
and management ($ ha�1), dry corn and soybean yields (Mg
ha�1), and weed biomass (kg ha�1) in corn and soybean crops.

Surface runoff nutrient loads were represented by total
nitrogen and total phosphorus loss, calculated with the
following equations

total nitrogen runoff (kg N ha )

(particulate N, dissolved N)

1

= �

Š

total phosphorus runoff (kg P ha )

(particulate P, dissolved mineral P)

1

= �

Š

where particulate N was comprised of organic N, dissolved N
was comprised of NO3

�-N, particulate P was comprised of
organic P and sediment P, and dissolved mineral P was
comprised of soluble P.33 While ammonium (NH4) is a
significant contributor to dissolved N, ArcSWAT does not
directly simulate NH4 runoff from a watershed, and it was thus

excluded from the dissolved N content.33 Erosion losses (Mg
sediment ha�1) were calculated in ArcSWAT using the
Modified Universal Soil Loss Equation, which is driven by
the following factors: soil erodibility (K), cover and manage-
ment (C), support practices (P), slope length and slope angle
(LS), and coarse fragment content (CFRG).34 Nitrate-N
leaching was also simulated and was estimated in kg NO3

�-N
ha�1.33 All simulations were run in ArcSWAT 2012.10.3.18
through ArcGIS 10.4.1.

Annual dry corn grain and soybean yields were measured at
the plot scale and were present for each block within each
rotation system from 2008 to 2016. Economic returns to land
and management at Marsden Farm were calculated at the plot
level for each rotation system and herbicide treatment using
field operations logs for labor demands, seed and chemical
inputs, crop yields, and year- and product-specific databases for
materials costs, operations costs, and crop prices. Input costs
included seeds, fertilizers, and herbicide products, and were
obtained from local retailers and Iowa and Midwest-based
reports. Labor, fuel, and machinery cost data were derived
from Iowa State University Extension and Outreach
publications. Costs associated with manure application in the
3- and 4-year rotation systems assumed that manure was
produced by on-farm or neighboring-farm livestock with the
costs of labor and machinery required for application; no cost
was assigned to the manure itself, which was assumed to be a
waste product from the livestock enterprise. This approach is
appropriate with the caveat that if crop farmers purchased
manure, net returns would be reduced.26 Iowa market year
crop prices were obtained from the USDA National
Agricultural Statistics Service, and gross revenue was calculated
as the product of crop price and yield. Costs and revenue from
mortgage, lease, and government payments were excluded
from the study. Net returns to land and management were

Table 2. Agronomic Performance Metrics As A� ected by Contrasting Rotation Systems and Herbicide Regimesa

rotationb herbicide annual corn yields (Mg ha�1) annual soybean yields (Mg ha�1) net returns ($ ha�1) weed biomass in corn and soybean (kg ha�1)

2 year CONV 10.2 (0.3) 2.8 (0.2) 833 (71) 9.7 (2.6)
LOW 10.1 (0.4) 2.5 (0.2) 809 (72) 26.4 (6.5)

3 year CONV 10.5 (0.4) 3.2 (0.2) 863 (57) 14.4 (6.7)
LOW 10.5 (0.4) 3.1 (0.1) 883 (59) 94.2 (29.0)

4 year CONV 10.6 (0.3) 3.3 (0.2) 871 (60) 7.7 (2.4)
LOW 10.6 (0.3) 3.3 (0.1) 893 (61) 18.9 (4.4)

statistical results

main effect: rotationb annual corn yields (Mg ha�1) annual soybean yields (Mg ha�1) net returns ($ ha�1) weed biomass in corn and soybean (kg ha�1)

2 year 10.1 (0.2)b 2.6 (0.1)b 821 (100) 18.1 (6.5)b
3 year 10.5 (0.3)a 3.2 (0.1)a 873 (81) 69.4 (31.9)a
4 year 10.6 (0.2)a 3.3 (0.1)a 880 (86) 20.7 (6.4)b

statistical results

main effect: herbicideb annual corn yields (Mg ha�1) annual soybean yields (Mg ha�1) net returns ($ ha�1) weed biomass in corn and soybean (kg ha�1)

CONV 10.4 (0.2) 3.1 (0.1)a 854 (72) 13.4 (3.9)b
LOW 10.4 (0.2) 2.9 (0.1)b 862 (73) 58.7 (21.6)a

mixed effect modeling results

source of variationc annual corn yields (Mg ha�1) annual soybean yields (Mg ha�1) net returns ($ ha�1) weed biomass in corn and soybean (kg ha�1)

ROT ** *** NS **
HERB NS * NS *
ROT × HERB NS NS NS NS

aMeans and their standard errors are shown for raw data. Parametric linear mixed effects analyses were performed on untransformed data for
annual corn yields, soybean yields, and annual net returns to land and management and on ln-transformed data for weed biomass in corn and
soybean. Within columns, means followed by the same letter are not significantly different, as determined by Tukey’s HSD test (� = 0.05).
bANOVA results. cSignificance is described as follows: NS p > 0.05, and * p < 0.05, ** p < 0.01, *** p < 0.001.
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calculated as the difference between gross returns and nonland
and nonmarketing costs. Calculations of net returns to land
and management are described in detail in Davis et al.,23 Hunt
et al.,24 and in the Supporting Information.

Data were analyzed with linear mixed effects models where
crop rotation system, herbicide regime, and the interaction
between them were treated as fixed effects and the significance
of F values was assessed using � = 0.05. For metrics that varied
among replicate blocks (e.g., net returns, corn and soybean
yields, and weed biomass), we included both year and block in
the models as random effects. For response variables that did
not vary among replicate blocks (e.g., total N runoff ha�1, total
P runoff ha�1, and eroded sediment yield ha�1), only year was
included as a random factor in the models. To meet
assumptions of homoscedasticity, phosphorus runoff loads
per hectare and nitrogen loads per hectare were natural log
transformed before analysis. Following the mixed effects
modeling, Tukey’s HSD multiple comparison tests (� =
0.05) were applied for pairwise comparisons of means. The
eroded sediment yield response variable did not meet ANOVA
assumptions of homoscedasticity, so a Welch’s test for equal
means was conducted, followed by pairwise means compar-
isons using the nonparametric Wilcoxon Method, where
rotation × herbicide treatment was treated as a single fixed
effect. All statistical analyses were executed using JMP Pro 13
software (JMP Software, SAS Institute, Inc.).

■ RESULTS
Agronomic Performance. Rotation system but not

herbicide regime had a significant effect on dry corn yields,
with the 3- and 4-year systems producing 4.5% higher yields
than the 2-year system (Table 2). Corn yields at the Marsden
Farm site were slightly greater than yields reported for Boone
County for 2008�2016 (9.3 Mg ha�1). Rotation system and
herbicide regime each had a significant effect on soybean
yields, with the more diverse systems having 23�27% greater
yields than the corn�soybean rotation and CONV soybeans
having 6% greater yields than LOW soybeans (Table 2).
Observed Marsden soybean yields were similar to reported
Boone County averages at 2.9 Mg ha�1 for the same time
period (https://quickstats.nass.usda.gov).

Because differences in soybean yields between herbicide
regimes may have been related to differences in soybean
cultivar identity (cultivars were confounded with herbicide
regime in 2008�2013, though not in 2014�2016), we
compared soybean yield among three categories: the conven-
tional herbicide regime with a soybean cultivar genetically
engineered for glyphosate tolerance (ConvGE); the low
herbicide regime with the glyphosate-tolerant cultivar
(LowGE); and the low herbicide regime used with a
nongenetically engineered cultivar not tolerant of glyphosate
(LowNonGE). ConvGE yields did not differ from LowGE
yields, whereas ConvGE yields were 12% higher than those
from LowNonGE (Table 3).

Net returns to land and management were unaffected by
rotation system or herbicide regime, with a mean value of $859
ha�1 (Table 2).

Rotation and herbicide regime each had a significant effect
on weed biomass in corn and soybean crops (Table 2), where
greater weed biomass was observed in the LOW herbicide
regime and in the 3-year rotation system. The 2- and 4-year
systems were comparable in terms of weed biomass in corn
and soybean crops, with a mean weed biomass of 19 kg ha�1.

Across all rotation systems, average corn and soybean weed
biomass was 36 kg ha�1(Table 2). As a proportion of mean dry
yields for the different crops, weed biomass ranged from 0.3%
in corn, 1.1% in established alfalfa, 1.4% in soybean, to 5.1% in
oat, averaged across all rotation systems and herbicide regimes.

Marsden Farm Simulation Results. Dry yields of corn,
soybean, oat, and alfalfa simulated by ArcSWAT were
compared against measured Marsden Farm yields and NASS
yield measurements for 2008�2016. All simulated crop yields
were within 16% of reported Marsden Farm yields and within
22% of reported Boone County yields (Figure 2).

Eroded Sediment Yield. Because assumptions of
homoscedasticity were not met for eroded sediment yield,
possible differences among rotation systems and herbicide
regimes were evaluated using the Welch’s test, where rotation
× herbicide treatment was treated as a fixed effect with six
levels. This was followed by a nonparametric comparison of
means via the Wilcoxon method. There was no significant
effect of herbicide regime alone (p > 0.05), but rotation system
had a significant effect on reducing sediment yields and
increasing corn and soybean yields at the same time (Table 2).
The addition of oat and alfalfa to the 2-year rotation resulted in
a 60% reduction (p < 0.05) in sediment loading on a per-
hectare basis (Table 4).

Nitrogen and Phosphorus Runoff Estimates. Rotation
system alone had a significant (p < 0.05) effect on total
nitrogen runoff on a per-hectare basis (Table 4). On a per-
hectare basis, adding at least one additional crop phase to the
corn and soybean system resulted in 36�39% reductions in
nitrogen runoff (p < 0.05) (Table 4).

Table 3. Annual Dry Soybean Yields in Contrasting
Genotype-Herbicide Regimes Averaged over Rotation
Systemsa

genoytype-herbicide regime soybean yields (Mg ha�1)
ConvGE 3.18 (0.07)a
LowGE 3.10 (0.05)ab
LowNonGE 2.78 (0.08)b

aConvGE: conventional herbicide regime with glyphosate tolerant
soybean cultivar. LowGE: low herbicide regime with glyphosate
tolerant cultivar. LowNonGE: low herbicide regime with nongeneti-
cally engineered cultivar not tolerant of glyphosate.

Figure 2. Mean annual dry yields as simulated by ArcSWAT and
measured at the Marsden Farm experiment and commercial farms in
Boone County, IA, for 2008�2016.
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Increasing rotation diversity from a 2-year to a 3-year system
resulted in a 35% reduction in total phosphorus runoff per-
hectare, while adding a fourth year to the 3-year system to
make it a 4-year system reduced runoff by 30% compared to
the 2-year system (Table 4).

Nitrate Leaching. We observed no significant effect of
rotation system or herbicide regime on nitrate-N leaching
(Table 4).

■ DISCUSSION
Rotation system and herbicide regime were significant drivers
of the major agronomic functions of crop yield, weed
suppression, and net returns to land and management.
Rotation was a significant and positive driver of corn and
soybean yields, with significant increases observed as at least
one crop phase was added to the 2-year rotation. Increasing
rotation diversity increased corn yields in the present
experiment, perhaps due to enhanced nitrogen fertility from
legumes (i.e., red clover and alfalfa)35,36 and fertility-related
and nonfertility-related stimulatory effects of manure.37 Our
results are consistent with those of other studies, which have
shown that alternative cropping systems that include inter- or
double-cropping or use of green manure can improve crop
performance due to increases in soil fertility, enhanced soil
structure, and disruption of crop diseases and pests compared
to shorter rotations and monocultures.14

Higher soybean yields in the longer rotations can be
attributed to lower incidence and decreased severity of soybean
sudden death syndrome (SDS), a soil-borne disease caused by
the fungus Fusarium virguliforme.38 Decreases in soybean yields
between the CONV and the LOW herbicide regime can be
attributed in part to the confounding effect of herbicide regime
and soybean genotype prior to 2014. During 2008�2013, a
nongenetically engineered soybean genotype with greater
susceptibility to SDS was used with the low herbicide regime,
whereas a cultivar genetically engineered for glyphosate

tolerance, which also had greater resistance to SDS, was used
in the conventional herbicide regime. From 2014 to 2016, the
same GE soybean genotype was used in both the conventional
and the low herbicide treatments, and there were no significant
differences in yield between them.

We found no significant effect of rotation system or
herbicide regime on net returns to land and management,
revealing potential for increased rotation diversity to reduce
impacts to surface water quality in agricultural watersheds
while maintaining profitability. These results are consistent
with those obtained from a prior study at the Marsden Farm
site in which economic returns were maintained among a 2-
year corn�soybean rotation managed with conventional
herbicide inputs and 3-year and 4-year rotations with small
grains, red clover, and alfalfa added to corn and soybean and
managed with low herbicide inputs.23 While annual labor costs
increased with rotation diversity (Supporting Information), the
allocation of labor requirements varied throughout the growing
season. The more diverse cropping systems require increased
labor during the summer for small grain and hay harvests, and
in the fall after corn and soybean harvests for manure
application and tillage operations. The timing of the labor
requirements for the 3- and 4-year systems is unlikely to
conflict with corn and soybean production, whose labor
requirements peak during planting (early spring) and harvest-
ing (late fall). Exceptions would be for the first cut of alfalfa
and for cultivations in the low herbicide regime.26 Increasing
crop diversity while maintaining total land area constant would
mean lower labor requirements for a given crop. Moreover, if
farmers were unable to provide all of the necessary labor
themselves, additional off-farm labor might be hired or custom
harvesting services might be contracted.

We observed significant effects of rotation system and
herbicide regime on weed biomass in corn and soybean crops.
The greatest amount of weed biomass was measured in the
LOW treatments, largely driven by high weed biomass in the 3-

Table 4. Soil Sediment Yields, Total N Runo� , Total P Runo� , and Nitrate-N Leaching Losses As A� ected by Contrasting
Rotation Systems and Herbicide Regimesa

rotation herbicide soil sediment yields (Mg ha�1)a total N runoff (kg N ha�1) total P runoff (kg P ha�1) NO3
�-N leached (kg NO3

�-N ha�1)

2 year CONV 2.6 (0.5)a 10.0 (1.8) 2.3 (0.5) 20 (7)
LOW 2.6 (0.5)a 10.0 (1.8) 2.2 (0.4) 20 (7)

3 year CONV 1.7 (0.3)ab 6.5 (1.0) 1.6 (0.2) 22 (6)
LOW 1.6 (0.3)ab 6.3 (1.0) 1.4 (0.2) 22 (6)

4 year CONV 1.0 (0.2)b 6.2 (0.9) 1.6 (0.2) 15 (5)
LOW 1.0 (0.2)b 6.1 (0.9) 1.5 (0.2) 15 (4)

statistical results

main effect: rotationb soil sediment yields (Mg ha�1) total N runoff (kg N ha�1) total P runoff (kg P ha�1) NO3
�-N leached (kg NO3

�-N ha�1)

2 year 2.6 (0.3)a 10.0 (1.2)a 2.3 (0.3)a 20 (5)
3 year 1.6 (0.2)ab 6.4 (0.7)b 1.5 (0.2)b 22 (4)
4 year 1.0 (0.1)b 6.1 (0.6)b 1.6 (0.2)b 15 (3)

mixed effect modeling results

source of variationc soil sediment yields (Mg ha�1) total N runoff (kg N ha�1) total P runoff (kg P ha�1) NO3
�-N leached (kg NO3

�-N ha�1)

ROT *** ** ** NS
HERB NS NS NS NS
ROT × HERB * NS NS NS

aMeans and their standard errors are shown for raw data. Parametric linear mixed effects analyses were performed on untransformed data for
NO3

�-N and on ln-transformed data for total N and P losses in runoff. For sediment yields, data were analyzed using the nonparametric Welch’s
test. For soil sediment yields, means followed by the same letter are not significantly different, as determined by pairwise means comparisons using
the Wilcoxon method. For all other metrics, within columns means followed by the same letter are not significantly different, as determined by
Tukey’s HSD test (� = 0.05). bANOVA results. cSignificance is described as follows: NS p > 0.05, and * p < 0.05, ** p < 0.01, *** p < 0.001.
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year LOW system in 2015. In contrast, weed biomass in the 4-
year system was equivalent to that in the 2-year system. Over
all rotation systems and herbicide regimes, the percentage of
weed biomass relative to harvested crop mass was at most 5.1%
in the oat phase and at the minimum less than 1% in corn
phases. Incorporation of noncash cover crops can facilitate
weed suppression by interrupting the life cycle of certain weed
species, and the early spring planting of cash crops such as oat
can facilitate competition against warm-season weeds com-
monly encountered in corn and soybean.39 In addition to
reducing herbicide requirements overall, crop diversification
has also been effective in reducing threats from herbicide
resistant weeds in the U.S. Northern Plains and Canadian
Prairie regions.25

We found significant effects of increased cropping system
diversity on nutrient and eroded sediment runoff. While we did
not observe significant effects of rotation diversity or herbicide
regime on NO3

�-N leaching, our simulated leaching patterns
were reflective of those measured in empirical studies, in which
the 3-year rotation had the highest concentrations of NO3

�-N
in drainage water, followed by the 2- and then the 4-year
systems.20 Our nutrient leaching estimates were within the
range of values found in the literature for Iowa agricultural
systems (13.4�55.8 kg NO3

�-N ha�1).40�42 Similarly, our
estimated nitrogen runoff values were within the range of
reported values (3.0�39.6 kg N ha�1), as were our simulated
phosphorus runoff values (0.01�3 kg P ha�1).40�42

Increasing crop rotation diversity increases system complex-
ity, which can deliver a host of ecosystem services that support
the agricultural system, including pest suppression, improved
water quality, and increased sediment and nutrient retention.4
The substitution of synthetic fertilizers with manure can also
lead to enhanced environmental performance and lower
operation and energy costs over the long term by reducing
life cycle impacts associated with the Haber�Bosch
process.36,43,47 On a landscape scale, the use of manure
alleviates the burden of a waste product on one farm and turns
it into an asset on another, providing opportunities for profit
for a diverse array of farming operations.26

Oat, red clover, and alfalfa residues can have beneficial
effects on cropping system performance, including biological
nitrogen fixation and storage for slower release to crops in
coming years and enhanced microbial community activity,32

which facilitates nutrient cycling and enhances the biological
and physical soil characteristics.44 A substantial amount of the
nitrogen fixed from the atmosphere by leguminous forage
crops such as red clover and alfalfa is returned to the soil
pool.45 Increasing crop residue and biomass cover can also
enhance soil water storage and reduce soil water evaporative
loss and soil erosion by wind and rain. The addition of crops
with extensive and deep rooting systems, such as alfalfa, also
delivers physical soil structure enhancements to keep arable
soil on the field.44

By fine tuning soil nutrient management and use of
alternative nutrient sources, we observed significant reductions
in sediment and nutrient loads. Not only does this ensure that
crop nutrient needs were met, but also impacts on surface
water bodies were reduced. The addition of an oat�
leguminous crop mixture delivers many benefits to a cropping
system, including maintenance of soil structure through an
extensive rooting system. The substitution of synthetic
nitrogen inputs by biological nutrient sources such as manure

and biomass from leguminous forage crops can also contribute
to reduced soil carbon loss over the long term.27,46

The incorporation of additional crop phases to the corn and
soybean rotation resulted in significant reductions in nutrient
discharge and sediment erosion while increasing corn and
soybean yields and sustaining net returns. At the same time we
observed no significant effect of herbicide regime on any runoff
impacts, indicating that an alternative herbicide regime can
significantly reduce potential toxicity loading with low risk of
exacerbating nutrient or sediment runoff problems on fields
with low slope and soils with low erodibility potential.24

Overall, this study indicates that partial substitution of
synthetic fertilizer inputs with composted manure and crop
residues could be an important strategy to reduce nutrient and
sediment losses to water bodies while maintaining major
agronomic functions of productivity and profitability. Extended
crop rotation systems and integrated crop�livestock systems
should be considered as components for improved nutrient
management and soil conservation strategies in the U.S.
Midwest and other intensively farmed regions.
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