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Abstract. Winter cover crops are an effective conservation and delivery to the waterways. Without winter cover crops,
management practice with potential to improve water quality.annual nitrate loading from agricultural lands was approx-
Throughout the Chesapeake Bay watershed (CBW), whichmately 14 kg ha?, but decreased to 4.6—10.1 kgfawith

is located in the mid-Atlantic US, winter cover crop use hascover crops resulting in a reduction rate of 27-67 % at the
been emphasized, and federal and state cost-share programvatershed scale. Rye was the most effective species, with
are available to farmers to subsidize the cost of cover crom potential to reduce nitrate leaching by up to 93 % with
establishment. The objective of this study was to assess thearly planting at the field scale. Early planting of cover crops
long-term effect of planting winter cover crops to improve (~ 30 days of additional growing days) was crucial, as it low-
water quality at the watershed scate%0 kn?) and to iden-  ered nitrate export by an additional2 kg hal when com-

tify critical source areas of high nitrate export. A physically pared to late planting scenarios. The effectiveness of cover
based watershed simulation model, Soil and Water Assessropping increased with increasing extent of cover crop im-
ment Tool (SWAT), was calibrated and validated using waterplementation. Agricultural fields with well-drained soils and
quality monitoring data to simulate hydrological processesthose that were more frequently used to grow corn had a
and agricultural nutrient cycling over the period of 1990- higher potential for nitrate leaching and export to the wa-
2000. To accurately simulate winter cover crop biomass in reterways. This study supports the effective implementation of
lation to growing conditions, a new approach was developedcover crop programs, in part by helping to target critical pol-
to further calibrate plant growth parameters that control thelution source areas for cover crop implementation.

leaf area development curve using multitemporal satellite-
based measurements of species-specific winter cover crop

performance. Multiple SWAT scenarios were developed to

obtain baseline information on nitrate loading without win- 1 Introduction

ter cover crops and to investigate how nitrate loading could

change under different winter cover crop planting scenar-1he Chesapeake Bay (CB) is the largest and most produc-
ios, including different species, planting dates, and imple-tive estuary in the US, supporting more than 3600 species of
mentation areas. The simulation results indicate that win-lants and animals (CEC, 2000). Itis an international as well
ter cover crops have a negligible impact on the water bud-2s @ national asset. The importance of CB has been recog-

portance (Gardner and Davidson, 2011). However, the bay’s
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ecosystems have been greatly degraded. The Chesapeapmduction and N uptake efficiency at the landscape scale.
Bay watershed (CBW) extends over 165 75F%kamd cov-  However, the catchment-scale benefits of winter cover crop
ers parts of New York, Pennsylvania, Maryland, Delaware,to improve water quality have not been fully understood.
West Virginia, Virginia and the District of Columbia. Nearly As the nutrient uptake and nitrate reduction efficiencies of
16 million people reside in the CBW, and its population is winter cover crops are primarily dependent upon cover crop
increasing rapidly, leading to accelerated land use and lanthiomass (Malhi et al., 2006; Hively et al., 2009), it is cru-
cover change. The high ratio of watershed area to estuargial to simulate plant growth accurately. The accurate sim-
water surface (14 : 1) amplifies the influence of human mod-ulation of the plant growth would require field-based infor-
ifications, and excessive nutrient and sediment runoff has lednation and an improved calibration method to carefully ac-
to eutrophication (Kemp et al., 2005; Cerco and Noel, 2007).count for the climate, soil characteristics, and site-specific
High nitrogen (N) input to the bay is the foremost water qual- nutrient management. Furthermore, the effectiveness of nu-
ity concern (Boesch et al., 2001). In the CBW, groundwatertrient management practices, such as winter cover crops, has
contributes more than half of total annual streamflow, andnot been fully explored for coastal agricultural watersheds
groundwater nitrate loads account for approximately half ofin the study region due to the challenge of accurately simu-
the total annual N load of streams entering the bay (Phillipslating hydrologic and nutrient cycling in lowland areas with
etal., 1999). Nitrate leached to the groundwater has substaritigh groundwater—surface water interaction (Lee et al., 2000;
tial residence time on the order of 5-40 years (McCarty etSadeghi et al., 2007; Sexton et al., 2010; Lam et al., 2012).
al., 2008; Meals et al., 2010). This study utilized a physically based watershed model,

Itis particularly important to implement best managementSoil and Water Assessment Tool (SWAT) (Arnold and
practices (BMPs) on agricultural lands in the coastal plain inFohrer, 2005), to simulate hydrological processes and nitro-
order to improve water quality in the Chesapeake Bay. Nitro-gen cycling for an agricultural watershed in the coastal plain
gen exports from agricultural lands are significantly higher of the CBW. We examined the long-term impacst10 years)
than those for other land uses in the coastal plain of theof winter cover crops on the water budget and nitrate loadings
CBW (Jordan et al., 1997; Fisher et al., 2010; Reckhow etunder multiple cover crop implementation scenarios (e.g.,
al., 2011). Fisher et al. (2010) discussed that N export in-species, timing and area planted). To accurately simulate
creases by a factor of 10 as agriculture increases from 40 the growth of winter cover crops and their nutrient uptake
to 90 % of land use within coastal plain watersheds. Jordarand nitrate reduction efficiencies, we have developed a new
et al. (1997) showed that N was exported from cropland at aapproach to calibrate model parameters that control winter
rate of 18 kg N hal year!, 7 times higher than the rate from cover crop biomass, resulting in model estimates that closely
other land uses in the coastal Plain. High nitrate exports fromapproximate observed values. This study provided important
coastal plain watersheds have intensified CB water qualityinformation for decision making to effectively implement
problems, due in part to short hydraulic distances (Reckhowwinter cover crop programs and to target critical pollution
etal., 2011). source areas for future BMP implementation.

The implementation of winter cover crops as a best man-
agement practice on agricultural lands has been recognized
as one of the most important conservation practices beingg Data and method
used in the CBW (Chesapeake Bay Commission, 2004).
Winter cover crops can sequester residual N after the harvest.1  Description of the study site
of summer crops, reducing nitrate leaching to groundwater
and delivery to waterways by surface runoff (Hively et al., This study was undertaken in the German Branch (GB) wa-
2009), and can also reduce the loss of sediment and phosphtershed, located within the CBW. The GB is a third-order
rus from agricultural lands. Therefore, federal and state gov-coastal plain stream, located within the non-tidal zone of
ernments have established cost-share programs to promotke Choptank River basin (Fig. 1). Its drainage area is ap-
winter cover cropping practices (MDA, 2012). However, the proximately 50 km and its land use is dominated by agri-
overall efficiency of cover crops for reducing nitrate load- culture ¢~ 72 %) and forest+ 27 %) (Fig. 2). Agricultural
ings has not been fully evaluated. The influence of BMPs,lands are evenly split between corn and soybean cropping.
such as winter cover crops, on nitrate flux to streams had he study site is relatively flat with elevations ranging from
not been measured in situ at scales larger than field, becaudeto 26 m above sea level. Most of the soils are moderately
of the substantial residence time of leached N in ground-well-drained (hydrologic soil group (HSG) B) or moder-
water and the difficulty of monitoring over long time peri- ately poorly drained (HSG C). Soil groups B and C cover
ods (McCarty et al., 2008). A few field studies have demon-52 and 35% of the study area, respectively. Well-drained
strated cover crop nitrate reduction efficiencies at the field HSG A) and poorly drained (HSG D) soils account for less
scale (e.g., Shipley et al., 1992; Staver and Brinsfield, 2000)than 1 and 14 %, respectively, of the study area. Figure 2
Hively et al. (2009) used satellite remote sensing images angresents information on land use, hydrologic soil types, and
field sampling data to estimate winter cover crop biomasstopography of the study site. The area is characterized by
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Figure 2. Characteristics of the study site (German Branch wa-
tershed): land cover, elevation, and hydrologic soil group. Note:
(1) Miscellaneous land cover indicates agricultural lands used
for minor crops, vegetables, and fruits; (2) hydrologic soil group
(HSG) is characterized as follows: Type A — well drained soils
with 7.6-11.4 mm hrl (0.3-0.45 inch hrl) water infiltration rate;
Type B — moderately well drained soils with 3.8—7.6 mmhr
(0.15-0.30inch hrl) water infiltration rate; Type C — moderately
poorly drained soils with 1.3-3.8 mmht (0.05-0.15 inch hrl)

Chesapeake Bay

] water infiltration rate; Type D — poorly drained soils with 0—
a" 1.3mm hr1 (0-00.05 inch hr 1) water infiltration rate; (3) the land
ﬁ A cover map shown is obtained from 2008 National Cropland Data
¥ 2 NN Layer (NCDL). The time series NCDL maps (not shown here) in-
oy 0 375750 1,500 dicate the areas grown with corn/soybean rotation are similar to the

— — KM

areas grown with soybean/corn rotation.

Figure 1. Geographical location of the study area (German Branch

watershed, with the size of 50 L . . . .
i to maintainused in this study. Daily climate records on water

quality for the mid-Atlantic region of the US (McCarty et al.,
a temperate, humid climate with an average annual precipi—2008)-
. 1 . - . .
tation of .129 cmyear” (Ator et al., 2005). PreC|p|tat|9n 'S 2.2 SWAT model: model description, data, calibration,
evenly distributed throughout the year, and approximately o
LS and validation.
50 % of annual precipitation recharges groundwater or enters

streams via surface flow, while the remaining precipitation g\t was used to simulate the effects of winter cover crops
is lost to the atmosphere via evapotranspiration (Ator et al. o nitrate uptake with multiple cover crop scenarios over

2005). . L the period of 1990-2000. The model simulation was run for
The Choptank River watershed has been identified as ag,q entire watershed (including forested, row croplands, and

“impaired” water body by the QS Environmental Protection o o croplands), and changes in both water budgets and
Agency (US EPA) under Section 303(d) of the Clean Wa- hitrate |oads to receiving waters under multiple scenarios

ter Act due to excessive nutrients and sediments, and NUtrigare compared with baseline conditions (no cover crops) at

ent runoff from agricultural land has been identified as theyhe field and/or watershed scales. The overall modeling ap-
main contributor of water pollution (McCarty et al., 2008). roach is presented in Fig. 3. Since cover crop N reduction
Since 1980, substantial efforts have been made to monitogiciency is controlled by winter cover crop biomass (Malhi

water quality in the Choptank River watershed to establishg; al., 2006), we developed a new method to calibrate plant

baseline information on nutrient loadings from agricultural growth parameters that control leaf area development to pro-

watersheds. Water quality in the GB watershed was intény,,ce simulation outputs close to observed values (discussed
sively monitored between 1990 and 1995 as part of the Tar, gact. 2.2, 4).

geted Watershed project, a multiagency state initiative (Jor-

dan et al., 1997; Primrose et al., 1997). In 2004, the Chop2.3 Description of SWAT model

tank River watershed was selected to become part of the

US Department of Agriculture (USDA) Conservation Effects SWAT is a continuous, physically based semidistributed wa-
Assessment Project (CEAP), which evaluates the effectivetershed process model. SWAT simulation runs on a daily time
ness of various agricultural conservation practices designedtep. SWAT includes and enhances modeling capabilities of
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Ty S e . :glgorﬁisget?ﬁ;g 2.4 Data and input preparation

Scenlarlos Scenlarlos :?'C'B'\}gr'ég"é"'} ] )
L 3 Table 1 presents the list of data and other relevant in-

[ Flow:and NO3 calibration ] formation used in this study. Daily climate records on
o precipitation and temperature were obtained from the Na-

oabraton tional Oceanic Atmospheric Administration (NOAA) Na-
T tional Climate Data Center (NCDC) (Royal Oak, Station

-[ R ] ID: USC00187806). Daily solar radiation, relative humidity,
: ! — wind speed, and missing precipitation and temperature in-

Compar(l;?;eo\fv ;\ltg; ;':;V'"g O femmm Ve _‘ff_S_h_e_d_fgz:If___:D formation were derived using SWAT'’s built-in weather gen-
______________ erator (Neitsch et al., 2011). Monthly streamflow and water

Comp;;i%o;szfnzl(iz ;(r;ahr;sgorted F— *:::__fie_'ffff’_'?__-:::’ quality information over the period of 1990-1995 was ob-

tained from Jordan et al. (1997). Annual estimates of nitrate
Figure 3. Schematic diagram of modeling procedure. Note: This loads by subwatershed areas within GB watershed were pro-
shows the overall modeling procedure of the presented study angtided by Primrose et al. (1997).

summarizes what simulation results are compared at the various The geospatial data set needed to run SWAT simulations
spatial scales. HLZ (High Loading Zones) refers to those agricul-includes digital elevation models (DEM), hydrologic soil
tural fields (HRUs) with high nitrate export potential. types, and land cover/land use. A lidar-based 2m DEM,
processed to add artificial drainage ditches by the USDA
ARS at Beltsville, Maryland (Lang et al., 2012), was used

a number of different models previously developed by they, oyiract topographic information. The DEM was used to
USDA Agricultural Research Service (ARS) and the US yoinaate the drainage area, subdivide the study area into

EPA. Arnold gnd Fohrer (2005) discuss the 9apabi"“es Ofsmaller modeling units, and define the stream network. Soil
SWAT in detail. Technical documents on physical processes<ormation was obtained from the Soil Survey Geographi-

implemented in SWAT, input requirements, and explanationcal Database (SSURGO) available from the USDA Natural
of output variables are available online (Neitsch et al., 2011).0.curces Conservation Service (NRCS).

The key physical processes in SWAT relevant to this research A map of land use was prepared based on the com-

are briefly.discussed below. . prehensive analysis of existing land use maps, including
The main components of SWAT include weather, hydrol- o \y5 Geological Survey’s National Land Cover Database
ogy, 'sgdlmentatlon, soil temperature, crop growth,.nutnentsOf 1992, 2001, and 2006, the USDA National Agriculture
pesticide, pathogens, and Iand ma”fageme_”t (Neitsch et aétatistics Service (NASS) National Cropland Data Layer
2011). In SWAT, a watershed is subdivided into smaller SPa-(NCDL) of 2002, 2008, 2009, and 2010 (Boryan et al., 2011)
tia[ modeling units, supwatersheds and hygirologic responsg 4 high-resolution land use map developed from 1998
units (HRUs). A HRU is the smallest spatial unit used for National Aerial Photography Program (NAPP) digital or-

field-scale processes within the model. HRU is characterizeqhophOto quad imagery (Sexton et al., 2010). These maps

by homoger]eous land cover, soil type,' and slope. jl'he. OVelihdicated a consistent pattern of land use distribution over
all hydrologic balance as well as nutrient cycling is simu-

the last 2 decades with little change. The spatial distribution
lated for each HRU, summed to the subwatershed level, an f major croplands (e.g., soybean and corns) (Fig. 2) was

then routed through stream channels to the watershed oufjatarmined using 2008 NCDL. As the 2-year rotations of
let. In the SWAT model, a modification of the Soil Conser- orn—soybean or soybean—corﬁ were common practice and
vat|9n Service (SCS) curve number (CN) method.was l3‘°’e‘£gricultural lands were used evenly for both crops, the place-
to simulate surface runoff for all land cover types including ment of the crop rotations was simplified to alternate the lo-
row crops, forests, and non-row croplands. The CN method 4,4 of comn and soybean croplands every year using the

determines runoff based on land use, the soil’s permeability 008 NCDL as a base map. While the placement of crop ro-
and antecedent soil water conditions. The transformation an tions between various yeairs would vary, it was not possible

tranlsport Of, mtrlogedn b_e;l\{veen several o:cganu? andf INOrgani¢y optain the spatial distribution of major croplands for each
pools are simulated within a HRU as a function of nutrient g, a4qn year. In addition, time series cropland patterns ob-

cycles. Simulated loss of N can occur by surface runoff inserved from recent NCDL maps seem to support this gener-

solution and by eroded sediment and crop uptake. It can alsgi; o ¢rop rotation pattern of interchanging the locations of

take place in percolation below the root zone, in lateral sub—Corn and soybean fields.

surface flow, and by volatilization to the atmosphere. Detailed agronomic management information was col-
lected in the field, as well as through literature reviews and
interviews with farmers and extension agents. Modeled agri-
cultural practices and management reflects actual practices
(i.e., no winter cover crop practice, utilizing conservation
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Table 1.List of data used in this study.

Data Source Description Year
DEM MD-DNR Lidar-based 2 m resolution 2006

USDA-NASS Land use map based on cropland data layers 2008

USGS National Land Cover Database 1992, 2002, 2006
Land use USDA-ARS at Land use map developed through on-screen 1998

Beltsville digitizing using National Aerial Photography

Program (NAPP) digital orthophoto quad imagery
(Sexton et al., 2012)

Soils USDA-NRCS Soil Survey Geographic database 2012
Climate NCDC Daily precipitation and temperature 1990-2010
Streamflow Jordan et al. (1997) Monthly streamflow 1990-1995
Water quality Jordan etal. (1997)  Monthly nitrate 1990-1995
Winter cover crop  Hively et al. (2009) Winter cover crop biomass estimated from 2005-2006
Biomass field survey and satellite imageries

tillage without irrigation) in the study region during the time eters were calibrated sequentially in order of their sensitivity

of water quality monitoring (Sadeghi et al., 2007), and theas reported by Sexton et al. (2010). The calibration was run

guidelines for winter cover crop implementation practicesin a batch and the model performance statistics (discussed

were developed by the Maryland Department of Agriculture below) were computed for each run. We chose the parameter

(MDA) cover crop program. values that produce the best statistical outputs while meet-

The GB watershed was subdivided into 29 sub-basindng the model performance criteria as discussed by Moriasi

based on tributary drainage areas. Within each sub-basin, thet al. (2007). To assess longer-term effects, the model sim-

superimposing of similar land uses and soil type generated alations were performed over the period of 1992-2000. We

total of 402 HRUs with 283 classified as agricultural HRUs. used ArcSWAT 2009 with the 582 version of the executable

The average size of HRUs ranged from 0.2 to 118.6 ha, witHfile in the ArcGIS 9.3.1 interface.

an average size of 11.8 ha and a standard deviation of 13.0 ha. Accuracy of the model calibration was assessed with
three statistical model performance measures: the Nash—

2.5 Calibration and validation of SWAT model Sutcliffe efficiency coefficient (NSE), root mean squared er-
ror (RMSE)-standard deviation ratio (RSR), and percent bias

Although SWAT simulations were calculated on a daily ba- (PBIAS) (Moriasi et al., 2007). They are defined as follows:

sis, the calibration and validation were performed using the

monthly water quality record available from the monitor- i(o. 8§12

ing station located at the study watershed outlet. The cali- P

bration was performed manually under the baseline scenari®lSE=1— |’ @)

with the 2-year crop rotations, following the standard pro- 2.(0i—0)?

cedure outlined in the SWAT user’s manual (Winchell et al., i=1

2011). The key parameters and their allowable ranges were

identified using the sensitivity analysis performed by Sex-

ton et al. (2010) and previous studies (Table 2). The sim-

ulations included a 2-year warm-up period (1990-1991) tORSR— RMSE i )

establish the initial conditions. Model calibration was done T STDEVpps ,, ., ’

using the next 2 years of water quality records (1992—-1993), [ (0; —0)

and the remaining records were used for validation (1994— i=1

1995). This short period of spin up and calibration could limit

the model’'s capability to capture the effects of interannual )

variability of weather on streamflow and nitrate. The calibra- 3 (0; — S;) x 100

tion was done as follows. We first adjusted the parameterg,p A g_ | i=1 3)

related to the streamflow and then for nitrate, by making a n ’

small change in their allowable ranges (Table 2). The param- =

L 2
(0; = 8i)
-1
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Table 2. List of calibrated parameters.

Simulation Calibrated
Parameter module Description Range value Reference*
CN2 Flow Curve number —20t0+20% —16% Zhang et al. (2008)
ESCO Flow Soil evaporation compensation factor 0-1 1.000 Kang et al. (2006)
SURLAG Flow Surface runoff lag coefficient 0-10 1 Zhang et al. (2008)
ALPHA_BF Flow Base flow recession constant (1/days) 0-1 0.045 Meng et al. (2010)
GW_DELAY Flow Delay time for aquifer recharge (days) 0-50 26 Meng et al. (2010)
CH_K2 Flow Effective hydraulic conductivity (mnH) 0-150 2 Zhang et al. (2008)
CH_N2 Flow Manning coefficient 0.02-0.1 0.038 Meng et al. (2010)
NPERCO Nitrogen Nitrogen percolation coefficient 0.01-1 1 Meng et al. (2010)
N_UPDIS Nitrogen Nitrogen uptake distribution parameter 5-50 50 Saleh and Du (2004)
ANION_EXCL Nitrogen Fraction of porosity from which anions are ex0.1-0.7 0.405 Meng et al. (2010)
cluded
ERORGN Nitrogen Organic N enrichment ratio for loading wittD-5 4.97 Meng et al. (2010)
sediment
BIOMIX Nitrogen Biological mixing efficiency 0.01-1.0 0.01 Chu et al. (2004)
LAIMX1 LAI Fraction of the maximum leaf area index corre-— 0.01 (Wheat) Hively et al. (2009)
sponding to the first point on the leaf area de- 0.02 (Barley)
velopment curve 0.12 (Rye)
LAIMX2 LAI Fraction of the maximum leaf area index corre-— 0.14 (Wheat) Hively et al. (2009)
sponding to the second point 0.31 (Barley)
0.35 (Rye)

Note: the ranges of parameters were adapted from existing literature (noted as Reference*). LAIMX1 and LAIMX2 were estimated using the regression method based on biomass estimates
reported in Hively et al. (2009) and the simulation outputs from the crop growth module of SWAT (see details in Sect. 2.2.3).

where O; are observed ang; are simulated data is ob- 2.6 Calibration of plant growth parameters
served mean values, an@quals the number of observations.

The values of those statistical measures were compared to thg lant arowth ¢ librated t
model evaluation criteria set for various water quality param- OVEr crop piant growth parameters were calibrated to more

eters (Moriasi et al., 2007). realistically simulate cover crop growth during winter at the

The prediction uncertainty of the model was assessed usf_|eld scale. Specifically, we modified the parameters that

ing the 95 % prediction uncertainty (95 PPU), tRefactor, control the _Ieaf area _development curve usjng biomass esti-
and theRr factor (Singh et al., 2014). They were computed mates provided by Hively et ".’II' (2009). Their study reported
using all simulation outputs obtained during the manual cal-2ndscape-level biomass estimates for three commonly used

S inter cover crops categorized by various planting dates over
ibration process. The 95 PPU bands are calculated at the 2. inter ¢ . . ) .
and 97.5 percentiles of the cumulative distribution of simu- 1€ period of 2005-2006 in the Choptank River region. This

lation outputs. TheP factor indicates the percentage of ob- information was analyzed to associate winter cover crop
served data falling within 95 PPU band, and tdactor is biomass estimates with heat units. Heat units were com-

the average thickness of the 95 PPU bands by the :standarrffted btasdeq ?V\BZ‘?’ po.ttinttkl‘al zef"lu ulr)|t (THU) thsory astkllm—
deviation of the observed data. T factor can vary be- piemented in W € daily climate record over tne

tween O (i.e., achievement of a small uncertainty bound) and:ovgzrlcror; gw\?vrx;ormg Q{E”Od (200;‘1;2006). Thz c_rlop ?romf[th
infinity, while the P factor can vary from 0 to 100 % (i.e., all module o was then run with average daily climate

observations bracketed by the prediction uncertainty) (Sing ata_ over 1.992_2000 using the default parameter values to
etal., 2014). provide estimates of biomass and leaf area index (LAI) by

growing degree days. This assumption should not have a sig-
nificant effect on plant growth simulation, even if there is
some interannual variability in weather conditions between
the two periods. This is because the plant growth cycle in
SWAT is simulated using heat unit theory, and there was little
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difference in heat units counted during two different time pe-over the course of the simulation period to avoid days with
riods. Heat units are based on the accumulated number cfubstantial precipitation falling immediately prior to winter
growing days that have a daily temperature above the baseover planting. Note that the harvest date of summer crops
temperature. Below the base temperature, no plant growtluinder the baseline was set for 15 October to make the model
should occur. results from the baseline more comparable to the early and
Using this information, we then were able to relate simu- late cover crop scenarios by setting the harvesting date in
lated LAI values to the reported biomass estimates and headietween them. Actual practices and historical statistics indi-
units. These LAl values and the corresponding heat unitcate that early planting was generally allowed for corn only,
were then normalized by the maximum LAI and total poten- as soybean requires later harvest in the Choptank River re-
tial heat units required for plant maturity, and the relation- gion. MDA's county level statistics over 2006—2011 showed
ship between these two normalized values (fractional LAlthat winter cover crops were generally planted later follow-
and heat units) was fitted using a simple regression modeling soybean (in general, after mid-October), while two-thirds
This fitted model was extrapolated to identify two LAI pa- of cover crop implementation occurred prior to mid-October
rameter values (Table 2) required to adjust the leaf area deafter corn. This difference could be due to late harvesting to
velopment curve in the SWAT model. allow for double planted soybean crops. In this study, early
planting scenarios were considered to be more active con-
2.7 Assessing the effectiveness of winter cover crops servative agricultural practices than late planting scenarios.
with multiple scenarios Therefore, early planting scenarios were set to apply the early
planting date at 100 % where it could be applicable (i.e., corn
We assessed the potential effects of winter cover crops offields), while the remaining fields (i.e., soybean fields) were
nitrate removal at the field and watershed scales under multiassumed to be treated with 100% of late plantings. As a
ple implementation scenarios. Details of these scenarios areesult, these scenarios include 50 % of cover cropping with
presented in Table 3. The MDA Cover Crop Program offersearly planting on cornfields and the remaining 50 % with late
a varying cost share according to winter cover crop plant-planting on soybean fields, as both crop types have roughly
ing species and cutoff planting dates. Following the programan equal share of total croplands. Due to this mixed effect, the
guidelines and county-level statistics of winter cover crop nitrate removal efficiency by different planting dates could
implementation (MDA, 2012), we constructed multiple sce- not be fully assessed at the watershed scale, but evaluated at
narios relevant to regional cover crop practices with threethe field scale.
major cover crop species — i.e., barlgyofdeum vulgare
L.), rye (Secale cereald.), and wheat Triticum aestivum
L.) —and two planting date categories (early/late). Additional 3 Results and discussion
cover crop scenarios were developed to assess their effective-
ness by varying extent of cover crop implementation. The av-3.1 SWAT calibration and validation
erage nitrate export was assessed at the field scale based on
the simulation output over the period of 1992—2000 under theThe simulated results of monthly streamflows and nitrate
baseline scenario (i.e., no cover crop). Then, all agriculturalwere compared with the observed data for both the calibra-
HRUs were sorted by nitrate loading and equally subdividedtion and validation periods. Table 2 provides the list of the
into five groups. Each group was then introduced incremenadjusted parameter values after model calibration. Overall,
tally for cover crop implementation, in order from the highest Fig. 4 shows good agreement between measured and simu-
to the lowest nitrate loading. lated monthly discharge of streamflow and nitrate. It illus-
Table 4 summarizes agricultural practices and schedulindrates the 95 PPU (the shaded region) of the SWAT simu-
used for different scenarios. There was no difference betweetation model with the monthly observed and the best sim-
baseline and cover crop scenarios during the growing seadlated streamflows and nitrates. The 95 PPU of streamflow
son. The croplands were managed with the typical 2-yeaseems to quantify most uncertainties as the interval includes
corn—soybean or soybean—corn rotation, and fertilizer wasnost of the measured data. However, the 95 PPU of nitrate
only applied to corn cropping in the beginning of the grow- does not seem to represent all the uncertainty, particularly for
ing season, due to its high demand for nutrients to supporthe low-flow season when most of the simulated streamflows
growth and yield. Instead of winter fallow, cover crop sce- are not in good agreement with the observed streamflows.
narios assumed placement of winter cover crops. The coverhis could be caused by the limitations of SWAT itself and
crops were planted after harvesting of summer crops either ithe large errors associated with calibration. The calibration
the beginning of October (early planting) or November (late was conducted over a short period and this could limit the
planting), and were chemically killed at the beginning of the capability of the calibrated model to capture the effects of
following growing season (early April). The specific dates weather variability on streamflow and nitrate. In addition, the
(8 October and 1 November) of cover crop planting werenitrate load calculated based on the field sampling of nitrate
set according to MDA guidelines, with slight adjustment stream concentration (i.e., the observed nitrate load) could
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Table 3. List of cover crop scenarios.

I.-Y. Yeo et al.: Assessing winter cover crop nutrient uptake efficiency

Scenario  Cover crop species  Planting timing Abbreviations
1 None N/A Baseline

2 Winter wheat Early planting (3 October) WE

3 Barley Early planting (3 October) BE

4 Rye Early planting (3 October) RE

5 Wheat Late planting (1 November) WL

6 Barley Late planting (1 November) BL

7 Rye Late planting (1 November) RL

Note: early planting scenarios include 50 % of early planting on corn and 50 % of late planting on soybean.
Soybean requires longer growing day, and actual practices and county statistics showed that early planting

was generally allowed for corn only.

Table 4. Agricultural practices and management scheduling for the baseline and cover crop scenarios.

Baseline scenario

Year Corn—soybean rotation Soybean—corn rotation
12 Apr — poultry manure; 4942 kg h& (4413 Ib/ac) 20 May — soybean plant: no-till
27 Apr — poultry manure; 2471 kg h& (2206 Ib/ac) 15 Oct — soybean harvest
First year 30 April — corn plant: no-till

15 Jun — sidedress 30 % UAN; 112 kgHa(100 Ib/ac)

15 Oct — corn harvest

20 May — soybean plant: no-till
15 Oct — soybean harvest
Second year

12 Apr — poultry manure; 4942 kghat413 Ib/ac)
27 Apr — poultry manure; 2471 kd 12206 Ib/ac)
30 Apr — corn plant: no-till
15 Jun — sidedress 30 % UAN; 112 kgHa(100 Ib/ac)
15 Oct — corn harvest

Cover crop scenario

Year Corn—soybean rotation Soybean—corn rotation
12 Apr — poultry manure; 4942 kg h& (4413 Ib/ac) 20 May — soybean plant: no-till
27 Apr — poultry manure; 2471 kg h& (2206 Ib/ac) 30 Oct — soybean harvesting
) 30 Apr — corn plant: no-till 1 Nov — cover crop planting
First year 15 Jun — sidedress 30 % UAN; 112 kg'Ha(100 Ib/ac)

1 & 30 Oct — corn harvesting
3 Oct & 1 Nov — cover crops planting

1 Apr — chemically kill cover crops
20 May — soybean plant: no-till
30 Oct — soybean harvesting

Second year 1 Nov —cover crop planting

1 Apr — chemically kill cover crops
12 April — poultry manure; 4942 kgh&413 Ib/ac)
27 April — poultry manure; 2471 kgH{a206 Ib/ac)
30 April — corn plant: no-till
15 Jun — sidedress 30 % UAN; 112 kgHa(100 Ib/ac)
1 & 30 Oct — corn harvesting
3 Oct & 1 Nov — cover crop planting

Note: the typical N content for poultry manure is 2.8 % (Glancey et al., 2012).

be overestimated for the low flow season, if it is not based orcaptured if a lower level of prediction interval (e.g., 90 %)
sufficient coverage and consistency within the data set (e.gis chosen. The nitrate simulation results produced a much
continuous on-site measurements). Thdactor values for  smallerP factor value than the streamflow, indicating much
streamflow ranges between 0.62 and 0.75 (as shown in Tagreater uncertainty. However, ttRefactor value of nitrate is
ble 5), but most observed data outside the 95 PPU are namaller than that of streamflow, indicating the 95 PPU band
far off from this shaded region. These values could be wellfor the nitrate is narrower (Table 5).
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Table 5. Model performance measures for streamflow and nitrate.

Variable Period RSR  NSE P bias (%) P factor R factor
Flow Calibration 058 0.74 7.06 0.75 0.94
validation 052 0.72 —2.&F 0.62 0.83

Nitrat Calibration 058 0.6 —3.4 0.50 0.67
rate  \amlidation 0.6 0.5¢* _15.6 0.29 0.62

Note: performance ratingindicates satisfactor&?, good,® very good. The performance rating criteria
are adapted from Moriasi et al. (2009) and these statistics are computed based on the monthly water
quality record.

P S in 1994. Unlike the simulation output, a high peak in stream-
flow and consequently in nitrate loading was observed in Au-
gust. This relatively high flow and nitrate were somewhat
unusual, as the weather record for this site did not show any
dramatic change in precipitation during August of 1994 com-
pared to the previous years. However, the reported stream-
flow in August of 1994 was much higher than observations
S VA from other years. In addition, the streamflow record from an
’ adjacent watershed, with similar characteristics and size, did
not produce high peak values for streamflow during the same
period. This difference could perhaps be explained due to un-
expected agricultural practices, localized thunderstorms that
did not occur at the weather station and nearby watershed,
or human/measurement errors, although the exact cause of
such error could not be determined. The SWAT simulation
‘ ‘ provided considerably improved results compared to previ-
ous studies conducted in the study area (Lee et al., 2000;
Sadeghi et al., 2007; Sexton et al., 2010). These improve-
. .. ments may be due to different model choice (Niraula et al.,
o S 2013), the recent update of the SWAT model to more accu-
) _/\ .. ) WA \ s A rately predict nitrate in groundwater (USDA-ARS, 2012; Seo
o2 iy 28 Wer 92 i i e o May-94  Sep-94  Jan-95 !:my—% Sep-95 et a|., 2014), and use of more accurate hlgher Spatial resolu
J3FPY. = Obsenvation —Simuation tion DEMs (Chaplot, 2005; Chaubey et al., 2005).

Figure 4. Observed and simulated monthly streamflows and nitrate Accurate simulation of winter cover crop growth and
loads during the monitoring period (1992-1995) at the watershed?iomass at various stageslof procjucnon is crucial to accu-
scale. rately estimating the potential of winter cover crop to uptake

residual N and reduce nitrate loading. The winter cover crop
program was implemented in 2005 at this site and, there-

fore, no data were available to validate predicted winter cover
Table 5 also presents a summary of model performance . .

; : .~ trop biomass over the period of 1992—2000. However, we
measures and their accuracy ratings based on the statist|-

. S . are confident in our biomass simulation, as the simulated 8-
cal evaluation guidelines reported by Moriasi et al. (2007). . . . .
year averaged winter cover crop biomass estimates obtained
These performance measures are calculated based on

monthly water quality record. Overall, the model perfor- atthe HRU scale were comparable to the range of cover crop

. ; biomass reported by Hively et al. (2009). It is to be noted
mance rating for streamflow and nitrate loads exceeded th . S .
s TR . . S at without calibration, cover crop growth was simulated at
satisfactory” rating in both the calibration and validation

. . . a much faster growth rate, and the growth trend over win-
periods. Model simulation results for streamflow were more : ! oo

. . ter months did not match field data as reported in Hively et

congruent with the observed values than for nitrate, but the

pattern of simulated nitrate was similar to the trend of simu-al' (2009). This study calculated above-ground winter cover

lated streamflow. Also, simulation results for the calibration crop biomass with a range of planting dates, based on field

. . : survey and satellite images acquired over the period of 2005—
period were in better agreement with the observed values
o . . 2006. For example, the modeled growth rate of rye before

compared to the validation period. The largest discrepancy__,. . . ;
. . calibration was substantially lower in the early growth stage,

between simulated and measured streamflow and nitrate was

Precipitation (cm)

Stream flow (m?/s)

°

4w oo

N

Nitrate (kg/ha)
PN
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producing much less biomass than observed values. Figseasons and warmer conditions (Baggs et al., 2000). Similar
ure 5 shows the agreement between measured and simulategsearch in Minnesota also demonstrated that winter cover
biomass estimates after calibration, at the field (HRU) scalecrops planted 45 days earlier reduced 6.5 kg Nthaore ni-

Note that the simulated estimates of cover crop biomass wer&ogen than late planting (Feyereisen et al., 2006). Our simu-
at the upper end of the reported values, as the simulation outation results are slightly lower than these published values,

put included both above- and below-ground biomass. due to fewer growing days<(30 days). The earlier planting
occurred~ 30 days prior to the late planting.
3.2 Multiple scenarios analysis The simulation results indicate that rye is the most effec-

tive cover crop at reducing nitrate loads. Rye is well adapted

Winter cover crops had little impact on catchment hydrology for use as a winter cover crop due to its rapid growth and win-
but a profound effect on nitrate exports. Figure 6 presentder hardiness, and these characteristics enabled rye to con-
9-year average annual mean streamflow, annual evapotrasume a larger amount of excessive nitrogen than other crops
spiration, and annual nitrate loads, under baseline and muliShipley et al., 1992; Clark, 2007; Hively et al., 2009). Bar-
tiple cover crop scenarios. As reported from previous stud-ey is a cool-season crop and develops a strong root system
ies (Kaspar et al., 2007; Islam et al., 2006), the inclusionduring the winter season. Barley exhibits better nutrient up-
of a winter cover crop reduced streamflows only slightly take capacity than wheat (Malhi et al., 2006; Clark, 2007).
(< 10%). Similarly, our study found streamflow reductions Our simulation results were consistent with previous studies.
of less than 8%. Winter cover cropping reduced stream-As shown in Fig. 5, rye grows faster than other winter cover
flow from 8.5 to 7.8mMs ! (RE, rye early) and 8.4fs~1  crops particularly in the early growth stage, taking up higher
(WL, wheat late), and increased evapotranspiration from 664evels of nitrate. Compared to the baseline scenario, rye re-
to 673mm (WL) and 710 mm (RE), in comparison to the moved more than 67 % of nitrate with early planting, and
baseline scenario. While the effects of winter vegetation on54 % with late plating (Fig. 6). Barley had a nitrate reduction
evapotranspiration were relatively low, any water loss due torate of 57 % and winter wheat 41 % with early planting, but
evapotranspiration could be offset as cover cropping usuallythis removal efficiency drops to 38 % for barley and 27 % for
increases soil saturation by increasing water infiltration ca-winter wheat with late planting (Fig. 6). Figure 6 illustrates
pacity (Dabney, 1998; Islam et al., 2006). Because the studyhat late planted rye was nearly as effective as early planted
site typically exhibits maximum streamflow during winter barley and more effective than early planted winter wheat.
with rising groundwater levels (Fisher et al., 2010), the rel- Simulated nitrate removal efficiency was greatly affected
ative difference in streamflows due to winter cover crops re-by different levels of cover crop implementation as shown
mained small. Rye cover crops caused the most changes ia Fig. 7. As expected, removal efficiency increased with in-
the hydrologic budget followed by barley and winter wheat creasing coverage of cover crop implementation, though the
cover crops. Early planting scenarios produced slightly lowerslope of removal efficiency slightly decreased at the 60 %
streamflow and higher evapotranspiration, compared to thosextent. This finding seems to indicate that the nitrate reduc-
with the later planting date. tion rate does not increase linearly with increasing coverage,

Unlike its small hydrologic effect, winter cover cropping but its relative efficiency could decrease after the coverage
greatly reduced nitrate loads and there were large differencesf cover crop implementation exceeds 50 % of the croplands.
in nitrate loads by planting species and dates. Annual ni-While this finding seems to be reasonable, further field-based
trate loads with cover crop scenarios ranged from 4.6 (RE)studies are needed to verify this finding. It was noted that
to 10.1 kg ha' (WL). The difference in nitrate loadings un- 60 % cover crop coverage with an early planting date would
der different cover crop scenarios ranged from 1.3 (when REeduce more nitrate than 100 % cover crop coverage with late
was compared to BE, barley early) to 5.5kgh&when RE  planting, emphasizing the importance of early cover crop
was compared to WL). If the comparison of the removal effi- planting as indicated by other studies (Ritter et al., 1998;
ciency was made within species, early cover cropping (3 OcHively et al., 2009).
tober) lowered annual nitrate loads by 1.8 (rye and winter The effects of cover cropping were further assessed by
wheat) to 2.7 (barley) kg hd, compared to late cover crop- quantifying the amount of nitrate transported from agricul-
ping (1 November). When compared with the baseline scetural fields by different delivery pathways to waterways (sur-
nario (13.9 kg hatl), the cover crop scenarios reduced nitrate face runoff, lateral flow, and shallow groundwater) and ni-
loads by 27 (WL)-67 % (RE) at the watershed scale. Thistrate leached to deep groundwater. Figure 8 presents nitrate
finding compared well with the results of previous studiesloads per unit area leaving agricultural fields during the win-
that reported the importance of early planting date (Ritterter fallow period (October—March). The effectiveness of win-
et al., 1998; Feyereisen et al., 2006; Hively et al., 2009).ter cover cropping to reduce nitrate leaching is particularly
Shorter day lengths and lower temperatures could also limihoticeable, as reported by earlier studies (McCraacken et
the growth of cover crop biomass during the winter sea-al., 1994; Brandi-Dohrn et al., 1997; Francis et al., 1998;
son. Therefore, earlier planting could increase the amount oBergstrom and Jokela, 2001; Rinnofner et al., 2008). At the
nitrogen uptake by cover crops because of longer growindield scale, the seasonal average of nitrate leaching (shown
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Figure 5. Estimation of winter cover crop biomass during the winter fallow period. Note: This figure presents monthly average total biomass
(both above- and below-ground biomass) over the simulation period for three planting species obtained at the field (HRU) scale. The vertical
dotted line represents the range of above-ground biomass estimates due to different growing/planting days from Hively et al. (2009). The

simulated total biomass lies at the upper end of above ground biomass estimates.
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Figure 8. The 8-year average nitrate leaching and delivery to wa-
terways during winter fallow assessed at the field scale under multi-
Lo ple cover crop scenarios. Note: DPs (Direct pathways) refers to the
amount of nitrate transported from agricultural fields (HRUs) to wa-
terways by surface flow, lateral flow, and groundwater; L is nitrate
Figure 6. The 9-year average streamflow, actual evapotranspirajeaching to groundwater. The numeric value in parentheses, (), indi-
tion (ET), and nitrate loads at watershed scale under multiple covegates reduction rate (RR). As the growth period of winter cover crop
crop scenarios. Note: Error bar (vertical line) represents standar@overs from October to March, results presented here were based on

deviation. The numeric value in parentheses, (), indicates reducthe eight years of simulation from October 1992 to March 2000.
tion rate (RR). RR is calculated by taking the relative difference

in simulation outputs from the baseline and cover crop scenarios
[RR = (Baseline— Cover crop Scenarig)Baseline].
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E==Stream flow E=INitratc load =@=ET

shallow groundwater (referred to as DPs, direct pathways, in
Fig. 8) was greatly reduced from 2.9 to 10.7 kghawvith

cover crop scenarios, a reduction rate of 25-80%. Similar
to the watershed-scale analysis, rye with an early planting

=
=]

2

w

&

30

Nitrate Reduction Rate (%)

date produced the most effective result at the field scale with
the highest reduction rate both through direct pathways and
leaching.

3.3 Geospatial analysis to identify high nitrate loading

areas

40% 60% 80% 100%

The 9-year annual and monthly nitrate loads from agricul-
tural fields (HRU) simulated under the baseline scenario
Figure 7. Nitrate reduction rates by varying degree of cover crop were analyzed to pinpoint those areas with a high poten-
implementation at the field scale. tial for nitrate loadings and better understand the character-
istics and variability of these high loading zones. We clas-
sified all agricultural HRUs into five classes according to
as “L” in Fig. 8) over the winter fallow period (October— different levels of nitrate export potential. Nitrate export po-
March) without cover crops was estimated as 43kgtha tential was computed by summing up nitrate transported by
With winter cover crops, nitrate leaching decreased to 3.0-direct pathways and leaching to groundwater. We observed
32.0kghat, depending on planting species and timing, re- consistent spatial patterns in nitrate loadings at the inter-
sulting in a reduction rate of 26-93 %, compared to base-annual and monthly timescale. Figure 9 illustrates the ge-
line values. In addition, the amount of nitrate transportedographical distribution of nutrient loadings from all agri-
from fields to waterways by surface runoff, lateral flow, or cultural HRUs based on the 9-year annual and monthly
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9-Year Average (kg/ha) March (kgitha) April (ka/ha) November (kg/ha)
W High (72.4~177 5) I High (18.1~22.1) I High (9.5~25.7) I High (3.4~16.2)
I M. High (64.6~72.3) I M. High (16.7~17.8) I M. High (8.7~9.5) [ M. High (2.7~3.4)

Medium (60.6~64 6) . Medium (16.1~16.7) . Medium (8.3~8.6) - Medium (2.5~2.7)
M. Low (50.3~60.6) ,f} M. Low (13.6~16.1) ,;g,\} M. Low (7.6~8.3) s M. Low (21~2.5) ‘"X
I Low (16.9-50.1 ;mﬁ%g“* I Low (3.2+13.3) m”f By | Low (18-75) Sy [ Low (19-21) g B,
déﬂ’; o go _dm iy o S
P c, e

Figure 9. The spatial distribution of nitrate export potential from agricultural fields. Note: Nitrate export potential was computed by adding
the annual or monthly averaged amount of nitrate leaching to the groundwater (L) and leaving to the streams by surface runoff, lateral flow,
and groundwater (DPs) from the 9-year simulation results. Estimated nitrate loads from the HRUs were classified into five groups. In the
legend M. High refers to Moderately High and M. Low Moderately Low. The HRUs within the black circle indicates outliers with extremely
high nitrate loadings. This area is characterized by poorly drained hydric soil (“Urban land”) and consistently produces extremely high nitrate
loadings throughout years and seasons. The white area is non-agricultural land as shown in Fig. 2.

average simulation results from selected months. Those sdhat nitrate exports vary based on edaphic and agronomic
lected months were chosen considering seasonal characterisharacteristics of the croplands upon which crops are
tics of climate and hydrology as well as the timing of agricul- planted. Therefore, it is important to develop management
tural practices and scheduling that may produce differenceguidelines to encourage optimal planting species, timing, and
in nitrate loadings (e.g., high precipitation and groundwaterlocations to achieve enhanced water quality benefits. This
flow in March/April, killing winter cover crop and fertilizer study suggests that early planted rye is the most effective
application in April, and cover crop application in Novem- cover crop practice, with the potential to reduce nitrate load-
ber). ing by 67 % over the baseline at the watershed scale. We hy-
The location of high nitrate loading areas was generally aspothesize that the relatively high nitrate removal efficiency
sociated with moderately well-drained soils and agriculturalof early planted rye is due to the more rapid growth rate of
fields more frequently used for corn over the simulation pe-rye, especially in the early growth stage, compared to other
riod. Nitrate leaching dominated the total nitrate loads fromspecies. As expected, nitrate removal efficiency increased
the fields (i.e., potential for nitrate export), as it outweighed significantly with early planting of all species and increasing
nitrate transport by direct pathways (as shown in Fig. 8). Wecover crop implementation. The study also illustrates that lo-
hypothesize that areas with moderately well-drained soils al-cations of high nitrate export were generally associated with
lowed high nitrate leaching due to their high infiltration ca- moderately well-drained soils and agricultural fields more
pacity (Fig. 2). Because of the high nitrogen demand forfrequently used for corn. Therefore, it would be important
corn growth and yield, corn cropping requires a consider-to prioritize winter cover crop application with early planted
able amount of fertilizer application during the early growth rye for those areas with well-drained soils used for corn pro-
stage, while soybean does not require any fertilizer applicaduction.
tion (Table 4). Consequently, nitrate export from agricultural  This study also provides a new approach to calibrate win-
fields more frequently used for corn over the simulation pe-ter cover crop growth parameters. Growth parameters for
riod was significantly greater than those used for soybeanwinter cover crops need to be carefully calibrated for shorter
as reported by Kaspar et al. (2012). Therefore, it would beday lengths and lower temperatures during the winter, to
important to prioritize winter cover cropping application for provide an accurate estimation of the nutrient uptake effi-
those areas with well-drained soils used for corn productionciency of cover crops. Unfortunately, at present there are lim-
ited data available on winter cover crop growth and biomass
estimation at the field or landscape scales. However, this
4 Conclusions data limitation is expected to be resolved in the future, as
the planting of winter cover crops becomes more common
This study demonstrates the effectiveness of winter coveand monitoring programs are enhanced through the avail-
crops for reducing nitrate loads and shows that nitrate re-abi”ty of no- or low-cost time series of remote|y sensed

moval efficiency varies greatly by species, timing, and ex-data (e.g., Landsat). With multiyear cover crop biomass and
tent of winter cover crop implementation. It also illustrates
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growth data, the methodology presented in this paper couldhaplot, V.: Impact of DEM mesh size and soil map scale on SWAT
be extended to better calibrate growth parameters and val- runoff, sediment, and NO3-N loads predictions, J. Hydrol., 312,
idate winter cover crop biomass, improving the accuracy 207-222,2005.
of SWAT in estimating nitrate removal efficiency by winter Chaubey, I, Cotter, A. S., Costello, T. A,, and Soerens, T. S.: Effect
COVer crops. of DEM data resolution on SWAT output uncertainty, Hydrol.
Process., 19, 621-628, 2005.
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