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Abstract
Cover crops can be effective in minimizing nutrient losses from agricultural fields.

The objective of this study was to determine the impact of cover crop (rye, Secale
cereale L.) and winter manure application on nutrient loss in simulated rainfall

runoff. A split block design study with manure (as vertical block) and cover crops (as

horizontal block) was established in 2009. Two rain simulations (the first defined as

“dry” and the second “wet”) using sixteen 4 m2 steel frames were conducted in May

2010. The runoff volume collected from each plot was analyzed for nitrate–nitrogen

(NO3–N), total suspended solids, total Kjeldahl nitrogen, total phosphorus, and total

dissolved phosphorus. In the dry run, the concentration and load of NO3–N were

significantly lower (p = 0.05) in runoff with the cover crop than in no-cover crop

treatment. Overall, cover crops reduced nutrient loss in concentration by 6%–48% in

the dry and 8%–40% in the wet run than with no-cover crops. The concentration and

load of NO3–N were significantly higher under manure treatments in both “dry” and

“wet” runoff runs compared to no-manure application. Manure application increased

nutrient loss in concentration by 6%–58% in the dry and 10%–69% in the wet run than

with no-manure application. This study helps us to understand the complexity of win-

ter manure application with cover crops and potential risks of nutrient loss to surface

runoff during spring in the Northern Great plains of the Dakotas.

1 INTRODUCTION

Management systems, such as tillage and cover crops, are

important to address nutrient loss with winter manure appli-

cations. Although winter manure application is not recom-

mended, producers are still applying manure during winter

Abbreviations: BMPs, best management practices; DNR, data not

reported; NO3–N, nitrate–nitrogen; NPRP, National Phosphorus Research

Protocol; RO, runoff volume; TDP, total dissolved phosphorus; TKN, total

Kjeldahl nitrogen; TOC, total organic carbon; TP, total phosphorus; TSS,

total suspended solids; TVSR, total volume of simulated rain applied.
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due to the limited storage capacities in traditional concen-

trated animal feeding operations, lack of storage facilities in

small farms, and more time available for manure application

and spreading to avoid soil compaction (Bhandari et al., 2021;

Formanek et al., 1990; Liu et al., 2017; Srinivasan et al.,

2006). However, manure application during winter results in

high nutrient losses in surface runoff from agricultural fields

compared to spring application (Jokela et al., 2016; Klein-

man et al., 2005; Little et al., 2005; Sherman et al., 2020;

Srinivasan et al., 2006; Vadas et al., 2017).

Manure incorporation or using tillage practices imme-

diately after manure application can increase manure soil
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interaction and reduce nutrient losses (Bhandari et al., 2021;

Eghball & Gilley, 1999; Sherman et al., 2021; Yague et al.,

2011). However, this practice may increase sediment bound

nutrients in runoff (Little et al., 2005). Hence, coupling cover

crops with manure application may help one to mitigate ero-

sion and nutrient loss from agricultural fields. For example,

Singer et al. (2007) reported coupling cover crops with the

preceding corn (Zea mays L.) planting before manure appli-

cation in late fall enhanced nutrient uptake and mitigated

nutrient losses in spring runoff. Meisinger et al. (1991) indi-

cated that cover crops can reduce surface sealing, improve

infiltration, reduce erosion, improve soil fertility, and serve

as excellent sinks for nitrate–nitrogen (NO3–N). Many other

studies have reported the benefit of cover crops to scavenge

and reduce nitrogen (N) loss (Camberdella et al., 2010; Del-

gado et al., 1999; Gallaher, 1977; Hamlett & Brannan, 1991;

Kaspar et al., 2007; Parkin et al., 2006; Singer et al., 2007)

and phosphorus (P) loss (Burwell et al., 1975; Kleinman et al.,

2005; Sharpley & Smith, 1991; Sherman et al., 2021; Thapa

et al., 2018) either in runoff or drainage water when manure

has been applied to the field.

Growing cover crops in cold regions can be used as a

strategy to reduce soil erosion and reduce nutrient loss (Aron-

sson et al., 2016). Small grain cover crops such as rye (rye,

Secale cereale L.) are widely used in the Midwest due to easy

establishment and winter hardiness (Singer et al., 2008). How-

ever, cover crops adaptation in the Northern Great Plains are

limited due to lack of growing season because of extreme

cold weather conditions once the corn is harvested. Further-

more, little information is available regarding the impacts

of coupling rye cover crops with the standing annual crop

and winter manure incorporation on nutrient loss in cold cli-

mates. Improved understanding of coupling rye cover crops

with winter manure injection on nutrient loss in the North-

ern Great Plains can help develop and support strategic use of

best management practices (BMPs) on winter manure man-

agement. Investigations on the possibility of incorporating rye

into the standing corn in a corn–soybean [Glycine max (L.)

Merr.] rotation with winter manure management option are

needed. The objective of this study is to determine the effect

of rye cover crop planted with standing corn on the loss of

winter incorporated manure applied nutrients under simulated

rainfall.

2 MATERIALS AND METHODS

2.1 Site characteristics

In 2009, a research site was established at the Southeast

Research Farm near Beresford, SD, USA. We collected soil

samples to a depth of 91.44 cm. A hydraulic Giddings

machine (Giddings Machine Company, Windsor, CO, USA)

Core Ideas
∙ If winter manure applications are necessary, use

fields with cover crops.

∙ A cover crop reduced nutrient loss more under

manure compared to non-manured systems.

∙ Winter manure incorporation without a cover crop

increased nutrient loss in spring runoff.

with a 50 mm diameter soil probe was used for soil sam-

pling. Four soil cores were collected diagonally from each

replication using a probe truck (6 cm diameter), composited,

divided into 0–15, 15–30, 30–61, and 61–91 cm increments,

and thoroughly mixed. Soil samples were transported to the

laboratory, and approximately 20 g subsamples were used

for soil moisture estimation. Total organic carbon (TOC) was

determined using the weight loss-on-ignition method, and the

organic matter was calculated using TOC × 1.72 formula

(Schulte & Hopkins, 1996). The soil pH and soluble salts were

measured in 1:2 (soil:deionized water) extract with a selective

hydrogen electrode (Schofield & Taylor, 1955) and conduc-

tivity probe (Rhoades, 1982). Nitrate–nitrogen (NO3–N) was

extracted from soils with a 1 N KCl solution using a cad-

mium column followed by spectrophotometric measurement

(Kachurina et al., 2000). The Olsen-P method was analyzed by

extracting 2.5 g soil with 50 ml, 0.5 mol L−1 sodium bicarbon-

ate and measuring with a spectrophotometer (Olsen, 1954).

Potassium and sulfur were extracted using the Mehlich 3 solu-

tion and determined by ICP. Zinc was extracted using a DTP

solution and determined by ICP. Chloride was extracted with

water and determined by ion chromatography. The soil test

results are presented in Table 1.

Profile moisture content of the field was determined before

the initiation of the runoff study using a gravimetric method.

The gravimetric soil moisture was estimated by oven dry-

ing 20-g field-moist soil samples at 105˚C for 24 h. The

average gravimetric water content to the depth of 0–15 and

15–61.0 cm was 20.30% and 22.06%, respectively. No differ-

ence was found in the initial soil moisture content between

cover crop treatments or the manure treatments. During April,

the overall precipitation was lower than the 30-year average

(Figure 1). The 4 cm of precipitation about 1 week prior

to soil moisture measurements may have resulted in higher-

than-average soil moisture content and masked any soil water

usage by the cover crop. Rye cover crop growth in the fall

was rather limited because of shading from standing corn and

cool temperatures. During spring, rye growth was 20–40 cm

in height. Plots had at least 70% of the surface area covered

with rye. Corn residue left in the field from the previous year

was estimated at 10 t ha−1.
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T A B L E 1 Mean soil test results before planting from establishment year of cover crops and manure application, 2009

Depth
(cm)

Organic
matter (%)

Nitrate–nitrogen
(mg kg−1)

Olson-P
(mg kg−1)

Potassium
(mg kg−1) pH

Zinc
(mg kg−1)

Sulfur
(mg kg−1)

Chloride
(mg kg−1)

0–15 4.2 6.5 19.0 305 6.4 2.6 4.5 1.5

15–30 3.4 4.0 2.0 146 6.4 1.1 3.3 0.8

30–60 3.8 4.0 1.5 141 7.1 0.190 1.3 1.3

60–90 3.6 4.0 1.5 119 7.9 0.24 2.0 1.0

F I G U R E 1 Comparison of 30-year average monthly precipitation with the study year precipitation data by month, Beresford, SD, USA

2.2 Study design and site setup

The experimental field design consisted of a split block design

(Kuehl, 2000; p 483–486) with four replications. Treatments

consisted of cover crop (rye and no cover crop) and manure

(hog manure and no manure) crossed in perpendicular to each

other and randomly assigned to each of four replications. Split

block design assigns equal importance to both factors (manure

and cover crop). Manure treatment was considered a vertical

factor, whereas cover crop was considered a horizontal factor.

The crop rotation was corn–soybean–spring wheat (Triticum
aestivum L.) with no tillage. A winter rye cover crop was

broadcast seeded (80 kg ha−1) on August 31, 2009 in standing

corn for each of eight plots with cover crop treatment. After

corn harvest, liquid hog manure was injected on December 1

and 2, 2009 at a rate of 168 kg N ha−1 and 144 kg P2O5 ha−1

for each of eight plots with manure treatment. Swine manure

was injected into the midrow approximately 15 cm deep with

a no-till applicator. The rye cover crop was well established

in spring of 2010. In May 2010, sixteen 4.0 m2 runoff col-

lection steel frames were installed to define individual runoff

plot areas with four plots on rye cover crop and manure, four

on rye cover crop with no manure, four on no cover crop

F I G U R E 2 Rye cover crop growth during rainfall simulation,

Beresford, SD, USA

with manure, and four on no cover crop and no manure. The

frames (Figure 2) defined two separate sampling areas of

2 m2 and were driven into the soil about 10 cm deep as per

the guidelines of the National Phosphorus Research Project

(NPRP, 2001) for simulated rainfall and surface runoff stud-

ies. Soils in the inner and outer sides of the frames were firmly
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hand-compacted after installation (about 10 cm deep) to con-

trol runoff seepage below the driven frames. Five centimeters

of the frame was left above the soil surface to isolate surface

runoff. Troughs were installed at the lower end of each frame

to facilitate runoff collection (Figure 2) following the NPRP

guidelines.

The rainfall simulator used for this study was constructed

according to the guidelines developed by NPRP (2001). A

single nozzle (TeeJet½ HHSS50WSQ) was used in this study

based on the design of Miller (1987) that covered the 4.0 m2

plots. The nozzle was placed approximately 305 cm above the

ground to provide adequate terminal velocity of rain drops

before reaching the soil surface, residue, or cover crop canopy.

During the simulation, a 3 m2 aluminum frame enclosed

with tarps was used to minimize wind drift. The nozzle,

wiring, and associated plumbing were attached to the alu-

minum frame. Pressure gauges were adjusted to achieve a

target rainfall rate of 7.0 cm h−1 (2.75 in. h−1) following

standard protocol of NPRP. However, actual rainfall achieved

was 6.48 cm h−1 (2.55 in. h−1). To determine actual rain-

fall rate, 12 rain gauges, 6 on each subplot termed “left” and

“right” were uniformly set and the rainfall simulator was run

for 5 min before starting each simulation. The rainfall simula-

tion ran until runoff started from each subplot and continued

for another 30 min.

The following formula was used to calculate runoff rate for

30 min:

Runoffrate(cmh−1) = (𝑉 ∕𝐴) 𝑇 −1

where V is runoff water volume (cm3); A is the plot area

(20,000 cm2); and T is the time of runoff collection (30 min).

Two rain simulations were performed from April 30 to May

10, 2010. The first was termed a dry run under existing soil

moisture conditions. The second was termed a wet run and

was conducted the following day (at least 12 h later) after the

completion of the dry run. Natural rainfall was collected dur-

ing summer 2009 until spring 2010 to use as the water source

for the study. Natural rainwater contains low concentrations

of flocculating cations as compared to well water and lessens

the influence of soil flocculation during runoff. The concen-

trations of orthophosphate and total Kjeldahl nitrogen (TKN)

were very low for the collected rainwater (data not reported

[DNR]). Runoff for each side of the framed plots (left and

right) was collected separately. Runoff water collected in a

trough container was frequently vacuumed using a wet vac-

uum and routed by plastic pipe to a 19-L container. Water was

collected for 30 min after the beginning of the runoff and the

total volume was measured in liter (L).

Two subsamples from each runoff collection container

were taken for further analysis and were acidified (with two

drops of 10% H2SO4), stored in a cooler with ice packs, and

refrigerated before delivering to Olsen Analytical Services

Laboratory, South Dakota State University, Brookings, SD,

USA. Runoff samples from each subplot were processed in

the lab and analyzed for NO3–N, total suspended solids (TSS),

total P (TP), and total dissolved phosphorus (TDP) using SM

4110 B method, SM 2540 D method, and SM 4500 B & E

(for TP and TDP) method, respectively (APHA, 2005). The

TKN was analyzed using EPA 351.3 (Nesslerization) method

(USEPA, 1983). Daily load (volume × concentration) was

calculated from daily runoff volume and concentrations for

each subplot. The two samples within each plot were ana-

lyzed separately, and the results were averaged for statistical

analysis.

2.3 Statistical analysis

Analysis-of-variance (ANOVA) procedure was used on mea-

sured variables to determine treatment effect. Statistical

computing environment R (R Core Team, 2021) and “agrico-

lae” package (Mendiburu, 2021) was used to analyze dataset

according to split block design (Kuehl, 2000; p 483–486).

The manure (vertical factor) and cover crop (horizontal factor)

treatments were considered fixed effects, whereas replication

was considered the random effect. The data was analyzed

separately for dry run and wet run. A mean separation of

treatment effects (where appropriate) was conducted using

Fisher’s LSD. Statistical significance was set up at p ≤ 0.05.

3 RESULTS

3.1 Dry run

In the dry run, the coefficient of variation (CV) ranged as

18%–49%, 20%–56%, 11%–51%, 20%–87%, 26%–71%, and

17%–64% for runoff volume (RO), NO3–N, TKN, TSS, TP,

and TDP, respectively, in concentration and loads during

ANOVA (DNR). The NO3–N concentration, NO3–N load,

and TP concentration in runoff collection were three vari-

ables impacted by manure application in dry run (Table 2).

All these three variables were increased (p ≤ 0.05) by manure

application.

Cover crop reduced (p ≤ 0.05) NO3–N concentration and

load in runoff collected. There was an interaction effect by

cover crop and manure for NO3–N concentration. Cover crop

presence reduced NO3–N concentration from manure-applied

plots only (p ≤ 0.05; Table 2). The NO3–N concentration

and load in runoff was 277% and 240% greater with manure

application compared to no-manure application. Similarly, the

NO3–N loss was 182% greater without cover crops than with

cover crops.
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T A B L E 2 Analysis of variance (ANOVA) and mean separation for nutrients concentration in rainfall runoff and rainfall runoff load (dry run)

as influenced by cover crop and manure application, Beresford, SD, USA, 2010

Concentration in runoff (mg L−1) Runoff load (kg ha−1)
Treatments TVSR (L) RO (L) NO3–N TKN TSS TP TDP NO3–N TKN TSS TP TDP
Interactions
Manure + no-cover crop 154.1a 14.9a 2.91a 2.67a 225a 0.84a 0.18a 0.24a 0.20a 15.7a 0.049a 0.014a

Manure + cover crop 166.6a 17.8a 1.00b 2.02a 129a 0.39a 0.18a 0.09ab 0.17a 11.7a 0.034a 0.016a

No manure + no-cover crop 106.5b 17.6a 0.74b 1.75a 85a 0.29a 0.17a 0.07ab 0.15a 7.20a 0.027a 0.016a

No manure + cover crop 152.0a 18.6a 0.29b 1.92a 110a 0.31a 0.15a 0.03b 0.16a 8.2a 0.030a 0.018a

Factor A—manure (vertical block)
Manure (n = 8) 160.4a 16.3a 1.96a 2.35a 178a 0.61a 0.18a 0.17a 0.19a 13.7a 0.042a 0.017a

No manure (n = 8) 129.2b 18.1a 0.52b 1.84a 97a 0.30b 0.16a 0.05b 0.16a 7.70a 0.028a 0.015a

Factor B—cover crops (horizontal block)
No cover crop (n = 8) 159.3a 16.3a 1.83a 2.21a 155a 0.56a 0.18a 0.16a 0.18a 11.5a 0.038a 0.017a

Cover crop (n = 8) 130.3a 18.2a 0.65b 1.97a 119a 0.35a* 0.18a 0.06b 0.17a 9.97a 0.032a 0.015a

Source of variation ANOVA, P > F ANOVA, P > F

Manure (m) (1, 3) 0.04* 0.70 0.020* 0.08 0.07 0.04* 0.36 0.020* 0.24 0.10 0.10 0.70

Cover crop (c) (1, 3) 0.46 0.68 0.002* 0.13 0.08 0.19 0.75 0.030* 0.77 0.77 0.67 0.74

m × c (1, 3) 0.014* 0.66 0.030* 0.09 0.19 0.17 0.45 0.11 0.42 0.30 0.15 0.98

Note: Dry run = rainfall applied at the existing soil moisture condition of the field. Runoff load is calculated as runoff volume/area × concentration. p > F = probability

that tabular F-ratio exceeds F-ratio calculated by analysis of variance. Data in parenthesis are degree of freedom for each parameter and error associated with them for F
test. p values less than 0.05 are considered significant (indicated with "*"); different letters within a column and within each factor (factor A, B, and interaction) indicate

LSD values significant at the 0.05 probability level.

Abbreviations: NO3–N, nitrate–nitrogen; RO, simulated rainfall runoff (L); TDP, total dissolved phosphorus; TKN = total Kjeldahl nitrogen; TP, total phosphorus; TSS,

total suspended solids; TVSR, total volume of simulated rainfall applied.

The TP concentration in the runoff was significantly greater

(p= 0.04) with manure application compared with no-manure

application. The overall TP loss was 103% greater with

manure than with no-manure application. Although not sig-

nificant, the TKN, TSS, and TDP losses were greater with

manure application than no-manure application in concentra-

tion and load ranging from 19% to 28%, 78% to 84%, and

0% to 13%, respectively. Likewise, the TKN, TSS, TP, and

TDP losses were lower with cover crops compared to no-cover

crops in concentration and load ranging from 6% to 12%, 15%

to 30%, 19% to 60%, and 0% to 13%, respectively.

3.2 Wet run

In the wet run, the CV ranged as 10%–36%, 40%–58%, 14%–

33%, 14%–97%, 13%–47%, and 28%–57% for RO, NO3–N,

TKN, TSS, TP, and TDP, respectively, in concentration and

loads during ANOVA (DNR). This variation in the dataset

resulted in no statistical difference on most of the parameters.

For example, NO3–N concentration varied more than 100%

between cover crop and no-cover crop treatment but was not

statistically different (Table 3).

The NO3–N concentration was 443% greater (p ≤ 0.05)

with manure than with no-manure treatments (Table 3).

Manure application also increased the NO3–N load by 143%

(p ≤ 0.05). Cover crops reduced NO3–N load in runoff col-

lection by 129% (p ≤ 0.05; Table 3). The TSS load was

significantly greater with manure application compared to

no-manure application. The TKN, TSS, TP, and TDP concen-

tration and load were greater with manure than no manure,

ranging from 6% to 9%, 34% to 37%, 20% to 122%, and 23%

to 100%, respectively. Likewise, the TKN, TSS, TP, and TDP

concentration and load were greater with no-cover crops than

cover crops, ranging from 13% to 17%, 18% to 22%, 2% to

7%, and 0% to 7%, respectively.

4 DISCUSSION

4.1 Runoff and nutrient loss

The total volume of simulated rain applied (TVSR) per plot

ranged from 84 to 270 and 70 to 112 L in the dry and wet

runs, respectively. The antecedent soil moisture was mea-

sured outside the simulated plots before the dry run and was

similar in all the treatments (DNR). Nevertheless, it was not

measured before the wet run to avoid soil disturbance inside

the plots. The TVSR in the dry run was significantly greater

with manure than without manure. The significantly greater

TVSR needed with manure application treatment might be

due to soil disturbance and surface roughness created because

of knifing during the manure application, which increases
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T A B L E 3 Analysis of variance (ANOVA) and mean separation for nutrients concentration in rainfall runoff and rainfall runoff load (wet run)

as influenced by cover crop and manure application, Beresford, SD, USA, 2010

Concentration in runoff (mg L−1) Runoff load (kg ha−1)
Treatments TVSR (L) RO (L) NO3–N TKN TSS TP TDP NO3–N TKN TSS TP TDP
Interactions
Manure + no cover crop 97.0a 39.2a 1.26a 2.03a 221a 0.36a 0.17a 0.24a 0.40a 23.5a 0.071a 0.034a

Manure + cover crop 94.9a 42.1a 0.54a 1.50a 85a 0.30a 0.15a 0.10a 0.31a 17.0a 0.061a 0.030a

No manure + no cover crop 86.8a 38.7a 0.42a 1.63a 74a 0.26a 0.13a 0.09a 0.32a 15.1a 0.059a 0.027a

No manure + cover crop 85.3a 42.5a 0.27a 1.61a 81a 0.28a 0.13a 0.05a 0.33a 14.5a 0.051a 0.030a

Factor A—manure (vertical block)
Manure (n = 8) 90.9a 40.6a 1.90a 1.77a 103a 0.33a 0.16a 0.17a 0.35a 20.3a 0.066a 0.030a

No manure (n = 8) 91.2a 40.6a 0.35b 1.62a 77a 0.27a 0.13a 0.07b 0.33a 14.8b 0.055a 0.030a

Factor B—cover crops (horizontal block)
No cover crop (n = 8) 86.1a 38.9a 0.84a 1.83a 97a 0.31a 0.15a 0.16a 0.36a 19.3a 0.061a 0.030a

Cover crop (n = 8) 95.9a 42.3a 0.41a 1.56a 82a 0.29a* 0.14a 0.07b 0.32a 15.8a 0.060a 0.030a

Source of variation ANOVA p > F ANOVA p > F
Manure (m) (1, 3) 0.89 0.98 0.02* 0.32 0.17 0.11 0.19 0.03* 0.47 0.02* 0.07 0.58

Cover crop (c) (1, 3) 0.06 0.67 0.09 0.14 0.73 0.68 0.75 0.05* 0.53 0.70 0.91 0.96

m × c (1, 3) 0.44 0.84 0.22 0.22 0.29 0.30 0.60 0.23 0.38 0.45 0.35 0.48

Note: Wet run = rainfall applied after 12 h of dry run (nearly at field capacity). Runoff load is calculated as runoff volume/area × concentration. p > F = probability that

tabular F-ratio exceeds F-ratio calculated by analysis of variance. Data in parenthesis are degree of freedom for each parameter and error associated with them for F test.

p values less than 0.05 are considered significant (indicated with "*"); different letters within a column and within each factor (factors A, B, and interaction) indicate LSD

values significant at the probability level.

Abbreviations: NO3–N, nitrage–nitrogen; RO, simulated rainfall runoff (L); TDP, total dissolved phosphorus; TKN, total Kjeldahl nitrogen; TP, total phosphorus; TSS, total

suspended solids; TVSR, total volume of simulated rain applied.

water-holding capacity and soil infiltration. Rough tillage is as

effective as cover crops in reducing runoff (Lolay & Bielders,

2010). Likewise, TVSR was significantly lower in no-cover

crop with no-manure treatment than in cover crop treatments

with or without manure (Table 2), which might be due to

increased infiltration and water holding due to cover crops.

Therefore, the greater amount of TVSR needed in cover crop

treatments indicates prolonged runoff time after rainfall to

generate runoff, decreasing runoff volume and potentially

reducing nutrient loss. Studies have reported similar results

with cover crops in reducing runoff and nutrient loss (Blanco-

Canqui et al., 2015; Lolay & Bielders, 2010). However, there

was no treatment effect on TVSR in the wet run (Table 3),

which might be due to the full saturation of soil pores and

similar antecedent moisture content in all treatments after the

dry run.

Mean RO ranged from 14.9 to 18.6 and 38.6 to 48.5 L in

the dry and wet run, respectively, during the runoff period

(Tables 2 and 3). The collected runoff quantity as a percent

of rainwater applied ranged from 3% to 31% in the dry and

32% to 82% in the wet run (DNR). The average RO was

17.2 L from the dry run compared to 40.6 L with the wet

run. The greater RO in the wet run compared to the dry run

was presumably due to the higher antecedent soil moisture

for the wet run. The results indicated that antecedent soil

moisture before precipitation might significantly increase the

runoff volume and perhaps the nutrient loss from agricultural

fields.

4.2 Manure application effects (manure vs.
no manure)

Manure application, even after 6 months, significantly

increased the concentration and load of NO3–N and the

concentration of TP in runoff from the dry run (Table 2).

In the wet run, the concentration and load of NO3–N

were significantly greater. Further, the TSS load due to

manure application was significantly increased in the wet run

(Table 3). The increased concentration and runoff load of

NO3–N and TP in runoff agrees with previous studies (Cam-

bardella et al., 2010; Kleinmen et al., 2005; Kovar et al.,

2011). Presumably, the greater NO3–N and TP loss resulted

from the additional nutrients from manure and disturbance

during manure injection. However, the significantly increased

TSS loads may have been due to increased soil disturbance

during the dry run and exposure caused by the manure’s knif-

ing (incision made in soil surface) application. Non-manured

plots were not knifed. The higher TSS load observed during

wet run compared to dry run (approximately 68% more) sug-

gests that total runoff volume collected during the wet run

may be a contributing factor to this result.

 26396696, 2023, 1, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/agg2.20348 by N

ational A
griculture L

ibrary, W
iley O

nline L
ibrary on [01/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



BHANDARI ET AL. 7 of 10

F I G U R E 3 Least square means (bar chart) and their standard error (lines on the top of bar chart) after fixed effect Analysis-of-variance

(ANOVA) model: (a) nitrate–nitrogen (NO3–N) concentration, (b) nitrate–nitrogen (NO3–N) loads, (c) total P concentration, and (d) total suspended

solids (TSS) loads comparison between dry and wet runs. CC, cover crops; MR, manure application; NCC, no-cover crops; NMR, no-manure

application

4.3 Cover crop effects

The addition of the cover crop significantly lowered dry run

NO3–N concentration and load. Further, most nutrient param-

eters were lower with cover crops compared to no-cover crops

during the dry run (Table 2, Figure 3A). The wet run results

showed similar trends with lower NO3–N load with cover

crops compared to no-cover crops (Table 3, Figure 3B). Lower

NO3–N loss in both dry and wet run with cover crops reflects

a lower soil nitrate level, perhaps because of N uptake by

the rye growth. Singer et al. (2007, 2008) reported increased

nitrogen (N) uptake by cover crops with manure applications.

The results of lower nitrate and nutrient loss when coupling

with a cover crop in surface runoff and subsurface drainage

was supported by several studies (Carver et al., 2022; Grif-

fith et al., 2020; Kasper et al., 2007; Meisinger et al., 1991;

Parkin et al., 2006; Sharpley & Smith, 1991). The results indi-

cate a significant impact of cover crops in mitigating nitrate

loss through surface runoff. Cover crop nutrient uptake was

not measured before runoff commenced in this study. How-

ever, nitrogen uptake for rye cover crop is generally about

10–15 times greater than P, indicating higher removal rates

of N (Singer et al., 2008).

The cover crop presence lowered NO3–N, TP, and TSS loss

in runoff to a much greater extent when manure was applied

although not always significant. Without manure, the cover

crop had little effect. Cover crop growth may have lowered the

higher soil NO3–N levels that resulted from manure applica-

tion. Therefore, less soil NO3–N was available for runoff. The

cover crop may have also provided a physical barrier from the

simulated raindrops and protected TSS materials from leav-

ing in runoff water. Carver et al. (2022) reported reduced

sediment loss with the use of cover crops and indicated to

use cover crops as site-specific tools to reduce sediment

loss. Without the manure addition, there may have been less

disturbed solids and less exposed soil resulting in a more

negligible effect from the cover crop treatment.

4.4 Effect of antecedent moisture, and
runoff volume on nutrient loss

Runoff was generated earlier after rain was initiated in the wet

run (second) than the dry (first) and resulted in greater volume

than the dry rainfall simulation. The earlier runoff genera-

tion and greater runoff volume with a wet run might be due
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to increased antecedent moisture after the dry run (Liu et al.,

2014; Schoener & Stone, 2019). Overall, the concentration of

NO3–N was greater in the dry run, especially with manure

application, compared to the wet run, both with and with-

out cover crops (Figure 3A). It might be due to the washing

away of surface nutrients resulting in higher concentrations in

the dry immediately before the wet run. In the wet run, less

NO3–N may be available in the runoff because of the dilu-

tion of nutrients, including potential leaching induced by high

quantities of rain utilized in the dry run. However, the load of

NO3–N was greater with the wet run due to increased runoff

volume (Figure 3B). Similarly, TP concentration was greater

in the dry run, especially with manure application, than in

the wet run, both with and without cover crops (Figure 3C).

The load of TSS was greater with the wet run than the dry

run regardless of manure application and cover crops use

(Figure 3D). The greater loads with the wet run were likely

due to higher runoff volume that was generated.

Further, the average concentrations of TKN, TSS, TP, and

TDP were greater with the dry run than those measured during

the wet run rainfall simulation. For instance, the concentra-

tion of TKN, TSS, TP, and TDP was greater by 25%, 42%,

46%, and 11%, respectively, with manure application in the

dry run than the wet run. Similarly, the concentrations of

NO3–N, TKN, TSS, TP, and TDP were greater by 37%, 21%,

31%, 17%, and 22%, respectively, in the dry run with the pres-

ence of cover crops compared to the wet run. During the wet

run, the decrease in nutrient concentration might be because

of dilution due to greater runoff volume. However, loads of

TKN, TSS, TP, and TDP were 84%, 48%, 57%, and 76%

greater, respectively, with the wet run and manure applica-

tion. Loads of NO3–N, TKN, TSS, TP, and TDP were 17%,

112%, 58%, 88%, and 100% greater with the wet run for

treatments with cover crops. The greater nutrients and sedi-

ment loads might be due to increased runoff volume during

the wet run. Similar results with decreased concentration but

increased surface runoff and nutrient loss with consecutive

rainfall were observed by Liu et al. (2014) under simulated

rainfall conditions.

5 CONCLUSIONS

Manure application significantly increased NO3–N loads and

potential loss in runoff compared to no-manure application.

Nutrient concentration at the soil surface, the intensity of soil–

manure interaction, and runoff volume play an important role

in nutrient loss in runoff. The nutrient loss in concentration

was greater with the dry run compared to the wet run. The

loads were higher with wet run than with dry run due to

greater runoff volume. Manure application increased TKN,

TSS, TP, and TDP in concentration by 6%–58% in the dry

and 10%–69% in the wet run than no manure. Overall, cover

crops reduced nutrient concentration by 6%–48% in the dry

and 8%–40% in the wet run than with no-cover crops. In addi-

tion, cover crop growth reduced NO3–N and other nutrient

loss more under a manure system than in a non-manured sys-

tem although not always significant. Therefore, the BMPs’

use of cover crops with the standing annual crop that uti-

lize winter manure application should be considered to limit

nutrient losses to water resources for winter manure applica-

tions in the Northern Great Plains of the Dakota region to be

sustainable.

AU T H O R C O N T R I B U T I O N S
Ammar Bhandari: Conceptualization, data curation, inves-

tigation, methodology, writing original draft, writing review

and editing. David German: Conceptualization, methodol-

ogy, data curation, project administration, resources, supervi-

sion. Ronald Gelderman: Project administration, resources.

Tulsi P. Kharel: Formal analysis, writing review and editing.

C O N F L I C T O F I N T E R E S T
The authors declare no conflict of interest.

O R C I D
Ammar B. Bhandari https://orcid.org/0000-0001-7646-

5881

R E F E R E N C E S
APHA. (2005). Standard methods for the examination of water and

wastewater (21st ed.). American Public Health Association, Water

Works Association, Waste, Water Environmental Federation.

Aronsson, H., Hansen, E. M., Thomsen, I. K., Liu, J., Øgaard, A. F.,

Känkänen, H., & Ulén, B. (2016). The ability of cover crops to

reduce nitrogen and phosphorus losses from arable land in southern

Scandinavia and Finland. Journal of Soil and Water Conservation, 71,

41–55. https://doi.org/10.2489/jswc.71.1.41

Bhandari, A. B., Gelderman, R., German, D., & Todey, D. (2021).

Manure application timing and tillage influence on nutrient loss

from snowmelt runoff. Soil Systems, 5, 67. https://doi.org/10.3390/

soilsystems5040067

Blanco-Canqui, H., Shaver, T. M., Lindquist, J. L., Shapiro, C. A.,

Elmore, R. W., Francis, C. A., & Hergert, G. W. (2015). Cover

crops and ecosystem services: Insights from studies in temperate

soils. Agronomy Journal, 107, 2449–2474. https://doi.org/10.2134/

agronj15.0086

Burwell, R. E., Timmons, D. R., & Holt, R. F. (1975). Nutrient transport

in surface runoff as influenced by soil cover and seasonal period. Soil
Science Society of America Proceedings, 39, 523–528. https://doi.org/

10.2136/sssaj1975.03615995003900030040x

Cambardella, C. A., Moorman, T. B., & Singer, J. W. (2010). Soil

nitrogen response to coupling cover crops with manure injection.

Nutrient Cycling in Agroecosystems, 87, 383–393. https://doi.org/10.

1007/s10705-010-9345-9

Carver, R. E., Nelson, N. O., Roozeboom, K. L., Kluitenberg, G. J.,

Tomlinson, P. J., Kang, Q., & Abel, D. S. (2022). Cover crop and

phosphorus fertilizer management impacts on surface water qual-

ity from a no-till corn-soybean rotation. Journal of Environmental

 26396696, 2023, 1, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/agg2.20348 by N

ational A
griculture L

ibrary, W
iley O

nline L
ibrary on [01/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0001-7646-5881
https://orcid.org/0000-0001-7646-5881
https://orcid.org/0000-0001-7646-5881
https://doi.org/10.2489/jswc.71.1.41
https://doi.org/10.3390/soilsystems5040067
https://doi.org/10.3390/soilsystems5040067
https://doi.org/10.2134/agronj15.0086
https://doi.org/10.2134/agronj15.0086
https://doi.org/10.2136/sssaj1975.03615995003900030040x
https://doi.org/10.2136/sssaj1975.03615995003900030040x
https://doi.org/10.1007/s10705-010-9345-9
https://doi.org/10.1007/s10705-010-9345-9


BHANDARI ET AL. 9 of 10

Management, 301, 1–11. https://doi.org/10.1016/j.jenvman.2021.

113818

Delgado, J. A., Sparks, R. T., Follett, R. F., Sharkoff, J. L., & Riggenbach,

R. R. (1999). Use of winter cover crops to conserve soil and water

quality in the San Luis Valley of South-Central Colorado. In R. Lal

(Ed.), Soil quality and soil erosion (pp. 125–142). CRC Press.

Eghball, B., & Gilley, J. E. (1999). Phosphorus and nitrogen in runoff

following beef cattle manure or compost application. Journal of Envi-
ronmental Quality, 28, 1201–1210. https://doi.org/10.2134/jeq1999.

00472425002800040022x

Formanek, G. E., Muckel, G. B., & Evans, W. R. (1990). Conserva-

tion applications impacted by soil freeze-thaw. In Frozen Soil Impacts

on Agricultural Range and Forest Lands, Proceedings of the Interna-

tional Symposium (pp. 108–112). Sponkane, WA, USA, 21–22 Marah

1990; Cooly, K.R., Ed.; CRREL Special Report 90–1; US. Army Cold

Regions Research and Engineering Laboratory: Hanover, NH, USA,

1990.

Gallaher, R. N. (1977). Soil moisture conservation and yield of crops no

till planted in rye. Soil Science Society of America Journal, 42, 145–

147. https://doi.org/10.2136/sssaj1977.03615995004100010040x

Griffith, K. E., Young, E. O., Klaiber, L. B., & Kramer, S. R. (2020).

Winter rye cover crop impacts on runoff water quality in a northern

New York (USA) tile-drained maize agroecosystem. Water Air & Soil
Pollution, 231, 84.

Hamlett, J. M., & Brannan, K. (1991). Water quality impacts of winter

rye cover with selected best management practices in Pennsylvania,

53–55. In W. L. Hargrove (Ed.), Cover crops for clean water. Soil and

Water Conservation. Society.

Jokela, W. E., Sherman, J., & Cavadini, J. (2016). Nutrient runoff losses

from liquid dairy manure applied with low-disturbance methods.

Journal of Environmental Quality, 45, 1672–1679. https://doi.org/10.

2134/jeq2015.09.0498

Kachurina, O. M., Zhang, H., Raun, W. R., & Krenzer, E. G. (2000).

Simultaneous determination of soil aluminum, ammonium- and

nitrate-nitrogen using 1 M potassium chloride extraction. Communi-
cations in Soil Science and Plant Analysis, 31, 893–903. https://doi.

org/10.1080/00103620009370485

Kasper, T. C., Janes, D. B., & Moorman, T. B. (2007). Rye cover crop

and gamagrass strip effects on NO3 concentration and load in tile

drainage. Journal of Environmental Quality, 36, 1503–1511. https://

doi.org/10.2134/jeq2006.0468

Kleinman, P. J. A., Salon, P., Sharpley, A. N., & Saporito, L.

S. (2005). Effect of cover crops established at time of corn

planting on phosphorus runoff from soils before and after dairy

manure application. Journal of Soil & Water Conservation, 60(6),

311–322.

Kovar, J., Moorman, T. B., Singer, J. W., Cambardella, C. A., &

Tomer, M. (2011). Swine manure injection with a lower disturbance

applicator and cover crops reduce phosphorus losses in runoff. Jour-
nal of Environmental Quality, 40, 329–336. https://doi.org/10.2134/

jeq2010.0184

Kuehl, R. O. (2000). Design of experiments: Statistical principles of
research design and analysis (2nd ed.). Brookes/Cole, Pacific Grove.

Laloy, E., & Bielders, C. L. (2010). Effect of intercropping period man-

agement on runoff and erosion in a maize cropping system. Journal
of Environmental Quality, 39(3), 1001–1008. https://doi.org/10.2134/

jeq2009.0239

Little, J. L., Bennett, D. R., & Miller, J. J. (2005). Nutrient and sediment

losses under simulated rainfall following manure incorporation by dif-

ferent methods. Journal of Environmental Quality, 34, 1883–1895.

https://doi.org/10.2134/jeq2005.0056

Liu, J., Veith, T. L., Collick, A. S., Kleinman, P. J. A., Beegle, D. B., &

Bryant, R. B. (2017). Seasonal manure application timing and stor-

age: Effects on field- and watershed-level phosphorus losses. Journal
of Environmental Quality, 46, 1403–1412. https://doi.org/10.2134/

jeq2017.04.0150

Liu, R., Wang, J., Shi, J., Chen, Y., Sun, C., Zhang, P., & Shen, Z.

(2014). Runoff characteristics and nutrient loss mechanism from

plain farmland under simulated rainfall conditions. Science of the
Total Environment, 468–469, 1069–1077. https://doi.org/10.1016/j.

scitotenv.2013.09.035

Meisinger, J. J., Hargrove, W. L., Mikkelsen, R. B., Williams, J. R., &

Benson, V. W. (1991). Effect of cover crops on groundwater quality,

57–68. In W. L. Hargrove (Ed.), Cover Crops for Clean Water. Proc.
Int. Conf., April 9–11, 1991, Jackson, TN, Soil & Water Conservation
Society of America., Ankeny, IA.

Mendiburu, F. D. (2021). agricolae: Statistical Procedures for Agricul-
tural Research . R package version 1.3-5. https://CRAN.R-project.

org/package=agricolae

Miller, W. P. (1987). A solenoid-operated, variable intensity rainfall

simulator. Soil Science Society of America Journal, 51, 832–834.

https://doi.org/10.2136/sssaj1987.03615995005100030048x

NPRP. (2001). National Research project for simulated rainfall-surface
runoff studies protocol. NPRP. Retrieved from https://sera17dotorg.

files.wordpress.com/2015/02/national-p-protocol.pdf

Olsen, S. R. (1954). Estimation of available phosphorus in soils by
extraction with sodium bicarbonate. Circular 939. USDA.

Parkin, T. B., Kaspar, T. C., & Singer, J. W. (2006). Cover crop

effects on the fate of N following soil application of swine manure.

Plant and Soil, 289, 141–152. https://doi.org/10.1007/s11104-006-

9114-3

R Core Team. (2021). R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing. URL https://www.R-

project.org/

Rhoades, J. D. (1982). Soluble salts. In A. L. Page (Ed.), Methods of
soil analysis: Part 2. Agronomy monograph, 9 (2nd ed., pp. 167–178).

ASA and SSSA.

Schoener, G., & Stone, M. C. (2019). Impact of antecedent soil mois-

ture on runoff from a semiarid catchment. Journal of Hydrology, 569,

627–636. https://doi.org/10.1016/j.jhydrol.2018.12.025

Schofield, R. K., & Taylor, A. W. (1955). The measurement of soil pH.

Soil Science Society of America Proceedings, 19, 164–167. https://

doi.org/10.2136/sssaj1955.03615995001900020013x

Schulte, E. E., & Hopkins, B. G. (1996). Estimation of soil organic matter

by weight loss-on-ignition. In F. R. Magdoff, M. A. Tabatabai, & E.

A. Hanlon, Jr. (Eds.), Soil organic matter: Analysis and interpretation
(pp. 21–32.). Soil Science Society of America. Special publication

No. 46.

Sharpley, A. N., & Smith, S. J. (1991). Effects of cover crops on surface

water quality. In W. L. Hargrove (Ed.), Cover crops for clean water
(pp. 41–49). Soil and Water Conservation Society.

Sherman, J. F., Young, E. O., & Cavadini, J. (2021). Tillage and

liquid dairy manure effects on overland flow nitrogen and phos-

phorus loss potential in an upper Midwest corn silage-winter triti-

cale cropping system. Agronomy, 11, 1775. https://doi.org/10.3390/

agronomy11091775

Sherman, J. F., Young, E. O., Coblentz, W. K., & Cavadini, J.

(2020). Runoff water quality following low-disturbance manure

 26396696, 2023, 1, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/agg2.20348 by N

ational A
griculture L

ibrary, W
iley O

nline L
ibrary on [01/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.jenvman.2021.113818
https://doi.org/10.1016/j.jenvman.2021.113818
https://doi.org/10.2134/jeq1999.00472425002800040022x
https://doi.org/10.2134/jeq1999.00472425002800040022x
https://doi.org/10.2136/sssaj1977.03615995004100010040x
https://doi.org/10.2134/jeq2015.09.0498
https://doi.org/10.2134/jeq2015.09.0498
https://doi.org/10.1080/00103620009370485
https://doi.org/10.1080/00103620009370485
https://doi.org/10.2134/jeq2006.0468
https://doi.org/10.2134/jeq2006.0468
https://doi.org/10.2134/jeq2010.0184
https://doi.org/10.2134/jeq2010.0184
https://doi.org/10.2134/jeq2009.0239
https://doi.org/10.2134/jeq2009.0239
https://doi.org/10.2134/jeq2005.0056
https://doi.org/10.2134/jeq2017.04.0150
https://doi.org/10.2134/jeq2017.04.0150
https://doi.org/10.1016/j.scitotenv.2013.09.035
https://doi.org/10.1016/j.scitotenv.2013.09.035
https://CRAN.R-project.org/package=agricolae
https://CRAN.R-project.org/package=agricolae
https://doi.org/10.2136/sssaj1987.03615995005100030048x
https://sera17dotorg.files.wordpress.com/2015/02/national-p-protocol.pdf
https://sera17dotorg.files.wordpress.com/2015/02/national-p-protocol.pdf
https://doi.org/10.1007/s11104-006-9114-3
https://doi.org/10.1007/s11104-006-9114-3
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1016/j.jhydrol.2018.12.025
https://doi.org/10.2136/sssaj1955.03615995001900020013x
https://doi.org/10.2136/sssaj1955.03615995001900020013x
https://doi.org/10.3390/agronomy11091775
https://doi.org/10.3390/agronomy11091775


10 of 10 BHANDARI ET AL.

application in an alfalfa-grass hay crop forage system. Journal of
Environmental Quality, 49, 663–674. https://doi.org/10.1002/jeq2.

20058

Singer, J. W., Cambardella, C. A., & Moorman, T. B. (2008). Enhanc-

ing nutrient cycling by coupling cover crops with manure injec-

tion. Agronomy Journal, 100(6), 1735–1739. https://doi.org/10.2134/

agronj2008.0013x

Singer, J. W., Nusser, S. M., & Alf, C. J. (2007). Are cover crops being

used in U.S. corn belt? Journal of Soil & Water Conservation, 62,

353–358.

Srinivasan, S. M., Bryant, R. B., Callahan, M. P., & Weld, J. L. (2006).

Manure management and nutrient loss under winter conditions: A

literature review. Journal of Soil & Water Conservation, 61, 200–206.

Thapa, R., Mirsky, S. B., & Tully, K. L. (2018). Cover crops reduce

nitrate leaching in agroecosystems: A global meta-analysis. Journal
of Environmental Quality, 47(6), 1400–1411. https://doi.org/10.2134/

jeq2018.03.0107

USEPA. (1983). Methods for chemical analysis of water and wastes
(EPA-600/4-79-020). USEPA.

Vadas, P. A., Good, L. W., Jokela, W. E., Karthikeyan, K. G., Arriaga, F.

J., & Stock, M. (2017). Quantifying the impact of seasonal and short-

term manure application decisions on phosphorus loss in surface

runoff. Journal of Environmental Quality, 46, 1395–1402. https://doi.

org/10.2134/jeq2016.06.0220

Yague, M. R., Andraski, T. W., & Laboski, C. A. M. (2011). Manure

composition and incorporation effects on phosphorus in runoff fol-

lowing corn biomass removal. Journal of Environmental Quality, 40,

1963–1971. https://doi.org/10.2134/jeq2010.0505

How to cite this article: Bhandari, A. B., Gelderman,

R., German, D. R., & Kharel, T. P. (2023). Using

simulated rainfall to evaluate cover crops and winter

manure application to limit nutrient loss in runoff.

Agrosystems, Geosciences & Environment, 6, e20348.

https://doi.org/10.1002/agg2.20348

 26396696, 2023, 1, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/agg2.20348 by N

ational A
griculture L

ibrary, W
iley O

nline L
ibrary on [01/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/jeq2.20058
https://doi.org/10.1002/jeq2.20058
https://doi.org/10.2134/agronj2008.0013x
https://doi.org/10.2134/agronj2008.0013x
https://doi.org/10.2134/jeq2018.03.0107
https://doi.org/10.2134/jeq2018.03.0107
https://doi.org/10.2134/jeq2016.06.0220
https://doi.org/10.2134/jeq2016.06.0220
https://doi.org/10.2134/jeq2010.0505
https://doi.org/10.1002/agg2.20348

	Using simulated rainfall to evaluate cover crops and winter manure application to limit nutrient loss in runoff
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Site characteristics
	2.2 | Study design and site setup
	2.3 | Statistical analysis

	3 | RESULTS
	3.1 | Dry run
	3.2 | Wet run

	4 | DISCUSSION
	4.1 | Runoff and nutrient loss
	4.2 | Manure application effects (manure vs. no manure)
	4.3 | Cover crop effects
	4.4 | Effect of antecedent moisture, and runoff volume on nutrient loss

	5 | CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST
	ORCID
	REFERENCES


