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Abstract: On-farm water storage (OFWS) systems are best management practices that consist of a
tailwater recovery (TWR) ditch used with a storage pond to provide irrigation water and improve
downstream water quality. These systems have been increasingly implemented in the southeastern US,
but the individual and cumulative effects of these systems on a watershed scale are unknown. In this
study, the runoff, nutrient, and sediment loads entering a TWR ditch in an agricultural catchment
were quantified, and contributing sources were identified using the annualized agricultural non-point
source (AnnAGNPS) model. Fields with larger areas and soils with a high runoff potential produced
more runoff. The volume of runoff exceeded the TWR ditch storage volume approximately 110
times, mostly during the winter and spring seasons. During years when corn and winter wheat were
planted, NO3–N loads increased because these crops need nitrogen fertilization to grow. Planting
winter wheat in priority subwatersheds reduced the total phosphorous (TP) and sediment loads by
about 19% and 13%, respectively, at the TWR ditch inlet. Planting winter wheat can reduce runoff, TP,
and sediment loads but also result in higher NO3–N loads. AnnAGNPS simulations quantified the
benefits of an OFWS system to advance the understanding of their impact on water availability and
quality at a watershed scale.

Keywords: tailwater recovery ditch; AnnAGNPS; BMP

1. Introduction

The global population has been projected to increase between 9.6 billion and 12.3 billion by
2100 [1]. As a result, agriculture will have to double its productivity to feed people [2,3]. Meeting
this increasing food demand has led to the intensification of agriculture, which translates into the
greater use of chemical inputs and pressure on soil and water resources. Agricultural activities often
transfer excess fertilizers through non-point source (NPS) pollution into aquatic ecosystems causing
devastating ecological and economical effects [4–8]. Therefore, a balance between increasing yields
and mitigating adverse environmental impacts is crucial for the future of agriculture.

The implementation of best management practices (BMPs) has been recognized to significantly
reduce NPS pollution from croplands to downstream waterbodies [9–11]. However, much effort is
still devoted to quantifying the effectiveness and benefits of such practices, especially newer BMPs.
Measuring BMP performance can be a challenge because their benefits vary spatially and temporally
due to the heterogeneity of the landscape and seasonality of hydrological factors [12]. The challenge
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is even greater when attempting to evaluate the effects of several BMPs combined [13–15], address
the shift in BMP performance over time [16], and understand lag times in water quality response [17].
The use of watershed models can be a feasible alternative to quantify the effectiveness of BMPs
while accounting for these challenges [16,18–24]. However, due to the diversity of BMPs that can be
implemented over agricultural fields, information describing the performance of each BMP and the
combined use of different BMPs is limited.

Structural BMPs such as tail-water recovery (TWR) ditches and agricultural ponds (i.e., on-farm
water storage systems—OFWS) can improve downstream water quality by significantly reducing
nutrient loads from agricultural watersheds [25–27]. The dual benefit of reducing nutrient pollution
and supplying water for irrigation is important in areas such as the Lower Mississippi River Valley,
where agricultural production strongly depends on irrigation. Farmers and landowners in this region
are tasked with (1) reducing off-site movement of nutrients, which contributes to the hypoxic zone in
the northern Gulf of Mexico, and (2) conserving water resources to slow the declining groundwater
levels in the Mississippi River Valley Alluvial Aquifer (MRVAA), the primary source of water for
irrigation. Consequently, OFWS systems have been implemented across the MRVAA, especially in
areas with more severe groundwater declines. Although research has highlighted in-ditch and in-pond
nutrient reductions, less attention has been placed on estimating the water and nutrient loads entering
and exiting OFWS systems [28,29]. Evaluating the OFWS drainage area will quantify the impacts of
these systems on a watershed scale, which will advance our understanding of the cumulative effects of
these systems on water quality and groundwater decline as more OFWS systems are implemented
throughout a watershed.

The annualized agricultural non-point source (AnnAGNPS) model [30,31] is a watershed model
that has been designed to measure the impact of agricultural management practices on hydrological
and water quality responses in watersheds. Most studies using the AnnAGNPS model demonstrate
its performance after model calibration with field-observed data [22,32–39]. However, AnnAGNPS
has also been used for similar purposes without conducting calibration with measured data. A study
used the model with no calibrated parameters to estimate the runoff and sediment in an agricultural
watershed within the Mississippi Delta Region [21]. They concluded that the model had an adequate
ability to simulate monthly and annual runoff and sediment yield with no calibration process. This
finding is of significant interest because it is difficult and costly to secure sufficient observed data
to conduct calibration processes in watershed-scale modeling studies. To date, efforts to assess the
benefits of tail-water recovery ditches using watershed scale models has been limited. This is, at least
in part, because these ditches have multiple inlets. Therefore, the collection of measured runoff and
water quality data (and especially continuous measured runoff and water quality data) is usually
impractical and expensive, making it a challenge to collect a sufficient quantity of measured data on
even one OFWS system. However, estimating the effects of OFWS systems at various scales is critical
to stakeholders and agencies to better identify where these systems can be implemented to improve
water quality and relieve pumping pressure on groundwater.

In this study, the AnnAGNPS model was used without calibration with field data to simulate
runoff, sediment, and nutrient loads and identify the main contributing areas draining to a TWR ditch
established as part of an OFWS system within Porter Bayou Watershed, Mississippi. The quantification
of the water, nutrient, and sediment loading is an essential step in understanding the water quality
and quantity benefits of OFWS systems when implemented in agricultural watersheds, as well as
how the management of these systems might be altered to improve performance. Predictions on the
volume of water captured by OFWS systems can also help determine their potential for alleviating
local flooding. Finally, this study advances the incorporation of an OFWS system and the associated
watershed impacts into the AnnAGNPS model, with the goal of improving the ability of AnnAGNPS
to model these systems on a larger scale.
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2. Materials and Methods

2.1. Study Site

This investigation was conducted in the Porter Bayou Watershed (PBW; 33◦26′39”–33◦51′38” N,
90◦48′54”–90◦31′34” W) in the Mississippi Delta Region (MDR), an intensively farmed area located
in northwest Mississippi, USA (Figure 1). For the AnnAGNPS simulation, a small 214 ha watershed
within the PBW located north of Indianola, MS, in Sunflower county, was selected, and it included
Metcalf farm and the surrounding area that drains into the OFWS system outlet at M3 (Figure 1).
The major crops grown from 2012 to 2016 were soybeans, corn, and rice (Table 1). Winter wheat was
planted during 2013 and 2014 in four and two fields, respectively. The watershed is dominated by
the following soil types: Forestdale, Tensas, Dundee, Pearson, and Dowling, which are primarily
poorly drained soils and prone to produce high runoff. In addition, the watershed is relatively flat
with surface elevations ranging from 130 to 135 m. The average temperature ranged from −8.3 ◦C in
winter 2014 to 32.2 ◦C in summer 2012 (Figure 2a). The lowest total seasonal precipitation was 99 mm
observed in summer 2015, while the highest was 579 mm in spring 2014 (Figure 2b). Average annual
precipitation was 1308 mm, and in 2013 and 2014 this average was exceeded by 242 mm and 114 mm,
respectively. Meanwhile, 2012 and 2015 were drier years with a total annual rainfall of 1100 and 1133
mm, respectively.

Figure 1. Map of the study area showing the agricultural watershed with the on-farm water storage
system investigated in the Mississippi Delta Region. The blue arrows represent the runoff flow direction
towards the outlet. (M1: tailwater recovery (TWR) inlet; M2: TWR mid-canal; M3: TWR outlet; labels
within fields indicate the subwatershed identification used by the annualized agricultural non-point
source (AnnAGNPS) model).
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Table 1. Basic characteristics and land use including the planting dates of the subwatersheds.

Subwatershed
ID

Area (ha) Average
Elevation (ft)

Average
Land Slope

Soil Type Hydrologic
Soil Group

Land Use

2012 2013 2014 2015 2016

C3 16.85 130 0.0012 Db—Dowling silty clay
loam D TRNAR TRNAR TRNAR TRNAR TRNAR

C4 17.00 131 0.0010 Fm—Forestdale silty
clay loam D Soybean May 11 Soybean March 21 Soybean May 11 Soybean May 4 Soybean May 9

C5 9.40 131 0.0011 Am—Dundee silt loam C Soybean May 10 Corn March 21 Soybean May 11 Soybean May 4 Soybean May 9
C6A 14.67 131 0.0018 Am—Dundee silt loam C Soybean May 10 Corn March 21 Soybean May 11 Soybean May 4 Soybean May 9

C6B 15.74 131 0.0018 Fb—Forestdale silt
loam D Soybean May 10 Corn Mar 21 Soybean May 11 Soybean May 4 Soybean May 9

C7 13.63 134 0.0020 Fm—Forestdale silty
clay loam D Pasture Pasture Pasture Pasture Pasture

C8 2.34 132 0.0006 Db—Dowling clay D Forest Forest Forest Forest Forest
C9 18.70 132 0.0008 Db—Dowling clay D Soybean June 12 Rice May 26 Soybean June 20 Rice May 3 Corn April 25

C11 12.22 132 0.0017 Fb—Forestdale silt
loam D Soybean April 24 Soybean June 10

WW October 25 Soybean May 20 Soybean April 9 Corn April 25

C12 13.41 133 0.0004 Fb—Forestdale silt
loam D Rice April 13 Corn April 18 Soybean May 8 Soybean April

30 Rice March 30

C13 1.16 133 0.0016 Fb—Forestdale silt
loam D Forest Forest Forest Forest Forest

C14 13.89 133 0.0005 Fb—Forestdale silt
loam D Soybean April 23 Soybean May 27 Soybean May 6 Soybean April

28 Corn April 25

C16 8.89 134 0.0012 Dk—Silty clay D Soybean April 24 Soybean June 10
WW October 25 Soybean May 20 Soybean April 9 Corn April 25

C17 22.54 135 0.0019 Pa—Pearson silt loam C Rice April 13 Corn April 18 Soybean May 6
WW October 25 Soybean June 12 Rice March 30

C18 6.95 134 0.0011 Fb—Forestdale silt
loam D Soybean April 24 Soybean May 18

WW October 25 Soybean May 6 Soybean April
30 Corn April 25

C19 6.66 135 0.0012 Dk—Silty clay D Soybean April 24 Soybean June 10 Soybean May 20 Soybean April 9 Corn April 25

C20 7.00 134 0.0004 Dk—Silty clay D Soybean April 24 Soybean May 18
WW October 25 Soybean May 7 Soybean April

30 Corn April 25

C21 12.99 134 0.0013 Dk—Silty clay D Soybean June 4 Corn April 18 Soybean May 18
WW October 25 Soybean June 12 Rice March 30

TRNAR: turn area; WW: winter wheat.
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Figure 2. Average temperature and total precipitation by season during the period 2012–2016 at the
study site. (a) Boxplots of the average temperature. (b) Bar chart showing the total precipitation. Winter:
January–March; Spring: April–June; Summer: July–September; Fall: October–December. Boxplots were
set at 90th (the upper whisker), 75th (the upper quartile), 50th (the median), 25th (the lower quartile),
and 10th (the lower whisker) percentiles. Outliers were considered those observations 1.5 times beyond
the 25th and 75th percentile and are shown as grey circles.

The OFWS system consists of a trapezoidal-shape TWR ditch and an elongated agricultural pond
which have a combined storage volume of 128,020 m3 (TWR ditch: 13,320 m3; pond: 114,700 m3).
Water flows from north to south through the ditch, which is 818.8 m long and 1.8 m deep on average;
the pond is 2.4 m deep with a surface area of 4.45 ha. Runoff is routed to the single outlet pipe
(33◦39′35.6” N, 90◦39′11.9” W) set at 1.2 m above the canal bed (Figure 1). The system was designed
according to National Resources Conservation Service (NRCS) [40] guidelines, and more information
about its characteristics can be found at Pérez-Gutiérrez, Paz and Tagert [25].

2.2. Model Description

AnnAGNPS is a physical process model developed to simulate the runoff, sediment, nutrient,
and pesticide yields at a daily time step in small watersheds. The model divides the watershed into
subwatersheds based on homogeneous physical characteristics such as soil type, land use, and land
management. AnnAGNPS is a continuous simulation model and has been primarily developed to
evaluate the impacts of different agricultural management practices on watersheds. As with other
physical process watershed-scale models, the major input data are climate, land characterization, field
operations, chemical characteristics, and feedlot operations. A detailed description of the model can
be found in Geter and Theurer [30], Bingner, et al. [41], Bosch, et al. [42], Theurer and Cronshey [43],
Cronshey and Theurer [44].
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2.3. Model Input

A detailed field survey was conducted to identify the field boundaries and collect elevation data
required by the model. Eighteen fields were identified as subwatersheds (or cells), and associated
reaches were defined for routing runoff to the outlet (M3) in the AnnAGNPS model (Figure 1).
Because all fields were precision leveled, they were defined as homogeneous drainage areas or
subwatersheds. The delineation of the watershed was done manually with the aid of GoogleTM Earth
and geographic information system (GIS) technologies. Parameters describing the subwatersheds
such as area, average elevation, and average land slope were determined from the field survey
(Table 1). Parameters representing the time of concentration and travel time were computed from
data provided by the field reconnaissance following USDA-SCS [45] methods, modified by Theurer
and Cronshey [43]. Soil data and physical properties were obtained from the Soil Survey Geographic
(SSURGO) database [46]. Although 15 soil types were identified throughout the watershed, the
dominant soil type was determined for each subwatershed as required by the model, using GIS
operations (Table 1). Crop planting dates were obtained from the Sunflower county USDA–NRCS
office. A crop management schedule was assigned to each field according to the typical management
practices conducted in the MDR (Table 2). Irrigation was included in the crop management schedule,
starting in late May or June and ending in August. The SCS curve number is an important model
parameter used to estimate runoff. Table 3 shows the curve numbers used in the model, based
on different land use categories and hydrologic soil types in the watershed. Weather data were
recorded automatically at 15-min intervals from March 2012 to December 2016 by a WatchDog 2700
Weather Station (Spectrum® Technologies, Inc., Aurora, IL) located 9.2 km southeast of the outlet
(M3). The weather data were subsequently processed to create daily time scale files as required by the
AnnAGNPS model. Data from the Parameter-elevation Regressions on Independent Slopes Model
(PRISM) Climate Group (http://www.prism.oregonstate.edu/explorer/) were used to fill any gaps in
rainfall records. Other missing weather data such as daily maximum and minimum temperature, dew
point, wind velocity, and solar radiation were patched using data from the Moorhead, MS climate
station, which is located 22 km south of the study site and managed by the National Oceanic and
Atmospheric Administration.

Table 2. Typical crop management operation for the crops planted in agricultural watersheds within
the Mississippi Delta Region (MDR) used in this study.

Cropland Activity Application Rate

Soybean

Bedder -
Plant -

Harvest -
Disk -

Corn

Bedder -
Sprayer (pre) -

Plant -
Fertilizer 150 kg ha−1 (soluble nitrogen)
Fertilizer 13 kg ha−1 (phosphorus)

Sprayer (post) -
Sprayer (insecticide) -

Harvest -

Rice

Sprayer (pre) -
Plant -

Harvest -
Disk -

Wheat

Plant -
Fertilizer 120 kg ha−1 (soluble nitrogen)
Harvest -

Burn stubble -

http://www.prism.oregonstate.edu/explorer/
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Table 3. Soil Conservation Service (SCS) curve numbers selected for runoff estimation relative to
cropland at the agricultural watershed. Source: USDA-SCS [47].

Cropland Land Cover Class
Hydrologic Soil Type

C D

Soybean Plant Soybean straight row (poor) 88 91
Harvest Fallow + crop residue (poor) 90 93

Corn Plant Rowcrop with residue 85 89
Rice Plant Rowcrop with residue 85 89

Wheat Plant Small grain straight row + crop residue (poor) 83 86

AnnAGNPS was used to simulate the runoff, sediment, and nutrient loads entering the TWR ditch.
The model was set to run for two initialization years (2010–2011) to establish antecedent conditions
before beginning the simulation period over the next five years (2012–2016). As described by Bosch,
Theurer, Bingner, Felton and Chaubey [42], AnnAGNPS outputs are predefined by the user for the
watershed source of interest (subwatersheds, reaches, among others). The model produces event-based
output as well as monthly and annual summaries of hydrologic and water quality parameters. The
model partitions nitrogen and phosphorus load into sediment-bound and dissolved fractions. This
study used dissolved nitrate nitrogen (NO3–N) and total phosphorus (TP) to represent NO3–N and
TP, respectively, and employed AnnAGNPS to estimate the runoff, sediment, NO3–N, and TP loads
entering a TWR ditch.

3. Results and Discussion

Table 4 presents the average annual runoff, nutrient and sediment loads entering the TWR ditch
per unit area, as well as the contributing fields and total area draining to each point—M1, M2, or main
outlet M3—in the TWR ditch. The load values represent the aggregate contributions divided by the
area of the fields draining into the TWR ditch at each outlet. These values provide a unique picture of
the impact of each source area regardless of size. Annual runoff volume per unit area entering the
ditch at mid-point M2 was slightly higher than the runoff entering at the M1 or M3 by about 600 m3

ha−1 yr−1, even though M2 had the smallest drainage area. This difference is attributed to the runoff

potential of the fields draining to M2. Subwatershed C4 is the field covering the third largest area of
all subwatersheds, and soil in this field has the highest runoff potential (hydrologic soil group D). In
addition, reaches transporting runoff flow directly into the ditch from subwatersheds C4 and C5. This
direct flow path minimizes the amount of water allowed to infiltrate or evaporate and results in a
greater volume of water draining into the ditch.

Table 4. Contributing fields to each channel reach, production of average annual runoff and load of
nutrients and sediments entering the TWR ditch.

Category Unit
TWR Channel Reach

M1 M1–M2 M2–M3

Contributing fields C7, C8, C9, C11, C12, C13, C14,
C16, C17, C18, C19, C20, C21 C4, C5 C3, C6A, C6B

Area ha 140.38 26.40 47.26

Runoff m3 ha−1 yr−1 6785 7364 6743
NO3–N kg ha−1 yr−1 4.05 0.96 1.7

TP kg ha−1 yr−1 1.19 0.77 1.56
Sediment ton ha−1 yr−1 1.65 1.54 1.28

The NO3–N load per unit area was higher at M1 as most of the fields that were planted with corn
and winter wheat during the simulation period are located upstream of M1. The TP load entering
the ditch at M3 tended to be higher. Subwatershed C3, one of the three fields that drained to M3,
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was the only field that was simulated as a turn area. Typically, turn areas have compacted soils and
do not have vegetation. This means that the soil in this field is highly susceptible to erosion and the
off-site movement of nutrients by rainfall–runoff, which might explain the higher TP load simulated by
AnnAGNPS at M3. Sediment loading did not show much variation through the TWR ditch segments,
indicating that the sediment load might be equally distributed over the total area contributing to the
TWR ditch outlets.

3.1. Spatial Variation

The average annual runoff estimated by the AnnAGNPS model is shown in Figure 3. During the
5-year simulation period (2012–2016), the model estimated an average annual runoff of 1,370,053 m3

that drained into the main outlet at M3, of which 11% was contributed by irrigation runoff. The five
highest runoff-producing subwatersheds were C17 (9.73%), C9 (9.31%), C4 (8.78%), C6B (7.74%), and C3
(7.47%). These five fields cover a large drainage area (a combined 90.83 ha out of the total area of 214.04
ha) when compared to other fields in the watershed, which may explain the high runoff production.
NO3–N load transported throughout the watershed to M3 resulted in 623.2 kg yr−1 (Figure 4). Five
subwatersheds contributed 56.2% of the average annual NO3–N load, and the order was: C17 (18.41%)
> C21 (16.15%) > C11 (8.29%) > C16 (7.03%) > C6A (6.36%). The average annual TP load from 2012
to 2016 in each subwatershed is shown in Figure 5, and the average annual TP load for the whole
watershed resulted in 256 kg yr−1. Five subwatersheds contributed 66.2% of the average annual TP
load in the following order: C9 (21.7%) > C3 (18.66%) > C17 (16.16%) > C6A (5.09%) > C21 (4.06%).
The average annual sediment load resulted in 312.8 tons yr−1, and five subwatersheds contributed 62%
of the average annual sediment load (Figure 6) in the following order: C17 (36.18%) > C6B (7.47%) >

C5 (6.45%) > C11 (6.03%) > C21 (5.84%). A list of seven subwatersheds that had the greatest impact on
water quantity and quality in the simulated watershed is shown in Table 5. Five subwatersheds (C17,
C6B, C21, C9, and C3) were designated as priority subwatersheds because they ranked at least first
or second with respect to runoff production, NO3–N load, TP load, or sediment load. Subwatershed
C17, which has the largest area (22.54 ha) and the second highest average slope (0.0019), generated
the highest sediment and NO3–N loads. Soils in this field, classified as a hydrologic soil group C,
are shallow and have below-average infiltration, and thus have moderately high runoff potential.
Furthermore, crops in this field were more diverse and varied between rice, corn, soybean, and winter
wheat with assigned curve numbers ranging from 83 to 90. Higher curve numbers translate into
higher runoff, and this effect is magnified over larger fields when rainfall occurs. Runoff transported
higher loads of nitrogen when corn and winter wheat were planted because these crops required 150
kg ha−1 and 120 kg ha−1 of soluble nitrogen fertilizer, respectively. However, winter wheat might
have reduced TP load during winter. Therefore, the combined effect of landscape characteristics and
fertilizer application played a more influential role in the nutrient load from the C17 subwatershed.
Subwatershed C9 has an area of 18.70 ha (ranked second in size) and soils classified as hydrologic soil
group D. The C9 subwatershed produced the largest TP load of all subwatersheds and ranked second
in terms of runoff volume. This subwatershed was planted in a soybean–rice rotation for four years
and then planted with corn, which was fertilized with 150 kg ha−1 of soluble nitrogen and 13 kg ha−1

of phosphorus in 2016. Thus, the area of the subwatershed seemed to be an important factor for the TP
load contribution in the watershed.
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Figure 3. Map of the study area showing the average annual runoff production in the simulated
watershed. The blue arrows represent the runoff flow direction towards the outlet. (M1: TWR inlet;
M2: TWR mid-canal; M3: TWR outlet; labels within fields indicate the subwatershed identification
used by the AnnAGNPS model).
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Figure 4. Map of the study area showing the average annual NO3–N load in the simulated watershed.
The blue arrows represent the runoff flow direction towards the outlet. (M1: TWR inlet; M2: TWR
mid-canal; M3: TWR outlet; labels within fields indicate the subwatershed identification used by the
AnnAGNPS model).
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Figure 5. Map of the study area showing the average annual TP load in the simulated watershed.
The blue arrows represent the runoff flow direction towards the outlet. (M1: TWR inlet; M2: TWR
mid-canal; M3: TWR outlet; labels within fields indicate the subwatershed identification used by the
AnnAGNPS model).
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Figure 6. Map of the study area showing the average annual sediment load in the simulated watershed.
The blue arrows represent the runoff flow direction towards the outlet. (M1: TWR inlet; M2: TWR
mid-canal; M3: TWR outlet; labels within fields indicate the subwatershed identification used by the
AnnAGNPS model).
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Table 5. Rankings of seven subwatersheds based on their impact on water quantity and quality in the
simulated watershed.

Subwatershed
Rank

Runoff Production NO3–N Load TP Load Sediment Load Total
C17 1 1 3 1 6
C6B 4 6 7 2 19
C21 9 2 5 5 21
C6A 8 5 4 6 23
C9 2 8 1 13 24
C11 10 3 10 4 27
C3 5 12 2 10 29

Rows with highlighted records indicate that the individual rank resulted in either 1st or 2nd. Subwatersheds with
highlighted rows were designated as priority fields.

Subwatershed C6B was ranked fifth and third with respect to the magnitude of the area and
average land slope, respectively, and was classified as having soils in hydrologic soil group D. The
C6B subwatershed generated the second highest sediment load of all subwatersheds and was planted
primarily with soybeans except during 2013, when corn was planted. In addition, the C3 subwatershed
ranked fourth in magnitude of area and ninth with respect to the average land slope and generated the
second highest TP load of all subwatersheds. The C3 subwatershed had soils classified as hydrologic
soil group D and was simulated as a turn area, which explained the high TP load attached to sediments
and transported by runoff. Finally, the subwatershed C21 also had soils in hydrologic soil group D and
was ranked tenth in areal extent and seventh for average land slope. The C21 subwatershed produced
the second highest NO3–N load of all subwatersheds. Similar to C17, subwatershed C21 was also
planted with corn and winter wheat during two consecutive years in 2013 and 2014.

3.2. Temporal Variation

The total annual runoff production and nutrient and sediment load from the simulated watershed,
as estimated by the AnnAGNPS model, are shown in Figure 7. During the 5-year simulation period
(2012–2016), an average annual total runoff of 1,465,678 m3 drained to the main outlet at M3. This
volume exceeds the TWR ditch storage volume by roughly 110 times, which highlights the magnitude of
surface water available in the simulated watershed. In terms of runoff produced by year, the order was
2013 > 2014 > 2016 > 2015 > 2012 (Figure 7a), which followed the same pattern for total precipitation
by year. Overall, fields draining upstream from the TWR ditch to the inlet at M1 generated the highest
volume of runoff at a rate of 952,578 m3 yr−1, which resulted in roughly 65% of the total runoff volume
produced annually. Fields draining into the TWR ditch between M1 and M2 contributed 13.3% of the
annual runoff production, and fields draining into the ditch between M2 and M3 contributed 21.7% of
the average annual runoff.

The changes in total annual NO3–N load for each TWR ditch segment are shown in Figure 7b.
Nitrate nitrogen was highest in 2015, followed in order of magnitude by 2014, 2013, 2016, and 2012.
Overall, the area that drained into M1 was responsible for the greatest percentage of the NO3–N
load in the TWR ditch in all years. During the 2013 growing season, 41.4% of the watershed was
planted with corn, mainly in five (C17, C6B, C21, C6A, C5) of the highest runoff contributing fields in
the simulated watershed (Table 5). Winter wheat covered 12.2% of the watershed after the summer
growing season in 2013. Both corn and winter wheat were fertilized with soluble nitrogen, which
is reflected by the high NO3–N load that was simulated by the model in 2013. In 2014, rainfall was
highest during spring, roughly equally distributed between summer and fall, and minimal in winter.
In fall 2014, the subwatersheds with the highest contributing nitrate loads, C17 and C21, were planted
with winter wheat, which was fertilized with soluble nitrogen. Available nitrogen in soil after the
fertilizer application was likely transported by runoff from the 2014 winter and 2015 spring rainfall,
which might explain the higher NO3–N load during these years. In addition, soybeans were planted
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on 84% of the simulated watershed during 2014. After soybeans were harvested, 33% of the nitrogen
that was used by the plant was left over in the soil [48], available for potential transformation mediated
by microorganisms and susceptible to movement off fields by runoff.

Figure 7. Comparison of (a) the total annual runoff production, (b) the total annual NO3–N load, (c)
the total phosphorus (TP) load, (d) and the total suspended solids (TSS) in the simulated watershed.
M1: TWR inlet; M2: TWR mid-canal; M3: TWR outlet.

Total annual sediment and TP loads were highest in 2013, followed in order of magnitude by 2014,
2012, 2016, and 2015 (Figure 7c,d). The changes in TP and sediment loads were similar and can be
attributed to the fact that phosphorus is usually transported as sediment-bound phosphorus. Similar
to the pattern observed for NO3–N, the bulk of TP and sediment were from the area that drains into
M1. In addition, TP and sediment loads entering the ditch between M2 and M3 were generally higher
than the loads entering the system between M1 and M2. In 2013, significant amounts of precipitation
were recorded in winter, fall, and spring. These conditions favored the production of runoff from fields
with exposed soil, and it is highly likely that erosion due to high runoff resulted in greater loads of TP
and sediment in 2013. In contrast, the NO3–N load during 2014 was higher than during 2013. One
possible explanation is that most of the fertilizer applied during spring and fall of 2014 was transported
off the field as most of the rain fell during these two seasons. In addition, during 2013 and 2014, 41.5%
of the simulated watershed was planted with corn and 16.6% with winter wheat. Planting winter
wheat after corn seemed to result in larger NO3–N loads transported with runoff. Rainfall was higher
during the winter and summer of 2016 and minimal during spring and fall. In 2016, the fields were
planted with corn (34.7%), soybean (26.5%), and rice (22.7%). Runoff produced in 2012 and 2015 was
the lowest among the 5-year simulation period, which may be attributed to less rainfall observed in
2012 and 2015 as compared to other years. The water savings potential of the TWR ditch was estimated
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by combining the simulated runoff and discharge water measured at the ditch outlet available for 2016
(Figure 8). Of the 1,526,105 m3 of runoff produced, 56.5% (862,581 m3) was saved by the ditch in 2016.

Figure 8. On-farm water storage (OFWS) system water savings potential estimated for 2016.
Precipitation: total precipitation; Runoff: AnnAGNPS simulated runoff; Outflow: water discharge
measured at the outlet pipe.

3.3. Impact of Additional Agricultural Management Operations

To examine the impacts of management practices on water quality and quantity, two scenarios
were implemented in AnnAGNPS. Scenario 1 planted winter wheat in priority subwatersheds (C17,
C6B, C21, C9, and C3), and Scenario 2 planted winter wheat in all subwatersheds. With more rainfall
occurring outside the summer growing season, winter wheat could be an option for producers unable
to irrigate or those trying to use less water for irrigation. The current management practices were set
as the baseline scenario. The impacts of Scenarios 1 and 2 on the estimated average annual runoff,
sediment, and nutrient loads at different locations within the TWR ditch (M1, M2, and M3) are shown
in Figure 9. The targeted implementation of management practices (Scenario 1) reduced the TP and
sediment loads at M1 by 19.3% and 12.6%, respectively. However, under Scenario 1, NO3–N loading
increased substantially at all locations primarily because winter wheat was fertilized with soluble
nitrogen at a rate of 120 kg ha−1. This suggests that some of the nitrogen applied to fields may have
been transported off-site by runoff.

Scenario 2 resulted in greater average annual reductions of TP and sediment loads than Scenario 1.
If winter wheat is planted in all subwatersheds, TP loads from the areas upstream of M1 are predicted
to decrease by approximately 38% from the current conditions. Reductions in TP loads at M2 and M3
were about 63% and 25%, respectively. Reductions in sediment loads followed a similar pattern as
those for TP, with a higher percentage reduction at the upstream outlet locations—M1 (24.2%) and
M2 (45%)—than at the downstream outlet—M3 (22%). The all winter wheat scenario also showed
a reduction in runoff. In total, 188,100 m3 (97,900 m3 at M1; 29,700 m3 at M2; and 60,500 m3 at M3)
of runoff were reduced from the fields draining to the TWR ditch. Despite the positive effects that
could result from planting winter wheat in the target watershed, AnnAGNPS simulations showed very
high increases in the NO3–N load entering the ditch at M1 due to the nitrogen fertilization necessary
to grow winter wheat. Conservationists and policy makers should be mindful that implementing
management practices to improve water quality might have positive effects on one variable but
associated undesirable tradeoffs on another variable (Smith et al., 2019). Although cover crops may
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reduce NO3–N leaching to groundwater, the NO3–N load may increase with runoff due to biomass
leaching during rainfall events [49]. This effect might be exacerbated if soluble nitrogen is applied over
poorly drained soils with a high runoff potential.

Figure 9. Impacts of two additional agricultural management operations in the simulated watershed on
the average of (a) total annual runoff production, (b) NO3–N load, (c) TP load, and (d) sediment load.
Text arrows indicate the reduction or increase percentage relative to the current condition scenario;
R: reduction; I: increase; WW: winter wheat; M1: TWR inlet; M2: TWR mid-canal; M3: TWR outlet;
Scenario 1: planting winter wheat in priority subwatersheds; Scenario 2: planting winter wheat in
each subwatershed.

4. Summary and Conclusions

The AnnANGPS model was used to estimate the water, sediment, and nutrient loads entering a
TWR ditch implemented as part of an OFWS system in an agricultural watershed within the PBW,
Mississippi. Simulations showed that the fields with larger areas that have soils with a high runoff

potential (hydrologic soil group C or D) resulted in higher runoff, and this condition mirrored annual
rainfall patterns. The volume of runoff exceeded the TWR ditch storage volume by roughly 110 times,
mostly during the winter and spring seasons. Therefore, these seasons offer the highest potential for
capturing excess water in the OFWS system. Results showed that the fields with larger areas also
produced the highest total nutrient and sediment loads. AnnAGNPS simulations showed that NO3–N
loads were sensitive to fertilizer application. Therefore, during years when corn and winter wheat
were planted and fertilized, NO3–N loading increased. The TP and sediment loading patterns were
similar and were influenced by the hydrological temporal conditions.

Assessment of different management scenarios indicated that planting winter wheat can benefit
water quality by reducing sediment loads and the export of TP. However, winter wheat requires
nitrogen fertilizer, which can result in higher NO3–N loads washed off by runoff. In particular, if winter
wheat is planted in the priority subwatersheds (Scenario 1), TP and sediment loads are reduced by
about 19% and 13%, respectively, at M1. Although planting winter wheat in all fields (Scenario 2) may
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not be feasible, this scenario would substantially reduce TP and sediment loads from the contributing
areas draining to M1 (TP: 3%; sediment: 24%) and M2 (TP: 63%; sediment: 45%) in the TWR ditch.
Scenario 2 also showed that 188,100 m3 of runoff can be reduced from fields draining to the TWR ditch.

Results of this study provide both stakeholders and agencies with critical information needed
to better identify where these systems can be implemented to improve water quality and relieve
pumping pressure on groundwater in the Lower Mississippi River Alluvial Valley. In addition, this
study suggests that agricultural watersheds in the MDR might produce substantial amounts of runoff,
which could be an important source of water for irrigation if properly managed. While managing
the water availability during winter and spring, nutrient reduction benefits of OFWS systems can
be maximized.
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