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Agricultural runoff delivers substantial nutrient loads to the Missouri River, United 
States. Recent levee realignments present new opportunities to integrate constructed 
wetlands (CWs), particularly by repurposing U.S. Army Corps of Engineers borrow 
pits (areas excavated to provide soil material for levee construction) to intercept 
nutrient-laden runoff. This study evaluated the efficacy of a 21-ha borrow pit CW 
that was engineered to receive surface runoff from an agricultural drainage ditch 
before reaching the Missouri River. Nutrient concentrations and water levels were 
monitored over one year and the data were used to calibrate models to predict 
total nitrogen (TN) and total phosphorus (TP) removal over a 12-year period  
(2013 – 2024). A hydrologic model was used to simulate surface inflow and nutrient 
concentrations. A wetland water and nutrient mass balance model was used to 
simulate wetland dynamics. Surface inflow was the largest hydrologic input, but 
groundwater exchange with the Missouri River was critical for controlling wetland 
water depth. TN inputs were primarily groundwater-driven, whereas TP inputs came 
mainly from surface runoff. The CW demonstrated average removal efficiencies of 
36.4 ± 14.5% for TN and 62.6 ± 16.9% for TP. Removal efficiencies increased as nutrient 
loads increased, indicating the wetland has the capacity to manage higher nutrient 
loads. We modeled several design modifications to determine how these CWs could 
be optimized for nutrient removal. For example, adding an outflow culvert allowed 
for passive depth control but slightly reduced nutrient removal. Decreasing wetland 
area increased hydraulic loading rate and decreased nutrient removal efficiency, 
although mass removal rates increased slightly. Results highlight the importance of 
considering hydrologic interactions between wetlands and adjacent waterbodies in 
CW design and evaluation. We show the potential of converting borrow pits, which are 
common along leveed rivers, to CWs to manage agricultural runoff through relatively 
inexpensive modifications to existing agricultural drainage networks. 
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1.	 Introduction
Excessive nutrient loading to freshwater systems from 
intensive agricultural practices is of considerable con-
cern worldwide. According to the U.S. Environmental 
Protection Agency (U.S. EPA), nitrogen (N) and phos-
phorus (P) are the primary chemical stressors to lakes 
and rivers in the U.S.: 46% of rivers and streams are 
rated poor due to excess P, and 41% are rated poor due to 
excess N (U.S. EPA 2017). Nutrient pollution driven by 
agricultural runoff is particularly challenging due to its 
diffuse source, spatiotemporal variability, and ubiquity 
(Hoang et al 2023). 

Constructed wetlands (CWs) are nature-based treat-
ment systems that are increasingly used for managing 
excessive nutrient loads in agricultural runoff due to 
their cost-effectiveness and the co-benefits they provide. 
Nutrients are removed in CWs through a combination of 
physical (sedimentation and absorption), chemical (oxi-
dation/reduction), and biological (microbially mediated 
denitrification and plant uptake) processes (Kadlec and 
Wallace 2009). These systems can be quite effective. For 
example, a review of free water surface (FWS) wetlands 
treating agricultural runoff reports average removal 
rates of 37.9% for TN (24 wetlands) and 55.1% for TP  
(38 wetlands) (Gaballah and Lammers 2025), in-line with 
averages from other reviews (Land et al 2016). Recently, 
the use of FWS wetlands has expanded across the U.S. to 
address agricultural nutrient loading, supported by vari-
ous federal and state programs that provide funding and 
design guidance to implement CWs in conjunction with 
other best management practices (Nietch et al 2024). 

CWs created for habitat benefits or other purposes 
may also provide some nutrient removal benefits. For 
example, as part of levee repair or setbacks along the 
Missouri River, United States, the U.S. Army Corps of 
Engineers (USACE) has experimented with converting 
borrow pits into CWs for wildlife habitat. These bor-
row pits are a unique form of CW because they are open 
pits on floodplains that are a source of sand (or clay) 
for levee construction but naturally become wetlands 
after soil removal due to their depressional topography. 
These opportunistic borrow pit wetlands provide a novel 
opportunity to explore potential benefits of wetlands for 
treatment of diffuse nutrient pollution as well as creation 
of habitat on large river floodplains.

Some of these borrow pit CWs are hydrologically 
isolated from agricultural drainage networks, while oth-
ers have been connected to an inflowing stream receiving 
upstream agricultural runoff. Variability in hydrologic 
connectivity influences wetland function and presents 
both challenges and opportunities for optimizing nutri-
ent management and treatment performance (Evenson 

et al 2015; Messer et al 2021; Sohoulande et al 2022; 
Szota et al 2024). Previous studies have examined the 
use of CWs to treat agricultural runoff (e.g., Hoang et al 
2023; Peltier et al 2024) and the function of CWs located 
on floodplains (e.g., Mitsch et al 2008). These borrow 
pit wetlands, however, are a unique case where they 
receive surface runoff from agricultural areas but are 
also hydrologically controlled by the downstream river. 
It is therefore unclear how well these wetlands function 
for nutrient removal, in addition to the habitat benefits 
they were initially created to provide.

This study evaluated the nutrient removal perfor-
mance of a borrow pit wetland constructed as part of a 
levee setback project along the Missouri River. This wet-
land has surface connectivity to the upstream watershed 
and subsurface connectivity to the Missouri River, both 
of which can influence wetland function. We combined 
field-based water quality monitoring with watershed and 
wetland modeling to assess wetland performance and 
identify how wetland design influences nutrient removal. 
Ultimately, this work will inform the development of 
scalable, nature-based solutions for mitigating nutrient 
pollution in agriculturally dominated watersheds, con-
tributing to national water quality goals and guiding 
future investments in wetland infrastructure.

2.	 Case Study Site
The study site is in Fremont County, Iowa, United States, 
on the Missouri River floodplain, within the USACE-
owned Copeland Bend Wildlife Management Area 
(WMA). The WMA is the site of a large-scale levee set-
back project, constructed as part of levee repair efforts in 
2012 following historic flooding and levee damage in 2011. 
Approximately 93 ha of borrow pits were created in this 
WMA to acquire material needed for levee setback con-
struction. All of these borrow pits were subsequently con-
verted into depressional wetland habitat features and are 
actively managed for native vegetation wetland habitat by 
the USACE’s Missouri River Recovery Program, in part-
nership with the Iowa Department of Natural Resources 
and the Natural Resources Conservation Service.

Among these CWs, a 21.0-ha complex of connected 
wetlands on the landward side of the L-575 levee was 
selected for study. During construction, an agricultural 
drainage ditch was re-routed to flow into the wetland. An 
outflow culvert was placed in the levee at an elevation 
that would generally retain water in the CW instead of 
allowing for passive flow in and out of the CW. A flap 
gate on the riverward side of the culvert prevents back-
flow from the river and limits wetland drainage when 
the river is in flood. The wetland was created for hab-
itat benefits, and hydraulic loading rate and hydraulic 
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retention time were not specified during the design pro-
cess. Excavation depth was determined by availability 
of suitable levee material followed by fine grading to 
achieve the ecologically desirable undulating, relatively 
shallow wetland depths. The underlying soils in this area 
exhibit a mosaic of primarily fine sand and silt, allow-
ing for moderately high hydraulic conductivity in some 
areas, with other parts of the CW being more prone to 
holding ponded water. Annual and seasonal water level 
fluctuations influence the vegetation within the CWs.

During the monitoring period, the CWs exhibited 
some open-water areas with submerged and emergent 
hydrophytic vegetation, with some form of vegetation cov-
ering approximately 50% of the wetland. The predominant 
submerged vegetation was pondweed (Potamogeton spp.). 
The predominant emergent and other herbaceous wet-
land species were cattails (Typha  spp.), arrowhead 
(Sagittaria  latifolia), water plantain (Alisma  triviale), 
Torry’s rush (Juncus torreyi), multiple types of smartweed 
(Persicaria  spp.), and several other sedges and rushes. 
Common shrub trees in the CWs were young cottonwood 
(Populus  deltoides) and sandbar willow (Salix  exigua). 
This vegetation cover and composition can change over 
time due to the fluctuating water levels, and in the past 
have been “reset” by long periods of inundation during 
prolonged Missouri River flooding. 

The borrow pit wetland consists of two basins (1a 
and 1b), which receive runoff from a 15.6-km² water-
shed. The resulting wetland-to-watershed area ratio is 
1.3%. Land use in the watershed is dominated by row-
crop agriculture (83.3%), with smaller portions of hay/
pasture (6.3%) and forested land (7.4%). Channels are 
mostly straightened agricultural ditches that help drain 
the productive bottomland soils. The watershed is rela-
tively flat with silty clay and sandy loam soils. Figure 1 
shows the study site location, upstream watershed area, 
and sampling locations within Wetland 1a and Wetland 
1b, and up and downstream.

3.	 Materials and Methods
3.1.	Field Data Collection
Wetland hydrology and water quality were monitored 
from September 2023 to November 2023 and from 
March 2024 to October 2024. We did not monitor during 

the winter because the wetlands were frozen and nutrient 
removal was assumed to be limited due to low biological 
activity. Water depths were measured every 15 minutes 
in the wetland and up- and downstream using Onset® 
HOBO U20 leveloggers installed in stilling wells, with 
one barologger installed along a high bank for atmos-
pheric pressure compensation. Figure 1c shows the loca-
tion of individual water sample locations in the Wetland 
1a and Wetland 1b cells, and upstream and downstream. 
Composite water samples were collected approximately 
every 2 weeks at each location (Figure 1c) and sent to a 
private lab (Suburban Laboratories, Inc., Geneva, IL) for 
analysis for:

•	 Total N (TN) and Total Kjeldahl N (TKN) 
(standard method 4500N[org)])

•	 Nitrate + nitrite (standard method 
SM-E353.2)

•	 Ammonium (standard method 4500NH3)
•	 Total P (TP) and ortho-phosphate (standard 

method 4500P) species.
Composite samples consisted of 3, 1-L samples col-

lected just below the water surface in each sampling zone 
(e.g., Wetland 1a), which were then combined. After col-
lection, samples to be analyzed for TN, TKN, and TP 
were acid-preserved (H2SO4). All sample bottles were 
placed in a cooler and shipped to the lab within 24 hours. 
A Hydrolab® multiparameter sonde was used to meas-
ure dissolved oxygen (DO), specific conductance, pH, 
and chlorophyll concentration at each sample location. 

3.2.	Watershed Hydrologic Model
We used SWAT+ (Arnold et al 2025) to simulate run-
off and nutrient loading from the watershed. SWAT+, 
an upgraded version of the Soil and Water Assessment 
Tool (SWAT) (SWAT 2026), is widely used for simulat-
ing surface runoff, sediment transport, and water quality, 
especially in agricultural watersheds (Arnold et al 2012; 
Bieger et al 2017). Briefly, SWAT+ divides the water-
shed into hydrological response units (HRUs) of rela-
tively uniform land use, soils, and slope and simulates 
surface and subsurface hydrology and nutrient transport 
and transformation processes. The sources for model 
input data are shown in Table S1.

3.2.1.	 Model Setup
We used the QGIS SWAT+ plug-in (QSWAT+ version 
3.03) (QSWATPlus 2026) to incorporate spatial informa-
tion such as the stream network, management practices, 
weather data, soil data, and land use/cover maps into the 
hydrological model. The watershed was delineated using 
the downloaded digital elevation model (DEM), which 
was burned with an existing stream network shapefile. 

Highlight
Borrow pits created during levee repair 
and construction can be converted to 
wetlands to effectively remove nutrients 
in agricultural runoff.
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A threshold area of 0.1 km² was applied to define the 
channel network. HRUs were generated by incorporat-
ing land use files, soil files, and land use lookup table 
(Olaoye et al 2021) and soil data from SSURGO (Soil 
Survey Staff 2019). A filter was applied to consider only 
areas greater than 100 ha (Forgrave et al 2024) to reduce 
computational complexity. 

We used the SWAT+ Editor (version 3.0.8) for edit-
ing inputs and running the model. Historical weather 
data including precipitation, humidity, and tempera-
ture for the nearest weather station (in Nebraska City, 
Nebraska, United States) were imported, while solar 
radiation, relative humidity, and wind speed were gen-
erated in SWAT+. The Muskingum routing method was 
applied for flow routing, while the Hargreaves method 

was used to estimate potential evapotranspiration (PET). 
All simulations were done using a daily time-step.

3.2.2.	 Model Calibration
We performed a 2-step calibration process. First, we 
performed hydrologic calibration to ensure the model 
accurately predicted watershed outflows. Next, we used 
this hydrologically calibrated model and further cali-
brated nutrient parameters to match observed nutrient 
loads (Figure 2). The study watershed has no observed 
flow data to use for calibration. We therefore found 3 
nearby watersheds of similar size and land use with his-
toric USGS stream gages to use for model calibration 
(data from 1953-1964). For each site, we calculated 
a daily flow duration curve (FDC), standardized by 

Figure 1. Map of study area showing (a) location on the border of Iowa and Nebraska (green square shows extent of panel b), 
(b) L-575 levee and watershed area draining to the wetland (blue rectangle shows extent of panel c), and (c) sampling points 
within the individual wetland cells and up and downstream, as well as the location of the USACE levee and the USGS Missouri 
(MO) River gage. Note the three water quality collection points in each area (orange dots) were composited in the field. 
Basemap is ESRI World Imagery (ESRI 2026); sources: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, 
Aerogrid, IGN, IGP, swisstopo, and the GIS User Community.
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watershed area, and averaged values at each flow per-
centile. Next, this average, unit-area FDC was scaled 
by study watershed area to obtain a representative FDC 
for the watershed. We then compared this FDC with 
the SWAT+-modeled FDC for hydrologic calibration 
(after Westerberg et al 2011). Although this was an 
indirect calibration approach, it allowed us to confirm 
that SWAT+ provides a reasonable distribution of daily 
flows, even if we could not compare observed flows 
and simulated flows on any specific day. Using historic  
data >60 years old was also a limitation, but land use 
(dominated by row crop agriculture) has been relatively 
consistent in these watersheds.

The SWAT+ Toolbox (Chawanda 2021) was used 
to calibrate the modeled outflow from the watershed. 
First, a sensitivity analysis was conducted to evaluate 
the impact of various SWAT+ parameters on hydrologic 
variables and to identify the most significant parame-
ters for calibration, following the Sobol method (Sobol 
2001). Of the initial 19 SWAT+ parameters identified, 
we used only the 9 most sensitive parameters for final 
calibration (Table S2).

The model was calibrated for a 10-year simula-
tion period (1955-1964), corresponding to the period 
for which surface flow data was available. A 2-year 

warm-up period (1953-54) was applied to stabilize the 
model before the simulation. We used 100 model iter-
ations for calibration. The accuracy of the calibrated 
SWAT+ model was assessed using 3 widely used statis-
tical parameters: Percent Bias (PBIAS), Nash–Sutcliffe 
Efficiency (NSE), and the Coefficient of Determination 
(R²) (calculated based on comparisons of modeled and 
“observed” FDC). If the simulated flow closely matched 
the observed data (e.g., high NSE and R² values, low 
PBIAS), it indicated that the model accurately rep-
resented the hydrological processes in the watershed 
(Moriasi et al 2015). Calibrated values obtained from 
the SWAT+ Toolbox were manually incorporated into 
QSWAT+ by modifying the input files. This flow-cali-
brated model was then used for nutrient calibration.

The flow-calibrated model setup was used to cal-
ibrate monthly TN and TP loads. Monthly observed 
data for TN and TP concentrations were available for 
the period of September 2023 to September 2024. We 
multiplied these concentrations by the average monthly 
flow rates from the calibrated SWAT+ model to get 
monthly nutrient loads. Using the SWAT+ Toolbox, 
the same calibration methodology was applied, start-
ing with a sensitivity analysis to evaluate the impact of 
various SWAT+ parameters on water quality variables. 

Figure 2. Conceptual scheme of the modeling approach for both the watershed and wetland.
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Initially, 26 SWAT+ parameters were selected for opti-
mization, all of which showed sensitivity to TN and TP 
(Table S3). 

3.3.	 Wetland Modeling
3.3.1.	 Wetland Water Balance
A wetland water balance was constructed, where inputs 
included direct rainfall on the wetland surface and sur-
face inflow, while losses occurred through evapotranspi-
ration and surface outflow. Groundwater could be either 
an input or output, depending on the direction of ground-
water flow. The overall water balance was represented 
by Eq. 1 (Kadlec and Wallace 2009; Wallace et al 2022):

Vt = Vstored + Qin + Qp ± Qg – QET – QOUT

where Vt represents the water storage at the end of the time 
step; Vstored is the water stored at the beginning of the time 
step; Qin and Qout denote the surface inflow and outflow of 
the wetland, respectively; Qp accounts for direct rainfall; 
Qg represents groundwater into/out of the wetland, and QET 
corresponds to evapotranspiration from the wetland area. 
Qin was modeled watershed surface runoff from SWAT+. 
No surface outflow was observed during the field data col-
lection period (9/2023 – 11/2023 and 4/2024 – 10/2024). 
No outflow occurred because in 2023, the wetland water 
surface elevation was never high enough to exit the out-
flow culvert, and in 2024, high Missouri River water lev-
els prevented water flow through the culvert flap gate. Qout 
was therefore set to zero for the baseline modeling. Direct 
rainfall was calculated as:

Qp = i * A

where i is the rainfall rate (m/day) and A is the area of 
the wetland (m2).

Groundwater flow between the river and the wetland 
(under the levee) was modeled using the Dupuit equa-
tion, assuming saturated flow in an unconfined aquifer. 
There is some uncertainty in the hydraulic conductivity 
value (K) to use, so we calibrated this value by compar-
ing observed and modeled water levels.

The basic equation was:

where the Qg (m3/day) is positive for inflow into the 
wetland and negative for outflow. It is influenced by 
the width of flow (W = 900 m, estimated based on the 
width of the wetland), hydraulic conductivity (K), and 
the levee width (X = 80 m). The water elevation on 
the riverward side (h0) was determined using the river 
water level (USGS gage 06807000, Figure 1b, Figure 
1c), while the water elevation on the wetland side (h1) 

was calculated based on modeled wetland water eleva-
tions. Modeled wetland water elevations were used as 
these were dependent on all modeled components of 
the water balance. These modeled values were com-
pared to observed water elevations to calibrate K. Both 
river and wetland water elevations were based on an 
assumed aquifer bottom of 261 m above sea level. This 
was selected as a reasonable value for aquifer thickness. 
Adjusting this value would have resulted in a different 
calibrated K value, but would not have changed the mod-
eled groundwater fluxes.

Potential evapotranspiration (PET) was estimated 
by the Hargreaves method (m/day), and the wetland area 
(A), following (Lyu et al 2024).

QET = PET * A

Water depth in the wetland was calculated based 
on stored volume and a depth-area-volume relationship 
developed in QGIS using a DEM of the wetland. We sim-
ulated wetland water balance dynamics annually from 
April to December, omitting the winter months when 
ice and snow accumulation are influential, but for which 
we had no observational data. Each year, we assumed an 
initial water depth of 6.0 cm. This assumed minimal car-
ry-over of stored water from the previous year and was 
based on field observations during the monitoring period.

3.3.2.	 Wetland Nutrient Mass Balance
The nutrient mass balance in the wetland is presented in 
Eq. 5:

Mt = Mo + Min + Md + Mg – Mr

where Mt is the nutrient mass (kg) at the end of the time 
step (1 day) and Mo is the initial nutrient mass (kg) at the 
beginning of the time step. Min represents the nutrient 
input from surface inflow (kg), while Md accounts for 
atmospheric deposition (kg) from direct rainfall input. 
The rainfall contribution was estimated using an aver-
age TN concentration of 500 μg/L (Wallace et al 2022). 
This is the median of values reported for sites in the 
U.S., with a range of 300 μg/L –1,900 μg/L (Eriksson
1952). Atmospheric deposition was a relatively small
input (~3% of the total N mass balance) and changing
the rainfall concentration would likely have had only a
minor effect on the results. P atmospheric deposition was
considered negligible. Mg represents nutrient exchange
with groundwater (kg), influenced by river nutrient
concentrations (TN and TP), with data provided from
long-term USACE monitoring on the Missouri River at
Nebraska City (Brent Dinkel, USACE). Mg was calcu-
lated as follows:

Mg = (TN or TP concentration) * Qg

(1)

(2)

(3)

(4)

(5)

(6)
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If the Qg originated from the river, the TN and TP 
concentrations of the river were used. We multiplied 
these values by 0.5, assuming 50% of this nutrient load 
was attenuated as it flowed through the aquifer. The 
amount of nutrient attenuation in alluvial aquifers can 
vary widely depending on flow path length/time, redox 
conditions, and soil type (Lewandowski and Nützmann 
2010). In general, nitrate-nitrogen is removed primarily 
via denitrification, while P is removed through absorption 
(although P can also be released from soils under reduc-
ing conditions) (Hoffmann et al 2006). We assumed 50% 
nutrient load attenuation to account for these processes 
in lieu of site-specific data, recognizing that this would 
introduce error into our analysis. Conversely, if the Qg 
was leaving the wetland, the TN/TP concentrations of 
the wetland were used in Eq. 6. 

Mr denotes nutrient removal within the wetland (kg) 
through mechanisms such as plant uptake, denitrification, 
absorption, and sedimentation. We tested both the K-C* 
and P-K-C* models and the difference was not significant. 
Therefore, we proceeded with the P-K-C* model to simu-
late the combined effects of all removal processes: 

where P = number of cells in series, dimensionless (4 for 
TN and TP) (Kadlec and Wallace, 2009); τ is the deten-
tion time (1 day for a daily calculation time step); and 
h is the water depth (m). C* is the background nutrient 
concentration and was estimated as 0.65 mg/L for TN 
and 0.04 mg/L for TP based on the lowest observed con-
centrations in the wetland. Kt is the first-order areal rate 
coefficient (m/day) that can be calculated as follows: 

Kt = K20 * θ(T-20)

where θ is the modified Arrhenius temperature factor 
(dimensionless) and K20 is the rate constant at 20 °C, and 
T represents water temperature (°C). We calibrated both 
θ and K20 based on observed nutrient concentration data. 
The mass of nutrient removal was calculated as: 

Mr = (Cin – Cout) * Vstored

where Cin is the concentration of TN/TP (mg/L) at the 
beginning of the time step and Cout is the concentration 
of TN/TP (mg/L) at the end of the time step. All wet-
land water and nutrient mass balance modeling was per-
formed treating Wetland 1a and Wetland 1b as a single 
wetland unit.

3.4.	Wetland Model Scenarios
The fully calibrated SWAT+ and wetland water and 
nutrient balance models were used to assess wetland 

nutrient removal performance from 2013 – 2024 (April 
– December), examining how inter-annual climate var-
iability impacts wetland performance. In addition to 
this baseline scenario, we ran additional simulations 
with variable watershed or wetland characteristics. The 
goal of these simulations was to determine how nutrient 
removal performance was affected by changing nutrient 
loads and modifying wetland design. 

3.4.1.	 Increasing Nutrient Loading
Initial results suggested that the wetland could ade-
quately retain watershed nutrient inflows. We tested the 
resilience of this nutrient removal performance by arti-
ficially increasing nutrient inflow loads. We simulated 
nutrient inflows at loads 2, 5, and 10 times higher than 
those modeled from SWAT+. The wetland nutrient mass 
balance was re-calculated with these modified nutrient 
inputs.

3.4.2.	 Passive Depth Control
A culvert allows outflow from the wetland to pass 
through the levee and drain to the Missouri River. 
However, culvert design and high river water levels (like 
was experienced for much of the field observation period 
in 2024) prevent wetland drainage, and therefore no 
culvert outflow was modeled for the baseline scenario. 
To test the effects of different culvert configurations, 
we simulated a variety of scenarios with a 0.3048-m  
(1-ft) diameter culvert, 0 cm, 30 cm, and 60 cm above 
the wetland bottom. The difference in elevation between 
the river and the wetland was used to calculate the poten-
tial volume of water discharged from the wetland, and 
to determine whether the wetland could drain (i.e., only 
when wetland water elevation was greater than river 
water elevation). This discharged volume was then sub-
tracted from the water balance equation (Eq. 1).

The daily discharge volume was determined by the 
culvert’s discharge capacity, which governs the water 
flow from the wetland to the river. This capacity can be 
calculated using the equation for flow through an orifice, 
under the assumption that the submerged inlet functions 
similarly to an orifice flow device:

where Qout = flow rate (m³/day), Cd = discharge coeffi-
cient (dimensionless, assumed 0.67), A = area of the sub-
merged inlet (m²), g = gravitational acceleration (9.81 
m/s²), and h = head difference (m), or the depth of water 
above the culvert opening. The mass of nutrients leaving 
the wetland (kg/day) was calculated as follows: 

Mout = Qout * Cout * 10-3

(8)

(9)

(7)

(10)

(11)
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where Cout represents the concentration of TN/TP at 
the end of each time step (mg/L). This value was then 
incorporated into the nutrient mass balance equation as 
follows:

Mt = Mo + Min + Md + Mg – Mr – Mout

3.4.3. Wetland Size
Wetland size plays a crucial role in both water balance 
and nutrient mass balance. To assess the impact of size 
variation, 2 alternative wetland areas, representing 50% 
(10.5 ha) and 150% (31.5 ha) of the current wetland, were 
evaluated. This analysis aimed to establish thresholds for 
how changes in wetland size influence nutrient removal 
capacity under consistent operational conditions.

4.	 Results and Discussion
4.1.	Field Data Results
Nutrient concentrations varied over the monitoring 
period (Table S4, Figure 3). TN and TP concentrations 
generally peaked at all locations in March 2024, followed 
by a gradual decline throughout the rest of the year. This 
initial spike likely reflected nutrient accumulation dur-
ing winter and low initial water depth in spring, prior to 
the onset of surface runoff and active wetland treatment. 

The subsequent reduction in nutrient levels was associ-
ated with rising temperatures and increased pH and DO 
levels (Table S4), indicating enhanced biological activity 
and treatment efficiency. Nutrient concentrations were 
generally highest upstream, and lowest in Wetland 1a. 
Concentrations in Wetland 1b were generally higher than 
in Wetland 1a (especially for N), potentially because 
Wetland 1a is shallower and more vegetated, which could 
have increased nutrient removal. Most N was organic 
(high Total Kjeldahl N, low NH4

+ and NO3+NO2; Table 
S4), but there was a substantial inorganic P fraction for 
most of the sampling period. Missouri River concen-
trations of both TN (median = 2.55 mg/L, range = 0.32 
mg/L – 8.92 mg/L) and TP (median = 0.21 mg/L, range 
= 0.04 mg/L – 2.9 mg/L) were slightly higher on aver-
age compared to nutrient concentrations in the wetland. 
Monitored wetland depth showed strong influence of 
Missouri River water levels (via groundwater exchange), 
especially during 2024 (Figure S1).

4.2.	SWAT+ Calibration
The calibrated SWAT+ model demonstrated good per-
formance in simulating daily flow rates in the water-
shed (Figure S2). High NSE (0.84) and R² (0.98) values 

Figure 3. Monitoring data showing TN and TP concentrations over time (a and c) and boxplots of concentrations by location 
(b and d). Values below the reporting limit were set to half this value.

(12)
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indicated good agreement with the observed flow dura-
tion curve. Simulations generally underpredicted flow 
rate (PBIAS = -24.2%), but total runoff volume error was 
low (2.2%). Overall, these results suggested that SWAT+ 
effectively captures the magnitude, frequency, and varia-
bility of watershed flow. SWAT+ calibration for monthly 
nutrient loads showed generally lower accuracy (R2 and 
NSE values of ~0.6; Figure S3). However, SWAT+ was 
able to predict temporal trends in loads relatively well. 

4.3.	 Wetland Model
4.3.1.	 Wetland Model Calibration
The wetland water balance was calibrated by compar-
ing observed and modeled wetland depths, giving a cal-
ibrated K value of 14 m/day (1.6 x 10-4 m/s). This value 
is relatively high but not unreasonable for the sandy soils 
present in this area. It is within the range of other esti-
mates of hydraulic conductivity in Missouri River flood-
plains (0.02 m/day – 38 m/day, Buchmiller 1988; and 0.9 
m/day – 87 m/day, Hassler 2005). Overall, the simulated 
depths agreed reasonably well with the observations (R2 
= 0.96, NSE = 0.86), although the model slightly overes-
timated water depth during the summer of 2024 (PBIAS 

= 17.7%) (Figure S4). This could indicate our calibrated 
K value was too high, but lowering K resulted in inaccu-
rate modeled water levels in fall 2023.

We calibrated the rate constant of the P-K-C* model 
using water quality observations and the wetland nutrient 
mass balance (Eq. 5). Calibrated values of K20 were 5.0 m/
yr and 10.0 m/yr for TN and TP, respectively. Calibrated θ 
values were 1.17 for both TN and TP. The R² values were  
0.88 for TN and 0.96 for TP, indicating good agreement 
between modeled and observed data (Figure S5). The 
calibrated K20 value for TN is near the 20th percentile 
of literature values and equal to the median value for TP 
(Kadlec and Wallace 2009), suggesting relatively con-
servative N removal but typical P removal rates com-
pared to other wetland systems. We used constant K20 
values over the whole modeled period. This neglects 
potential changes in nutrient removal rates as the wet-
land ages (Mitsch et al 2014).

4.3.2.	 Baseline Scenario – Water Balance
Figure 4 presents the modeled wetland water balance 
for 2013 to 2024, showing both water depth and annual 
contributions of different water balance components. 

Figure 4. Changes in water balance components in the wetland from 2013 to 2024: (a) variation in water depth and 
precipitation over time; (b) annual water balance values represented in m/yr. Note storage is the increase (+) or decrease (-) in 
total water volume in the wetland from the beginning to the end of the year. ET = evapotranspiration, GW_in = groundwater 
in, GW_out = groundwater out.
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Annual patterns are similar to observed depths for 2023 
to 2024, with a peak in the summer and decrease into 
the fall. However, the magnitude of fluctuations is highly 
variable year-to-year, driven primarily by differences in 
rainfall (changing surface inflows) and Missouri River 
water levels, which control the magnitude (and direction) 
of groundwater fluxes. For example, the Missouri River 
flooded for much of 2018 and 2019, as evidenced by per-
sistent high-water levels in the wetland. Contributions 
from different sources significantly influenced wetland 
hydrology over time (Figure 4b). Surface inflow was the 
primary contributor to water inputs, with groundwater 
outflow or ET being the largest water loss, depending on 
the year (Table S5). Surface inflow was high from 2014 
to 2019, but it was much lower from 2020 to 2024 due 
to lower annual precipitation. Groundwater outflow gen-
erally exceeded groundwater inflow, except for 2018 to 
2019. Higher river levels during those years prevented the 
wetland from draining via groundwater outflow, resulting 
in high wetland water depths at the end of the year.

4.3.3.	 Baseline Scenario – Nutrient Mass Balance
Modeled wetland TN concentrations showed consistent 
annual patterns, beginning high in April and decreasing 
through the year (Figure 5a). Concentrations were rela-
tively stable from July to December. Surface inflow was 

relatively low beginning in early summer. Additionally, 
higher water temperatures during the summer increased 
N removal, resulting in concentrations declining to 
near background, where they remained through the fall. 
Annual variability in concentration patterns can also be 
seen, with peaks in concentration largely driven by run-
off events delivering N loads from the watershed.

Surface runoff was the dominant inflow source 
for half of the years, while groundwater inflow was 
the primary contributor for the other years (Figure 5b). 
Groundwater outflow accounted for the largest mass loss 
in most years except for 2018 to 2021, when removal 
was larger. High amounts of N remained stored in the 
wetland at the end of both 2018 and 2019, when high 
Missouri River levels prevented wetland drainage. The 
average removal rate over the modeled period was 
10.4±6.2 kg N ha-1 yr-1, substantially lower than reported 
by Mitsch et al 2000 (100 kg N ha-1 yr-1 – 400 kg N ha-1 
yr-1 for wetlands treating agricultural and urban runoff 
in the eastern U.S.). The comparatively lower removal 
loads observed in our system were likely due to rela-
tively low inflowing N loads (average total input of 32.2 
kg N ha-1 yr-1), which left less N to be removed (Table 1).

TN removal efficiency averaged 36.4±14.5%. 
However, significant year-to-year variability was 
observed, with an especially low removal rate in 2019 

Figure 5. (a) Modeled TN concentrations in the wetland from 2013 to 2024, showing results from individual years and an 
average across all years; (b) TN mass balance from 2013 to 2024, including annual percent removal rate. Note that storage is the 
mass of TN remaining in the wetland at the end of each simulation year. GW_in = groundwater in, GW_out = groundwater out.

https://doi.org/10.70793/jeed.305


Gaballah MS, Crane D, Copertino S, Chambers M, Lammers R. 2026. Evaluating and enhancing the design of borrow pit wetlands for managing 
nutrients in agricultural runoff. J Ecol Eng Des. https://doi.org/10.70793/jeed.305

Journal of Ecological Engineering Design | Research Case Study journals.uvm.edu/jeed

11

Wetland Location Wetland 
Area (ha) HLR (m/yr) TN Loads  

(kg N ha−1 yr−1)
TN Removal 

(%)
TP Loads  

(kg P ha−1 yr−1)
TP Removal 

(%) Reference

Iowa (26 wetlands) 300 total - 157- 16,800 
(avg. 6,750)

35 - - Crumpton et 
al (2020)

Wilma H. Schiermeier 
Olentangy River  
Wetland Research Park, 
OH

2 39.8 1220 31.8 56.1 42.8 Mitsch et al 
(2014)

Wilma H. Schiermeier 
Olentangy River  
Wetland Research Park, 
OH

3 20±4 645.0 41.0 61.0 31.0 Fink and 
Mitsch 
(2007)

Everglades Nutrient 
Removal Project, 
Florida

1545 - 315.6 55.0 11.7 82.0 Moustafa 
(1999)

Ohio River basin, Ohio 1.2 6.5 - - 71.0 51.2 Fink and 
Mitsch (2004)

Yakima Basin,  
Washington

1.6 - - - 40-100 37-43 Beutel et al 
(2014)

Breton Sound Estuary, 
Louisiana Delta

110,000 - 35.0 86.0 - - Lundberg et 
al (2014)

Timberlake Restoration 
Project, North Carolina

440 8.95 9.95 - 0.3 14-50 Ardon et al 
(2010)

112-146 wetlands 
worldwide 

0.00001-
1,000

- 21.2-24,860 -12.8-93 0.3-3,730 -422-99 Land et al 
(2016)

19 wetlands treating 
agricultural runoff

0.1-1087 - - - 0.3-2,000 7-60 Skinner 
(2022)

Agricultural wetlands, 
IL

0.3-0.8 - 552.2-885.8 31.3-43 6.67-9.2 27.8-43.7 Kovacic et 
al (2000)

Lake Apopka, Florida 308 32-49 - - 50-60 30.0 Dunne et al 
(2012)

Lake Apopka, Florida 276 44-112 - - 32.4 26.2 Dunne et al 
(2015)

Mackay, north 
Queensland, Australia

2.5 - 226.3 36.7 - - Wallace et al 
(2022)

Fremont County, IA 21.0 5.31 32.2±24.5 36.4±14.5 5.7±2.9 62.6±16.9 This study

Table 1. Nutrient retention in created and natural wetlands receiving inflows of nutrients from river overflows and agricultural 
runoff compared with the current study. HLR = hydraulic loading rate.

(11.7%). Removal efficiency tended to be higher and 
mass removal rates lower in years with lower incoming 
loads and hydraulic loading rates. The average of 36.4% 
TN removal was largely in line with previous studies 
(Table 1), although there is high variability reported in 
the literature. Our modeled TN removal rates and effi-
ciencies may have been lower than others due to the 
large fraction of organic N in our system, which is not 
as easily removed as more reactive forms of N (Kadlec 
and Wallace 2009). Furthermore, our monitoring data 
showed inflowing N concentrations near background for 

much of the year (following a spring peak), which limits 
N removal potential.

Annual TP concentrations showed similar patterns 
to TN, with a spring peak followed by a gradual decline 
(Figure 6a). Surface runoff was the dominant source of 
TP throughout the study period, although groundwater 
inflow was substantial in years with higher river levels 
(Figure 6b). Groundwater outflow was highly variable, 
and like groundwater inflow, was influenced primarily 
by river levels. These results highlight the crucial role 
of hydrological conditions, especially flood events, in 
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shaping P loading and retention dynamics. TP removal 
rates were higher than for TN, but showed similar annual 
trends (e.g., lowest in 2019). Also, like TN, TP percent 
removal rates were higher but mass removal rates were 
lower in years with lower incoming loads. The average 
TP removal efficiency (62.6%±16.9%) was on the high 
end of those reported in the literature (Table 1). Like N, 
TP loading rates (5.7±2.9 kg P ha-1 yr-1) were on the lower 
end of literature values (Table 1). For example, we were 
within the range reported in a comprehensive literature 
review (0.3 kg P ha-1 yr-1 – 3,730 kg P ha-1 yr-1), but well 
below the median (32 kg P ha-1 yr-1) (Land et al 2016).

4.4.	 Scenario Modeling
4.4.1.	 Increasing Nutrient Loading
Increased surface nutrient loading (2x, 5x, and 10x the 
baseline) led to substantially higher nutrient concentra-
tions, especially early in the year (April – July, Figure 
S6). Increasing surface loading 10x led to a roughly 
6-fold increase in peak TN and TP concentrations; how-
ever, this difference substantially diminished by the fall. 
Notably, nutrient concentrations remained higher under 
the elevated inflow scenarios compared to the baseline. 
These patterns indicate that extreme nutrient loading can 
temporarily exceed the wetland’s treatment capacity. 
Nevertheless, the system exhibited resilience and recov-
ery over the year, as lower surface inflows during the 

summer and fall allowed for accumulated nutrients to 
be removed. The minor rise in nutrient concentrations 
during December was likely due to lower temperatures 
reducing removal, as well as shallower water in the wet-
land, meaning relatively small changes in nutrient mass 
can result in large changes in concentrations. 

Increases in upstream nutrient loading led to 
increases in removal, export via groundwater, and nutri-
ent storage at the end of the year (Figure 7a and Figure 
7b, Table S6).  Under the most extreme, 10x loading 
increase, absolute removal rates increased over 7x (10.4 
kg N ha-1 yr-1 to 75 kg N ha-1 yr-1 and 3.4 kg N ha-1 yr-1 
to 26 kg P ha-1 yr-1). Removal efficiency also increased 
for TN (improving from 36.4% to 50.0%), with much 
smaller changes for TP (increasing from 62.6% to 
65.2%). Surface loading increases for both TN and TP 
increased by the same factor, but total loading for TN 
(surface runoff + deposition + groundwater inflow) 
increased less than for TP (surface runoff + groundwater 
inflow), explaining the difference in increase removal 
efficiency. Even for the most extreme scenario (10x 
loading), total N and P loading rates to our wetland were 
similar to or lower than what has been reported for other 
wetlands (Table 1), suggesting this scenario is realistic 
for agricultural systems.

Overall, these results indicated that the wetland had 
sufficient capacity to remove even much higher loadings 

Figure 6. (a) Modeled TP concentrations in the wetland from 2013 to 2024, showing results from individual years and an average 
across all years; (b) TP mass balance from 2013 to 2024, including annual percent removal rate. Note that storage is the mass of 
TP remaining in the wetland at the end of each simulation year. GW_in = groundwater in, GW_out = groundwater out.
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Figure 7. Effects of various levels of increased upstream nutrient loads (a and b) and installation of drainage culvert (c and d) at 
different elevations on N and P mass balance and percent removal rates. GW_in = groundwater in, GW_out = groundwater out.

of TN and TP than it currently experienced. This con-
sistent performance suggests a high level of functional 
resilience, with the system capable of absorbing sub-
stantial external pressures without a proportional decline 
in treatment efficiency. This appears to be especially 
true for N (which saw increases in removal efficiency), 
while P removal efficiency may be near its maximum 
(although mass removal rates still increase). This anal-
ysis assumes that removal rate constants (K20) remain 
the same and that incoming nutrient loads increase, 
but hydraulic loading rate does not. This also explains 
the opposite behavior seen in the baseline modeling 
(Figure 5 and Figure 6) where higher removal efficien-
cies were observed in years with lower incoming loads. 
These years also had low hydraulic loading rates, which 
allowed for more efficient nutrient removal. Others have 
shown that removal efficiencies increase with increased 
loading, especially if hydraulic loading rates remain the 
same (Land et al 2016; Ross and McKenna 2022). This 
suggests that removal efficiency in the study wetland 
was primarily limited by hydraulic loading rate, rather 
than incoming nutrient loads. 

4.4.2.	 Passive Depth Control
We modeled the effect of a culvert set at different eleva-
tions (0 cm, 30 cm, and 60 cm) on the water and nutri-
ent mass balance in the wetland. Simulated water depth 

followed a consistent pattern, with little difference in 
depth with and without the culvert through spring and 
early summer (when high Missouri River water levels 
restrict culvert outflow), followed by faster draining of 
the wetland when the culvert was in place (Figure S7a). 
Outflow from the culvert decreased both groundwater 
outflow from the wetland and the amount of stored water 
at the end of each year (Figure S7b). This suggests that 
the culvert increased both the total outflow from the 
wetland and impacted how the water left the wetland 
(surface vs subsurface flow), which had implications for 
nutrient export.

The incorporation of the culvert did not substan-
tially alter TN/TP concentrations overall, but it did impact 
the TN/TP loads (Figure 7c and Figure 7d, Figure S8, 
Table S7). Similar to the water balance, adding a culvert 
increased the mass of TN and TP exported via surface 
outflow while simultaneously decreasing groundwa-
ter outflow and nutrient mass stored in the wetland at 
the end of the year. There was also a slight reduction in 
nutrient removal, resulting in lower percent removal 
(29.4% – 34.6% for TN, 53.3% – 59.3% for TP). These 
results suggest that the culvert largely replaced the natu-
ral groundwater exfiltration pathway, enhancing drainage 
and allowing for more depth control. Generally, shallower 
depths increase nutrient removal and uptake by enhanc-
ing oxygen availability, plant–water interactions, and 
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biogeochemical exchanges at the sediment surface (Kadlec 
and Wallace 2009; Alahmady et al 2013; Carpenter and 
Bledsoe 2025). However, this benefit for nutrient removal 
seemed to be counterbalanced by increased wetland drain-
age and, therefore, lower retention times when the culvert 
was in place. The 60 cm culvert had water and nutrient 
mass balances most similar to the baseline, no-culvert sce-
nario, suggesting passive depth control can help maintain 
shallower depths while only minimally impairing nutrient 
removal. A particular challenge in this wetland was that 
depth control is very limited when Missouri River water 
levels are high, preventing any surface outflow from the 
wetland. Other riverine CWs may be similarly influenced 
by river hydrology (or be inundated during floods); how-
ever, riverine wetlands in the literature tend to receive 
pumped or controlled river water and may be less hydro-
logically connected to the adjacent river (Jia et al 2014; 
Mitsch et al 2014). 

4.4.3.	 Wetland Size
Reducing the wetland area to 50% of its original size 
(to 10.5 ha) while maintaining constant inflow volume 
resulted in a substantial increase in average hydrau-
lic loading rate (5.3 m/yr to 9.3 m/yr) (Figure S9). This 
increase in hydraulic loading reduced nutrient removal 
efficiency (36.4% – 23.4% for TN and 62.6% – 47.7% for 
TP; Table 2) but slightly increased TP mass removal rates 
(Table 2, Figure S10; TN mass removal is unchanged). 
Increasing wetland area by 50% (to 31.5 ha) slightly 
reduced hydraulic loading (5.3 m/yr to 4.0 m/yr) and 

increased removal efficiency (36.4% to 46.8% for TN and 
62.6% to 70.5% for TP; Table 2). These results reinforce 
that nutrient removal performance in this wetland is more 
sensitive to HLR than to nutrient loading, and that increas-
ing wetland size can increase removal (although poten-
tially at much higher expense). Smaller wetland areas 
under constant loading are more prone to hydraulic over-
loading, which shortens residence times and diminishes 
the conditions necessary for effective biological uptake 
and microbial transformation of nutrients. The current 
wetland size (~1.3% wetland:watershed area ratio) is on 
the lower end of the recommended/typical range of agri-
cultural CWs (e.g., Carpenter and Bledsoe 2025, Gaballah 
and Lammers 2025). 

While our analysis suggests the wetland can adsorb 
higher nutrient loads, this area adjustment analysis shows 
that hydraulic loading rate may be the limiting factor 
in wetland performance. Removal efficiency generally 
declines with increased hydraulic loading rate (Crumpton 
et al 2020). We observed relatively large declines in per-
formance for our smaller wetland, even if the hydraulic 
loading rate (9.3 m/yr average) was lower than many 
similar wetlands (Table 1; Gaballah and Lammers 2025). 
Additional scenarios explored the interaction between 
wetland size, nutrient loading increases, and passive depth 
control. The outcomes were variable (Table 2), but gen-
erally showed that, all else being equal, nutrient removal 
efficiency was most affected by wetland size, followed 
by increasing upstream nutrient loads and finally, passive 
depth control.

Nutrient Scenario Current
Area Size 

150% 50%

TN

Current 36.4% (10.4) 46.8% (10.2) 23.4% (10.4)

Increasing loading inflow
2x 40.1% (17.3) 50.2% (15.6) 26.5% (19.7)
5x 46.5% (38.8) 55.8% (32.1) 31.9% (50.0)
10x 50.0% (75.0) 58.9% (59.8) 34.8% (101.3)

Adding culvert (elevation)
0 cm 29.4% (9.1) 35.7% (8.3) 19.8% (9.8)
30 cm 33.3% (9.5) 43.3% (9.7) 22.3% (10.4)
60 cm 34.6% (9.8) 45.1% (9.8) 22.9% (10.7)

TP

Current 62.6% (3.4) 70.5% (2.8) 47.7% (4.5)

Increasing loading inflow
2x 63.9% (5.9) 71.2% (4.6) 49.2% (8.5)
5x 64.9% (13.4) 71.6% (10.1) 50.4% (20.2)
10x 65.2% (26.0) 71.7% (19.2) 50.8% (39.8)

Adding culvert (elevation)
0 cm 53.3% (3.1) 61.7% (2.6) 40.7% (4.2)
30 cm 57.1% (3.2) 66.0% (2.6) 43.8% (4.4)
60 cm 59.3% (3.2) 68.1% (2.7) 45.6% (4.5)

Table 2. Comparison of wetland performance under different modeled design scenarios and modifications. Percent removal 
for each scenario is shown with mass removal rates (kg TN or TP/ha/yr) in parentheses.
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Collectively, these scenarios suggest that a design 
approach that prioritizes sufficient surface-area to water-
shed-size ratio and incorporates understanding of total 
nutrient loading (both surface and subsurface) will likely 
be most successful for optimizing nutrient removal. For 
example, we showed that increasing wetland size by 
50% decreased HLR and depth and increased nutrient 
removal efficiency. While per area mass removal rates 
(kg TP or TP ha-1 yr-1) were slightly smaller in the larger 
wetland (Table 2), the total mass removal was highest 
for this scenario due to larger wetland area. On the other 
hand, smaller wetlands had higher per area mass removal 
rates, showing that these smaller wetlands can be effec-
tive in areas where land availability is constrained. Our 
model scenarios also showed that depth control can be 
used to provide more depth stability, which may slightly 
decrease nutrient removal but could provide additional 
ecological benefits, such as increasing vegetation and 
waterfowl species diversity (e.g., Carpenter and Bledsoe 
2025). However, depth control was highly constrained by 
the hydrologic influence of rivers adjacent to these bor-
row pit wetlands. Design of floodplain wetlands should 
incorporate riverine hydrologic connectivity (both sur-
face and subsurface) when calculating hydraulic and 
nutrient loading rates. Furthermore, designers should 
determine the timing and duration of high river levels 
that may limit outflow from the wetland and substan-
tially increase wetland depth. If these are determined to 
significantly impair wetland function, alternative outlet 
designs or pumping systems may need to be considered.

5.	 Conclusion
CWs created from borrow pits originally excavated for 
levee repair or setbacks offer valuable opportunities 
to intercept agricultural runoff before it reaches major 
waterways. This study demonstrated that such wetlands 
can function as effective treatment systems, particularly 
when designed and managed strategically. Monitoring 
and modeling show the important role played by variable 
Missouri River water levels in controlling groundwater 
dynamics (both direction and magnitude of groundwater 
fluxes) and surface outflow from the wetland. We found 
that nutrient loading to the wetland is lower than for sim-
ilar systems, but that nutrient removal efficiency stayed 
the same or improved if loading rates were increased. 
Design modifications illustrated potential tradeoffs of 
installing outflow structures or changing wetland size. 
For example, a larger wetland had greater total nutrient 
removal, but smaller wetlands had higher per-area rates, 
potentially indicating higher cost-effectiveness.

Our analyses were limited by having only a sin-
gle year of monitoring data and several modeling 

assumptions (e.g., nutrient attenuation in inflowing 
groundwater). Additional work should monitor other 
floodplain wetlands with different degrees of hydraulic 
conductivity, including wetlands that may be inundated 
periodically during floods. Furthermore, monitoring 
groundwater hydraulics and water quality is recom-
mended to better determine subsurface connectivity and 
potential nutrient transformation. Future modeling work 
should also use uncertainty analysis to quantify how 
assumptions and uncertainty in calibrated parameters 
influence results.

Estimates suggest there are over 200,000 km of 
levees in the U.S. (Knox et al 2022), with much of 
this total length in agricultural areas. Ongoing efforts 
to set back levees to reduce flood risk (Chambers et al 
2023, Serra-Llobet et al 2022) have some potential to 
increase nutrient retention on reconnected floodplains, 
but this potential is limited to times when floodplains are 
inundated (Jacobson et al 2022). Borrow pit wetlands, 
however, can supplement these efforts by intercepting 
agricultural runoff more or less continuously. Given the 
widespread use of borrow pits during levee repair and 
setback construction (approximately 100 acres of borrow 
pits created for every mile of levee realignment, USACE 
personal communication), there is huge potential for 
borrow pits to be converted to wetlands (with relatively 
minimal investment) to manage nutrient pollution and 
improve water quality. 
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