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Constructed wetlands are standard conservation practices used to reduce nitrate
loads in agricultural watersheds. Many studies have examined the efficiency of
denitrification in wetlands under various scenarios, but quantifying the
watershed-scale impact of wetlands on downstream nitrate levels is rarely
done using field observations. In this study, we estimated nitrate removal in a
constructed wetland in the headwaters of Mud Creek, a HUC12 watershed in
eastern lowa, from May-September 2022 and May—-September 2023 (a ten-
month period). We also measured nitrate loads at four successive downstream
sites, three along Mud Creek and one below its confluence with the larger Cedar
River. The wetland removed 6,200 kg of nitrate (74% of total inputs). At the three
downstream locations in Mud Creek, the percentage of each site's total nitrate
load removed by the wetland decreased to 19, 8.6, and 4.1%—this latter value
represents the wetland’s influence on nitrate removal in the entire Mud Creek
basin. The wetland’'s impact of nitrate loads in the Cedar River was negligible
(reduction of 0.02%). The percentage of a site’'s drainage area treated by the
wetland approximately followed a 1:1 relationship to that site's percent reduction
in nitrate. Profiles of nitrate concentrations in Mud Creek notably varied pre- and
post-wetland. Concentrations before the installation steadily decreased along
the waterway, while post-wetland concentrations rapidly decreased directly
downstream of the wetland and steadily increased at each succeeding site.
Our results demonstrate that while the wetland successfully lowered local
nitrate levels, its effect on the basin’'s overall nitrate loads was minimal.
Achieving nutrient reduction goals at the watershed scale solely using
constructed wetlands appears infeasible given that the required number of
practices greatly exceeds current efforts.
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1 Introduction

Waterborne nitrate-nitrogen (nitrate) is a major pollutant of
concern in the U.S. Corn Belt (Chambers et al., 2008; Schilling et al.,
2012). Its presence drives stream and lake eutrophication at local
and regional scales (Smith and Schindler, 2009), and downstream
export has contributed to widespread hypoxic conditions in the Gulf
of Mexico (Burkart and James, 1999; Rabalais et al., 2002). These
eutrophic conditions have detrimental impacts on aquatic ecological
health (Singh et al, 2022) and episodically spur harmful algal
blooms, which present acute risks for humans and animals upon
contact (Hallegraeff, 2003). Nitrate concentrations in drinking water
also present an acute threat to human health (Fewtrell, 2004), and
they may be carcinogenic under prolonged periods of exposure
(Ward et al., 2018).

Nitrate delivery to waterbodies has been linked to
agricultural activities (Syswerda et al, 2012), especially
intensive row crop production (Randall and Mulla, 2001).
Nitrate loss in the U.S. Corn Belt is among the highest per
unit area in the nation (Aulenbach et al., 2007; Schilling and
Libra, 2000). Specific states, such as Iowa (Jones et al., 2018b),
contribute disproportionate amounts of nitrate to downstream
waterbodies (Goolsby et al., 2001). In many watersheds, stream
nitrate concentrations repeatedly exceed drinking water
standards and threaten water suppliers using surface intakes
(Jha et al., 2010; Jones et al., 2020). Municipal water suppliers
must ensure nitrate levels in their finished drinking water are
below the maximum contaminant level of 10 mg/L, and the
expenses and labor associated with these treatment processes
place financial burdens on numerous Midwest communities
2013; Vedachalam et al, 2019).
Furthermore, surface water nitrate concentrations are often

(Christianson et al,,

far greater than levels suggested by nutrient criteria meant to
benefit ecological health (Dodds and Welch, 2000; Jones
et al., 2018¢).

In light of this situation, considerable effort has gone into
lowering nitrate levels in Midwestern rivers and streams. Many
states have initiatives with explicit nutrient reduction goals
(Anderson et al., 2016; David et al., 2013; Scavia et al., 2017).
In Towa, efforts are guided by the Iowa Nutrient Reduction
Strategy (Iowa State University, 2012). Additionally, specific
waterbodies often have limits on allowable nutrient levels,
which are defined through the creation of total maximum
daily loads (TMDLs). Iowa has approximately 20 TMDLs for
nutrients. Some of the most prominent TMDLs for nitrate
include those created for the Cedar (Hutchinson and
Christiansen, 2013), Des Moines (Schilling and Wolter, 2009),
and Raccoon Rivers (Jha et al., 2010).

Conservation plays a large role in all of these reduction efforts,
and numerous conservation strategies have been developed to
reduce nitrate loads (Butt and Brown, 2000; Conley, 1999).
Constructed wetlands have been shown to be among the most
effective nitrate reduction practices (Crumpton, 2001; Haas et al.,
2017), especially in strategies utilizing conservation planning tools
(Scavia et al., 2017; Weber et al., 2018). Constructed wetlands are
engineered systems designed and built to take advantage of natural
processes typically found within the vegetation, soils, and
microbiomes of the wetlands (Vymazal, 2007). Herein, all
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mention of wetlands refers specifically to constructed wetlands
built for the purpose of improving water quality.

Although wetlands can treat a variety of waterborne pollutants,
most have proven effective at fostering denitrification and removing
large quantities of nitrate (Spieles and Mitsch, 1999). Not all nitrate
removal in constructed wetlands occurs via denitrification (Martin
and Reddy, 1997). Some nitrate is assimilated into dissolved or
particulate organic nitrogen, which can be discharged downstream
or retained in the wetland (Lee et al., 2009).

In agricultural landscapes, wetlands are usually located along the
main channel of a stream or at major tile drainage outlets draining
farmland catchments (Crumpton et al., 2006). Inflow water is slowed
within the wetland, and the submerged vegetation and soils produce
a subaqueous environment conducive to denitrification (Vymazal,
2007). The specific rate at which denitrification occurs depends on
many factors, including incoming nitrate concentrations, water
temperatures, flow rates, vegetation species or maturity, and
residence time (Collins and Gillies, 2014; Lee et al., 2009; Lin
et al., 2008).

A great deal of study has been conducted on maximizing
wetland removal efficiency (Cheng et al., 2020; Crumpton et al,
2020; Singh et al., 2019). In many instances, wetlands have removed
substantial portions (>50%) of their nitrate inputs (Crumpton et al.,
2006; Hunt et al, 1999; Maxwell et al., 2017), leading to large
reductions in local nitrate concentrations (Drake et al., 2018). While
these nitrate reductions are a positive outcome, the benefits of a
particular wetland on downstream water quality become
increasingly hard to measure as more untreated water reaches the
stream from larger drainage areas and dilutes the treated water
containing fewer nitrates (Ikenberry et al, 2014; Kovacic et al,
2000). Loads removed by a wetland often become minuscule
compared to loads in larger downstream waterbodies. For
example, Drake et al. (2018) reported nitrate removal of
66,800 kg from 2014-2016 (a reduction of 49%) in a constructed
wetland near the headwaters of the Cedar River in eastern Iowa.
Compared to the nitrate flux of the entire Cedar River basin across
the same timeframe (120 Gg; (Jones et al., 2018Db)), this value
represents a reduction of only 0.05%.

The downstream impacts of wetlands on river water quality have
been estimated using load calculations (Drake et al., 2018) or
watershed-scale models (Bohlke et al., 2009; Conan et al., 2003;
Mitsch et al., 2005), but rarely have impacts been verified with field
observations. Quantifying the spatial rate at which nitrate removal
from a wetland diminishes with increasing watershed area remains
largely unexplored. In this study, we evaluated the downstream
impacts of a newly constructed wetland on nitrate levels in the
highly agricultural Mud Creek watershed in east-central Iowa. After
quantifying nitrate removal in the constructed wetland, we utilized
high-resolution nitrate sensors in four downstream monitoring
locations and in the larger receiving river system to document
how the impacts of the wetland diminish with watershed scale.
Specifically, our objectives were to: 1) calculate the nitrate removed
by the wetland during May-Sep in 2022 and May-September 2023;
2) quantify nitrate loads in Mud Creek at four successive
downstream locations to assess the impact of the wetland on
downstream water quality, and 3) evaluate how the longitudinal
profile of nitrate concentrations along Mud Creek varied before and
after wetland installation.
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FIGURE 1

The nitrate monitoring sites and watersheds for the Cedar River, Mud Creek, and wetland. The main stem of the Cedar River is displayed in dark blue.

2 Methods
2.1 Site description and setting

Mud Creek is a perennial stream draining a 115 km? watershed
(HUCI2 basin 070802051104) in Benton County, Iowa (Figure 1).
Mud Creek outfalls into the Cedar River—a much larger waterway
with 15,800 km? of drainage area at its confluence with Mud Creek
(~five HUCO8 basins). Mud Creek is located in the Iowan Surface
landform region (Prior, 1991), an area marked by low-relief
topography and poorly drained glacial till plains overlying
shallow sedimentary bedrock (mainly limestone, dolomite, and
shale (Witzke, 1998)). The Cedar River basin also predominantly
lies within the Iowan Surface and contains hydrologic and geologic
behavior similar to that of Mud Creek.

Land use in Mud Creek watershed is agricultural, consisting of
approximately 80% of the land area in row crop production (corn
and soybean), with small amounts (<5% of the total watershed) of
urban land use near Mud Creek’s outfall in the town of Vinton, IA
(Iowa DNR NRGIS, 2009). Annual precipitation in Benton County
is approximately 850 mm (annual average from 1895-2023), with a
majority of rainfall (~2/3) occurring during the spring and summer
(NOAA, 2024). Artificial tile drainage is widespread and contributes,
along with groundwater movement, to perennial flows at Mud
Creek’s outlet. The combination of high agricultural intensity and
artificial drainage has resulted in impairments to surface water
quality in the region (Brendel and Soupir, 2017; Kalkhoff et al.,
20005 Squillace and Engberg, 1988), with nitrate being a particular
pollutant of concern (Jones et al., 2018¢; Schilling and Libra, 2000).
Hence, the processes driving nitrate transport in Mud Creek are
found throughout the overall Cedar River watershed, and the
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eutrophication challenges and remediation strategies conducted
in Mud Creek are likewise taking place throughout the Cedar
River basin (Weber et al., 2018).

2.2 Wetland construction

In 2021, a wetland was constructed near the headwaters of Mud
Creek (Figure 1). The wetland is located along Mud Creek’s main
channel and contains a surface area of 5.1 ha. The design and
installation of the wetland was completed as part of the Iowa
Watershed Approach, a large-scale initiative to improve water
quality and reduce flooding in nine major watersheds (Weber
et al,, 2018). Funding for the Mud Creek wetland was provided
by both the Watershed ~ Approach  (https://
iowawatershedapproach.org/) and the Environmental Protection

Towa

Agency (https://www.epa.gov/), with the goal of lowering local
nitrate concentrations and reducing flood peaks.

A local engineering firm completed the wetland’s technical
design. The wetland was constructed in-stream, with the main
channel of Mud Creek acting as its primary inlet and outlet. It
was designed to have a maximum depth of 2.1 m and a storage
capacity of 160,000 m’. Primary and auxiliary spillways were
constructed to contain the 24-h design storms for return periods
of 25 and 50 years, respectively. With the cooperation of the local
landowner, row crop lands adjacent to the Mud Creek channel were
converted to grass and native vegetation and incorporated into the
wetland’s storage area. The wetland became fully operational in
August 2021—requiring a few months to fill with water post-
construction. The total cost of the wetland, including its design,
construction, and permitting efforts, was approximately $600,000.
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TABLE 1 Nitrate monitoring sites and corresponding sensor information.

Short name Site

Long name

10.3389/fenvs.2024.1416018

station (km)

Mud Cr Wet In® Mud Creek upstream of Wetland 1 1.15 3.37 WQS0101 MUDCRO04 = -92.1676 = 42.09411
Mud Cr Wet Out* = Mud Creek downstream of Wetland | 2 2.04 5.18 WQS0112 -92.168 | 42.1014
Mud Cr Garrison®  Mud Creek near Garrison, 1A 3 8.07 31.86 WQS0102 MUDCRO03 | -92.1138 = 42.07951
Mud Cr abv Mud Creek upstream of Vinton, IA | 4 13.34 58.02 WQS0103 MUDCRO02 = -92.0664 @ 42.10121
Vinton®

Mud Cr Vinton® Mud Creek at Vinton, 1A 5 22.29 113.18 WQS0071 MUDCRO1 | -92.0057 @ 42.1547
Cedar Palo” Cedar River at Blairs Ferry Road at | 6 56.75 16425.70 05464420 —-91.7852 | 42.06916

Palo, IA

“operated and maintained by IWQIS.
Poperated and maintained by the USGS.

Compared to the larger Mud Creek watershed, the tributary area
of the (>95%).
Approximately 3.37 km® of catchment area drains to the wetland

wetland is  overwhelmingly agricultural
via Mud Creek’s main channel, whereas an additional 1.76 km? of
adjacent farmland drains to the wetland via nine tile lines and one
ephemeral creek. In total, the wetland treats an area of 5.18 km?,
which is 4.58% of the Mud Creek watershed. Mud Creek produces
consistent flow at the wetland’s inlet and outlet under normal
hydrologic conditions. However, flow can cease during extended
dry periods, resulting in stagnant water in the main channel. Tile
lines typically flow during the spring and early summer but can also
dry out in the absence of wet weather. After discharging from the
wetland’s outlet, flow continues unimpounded along Mud Creek for
21.9 km until it reaches the Cedar River. Overall, the wetland was
typical (in terms of its dimensions and location) of those commonly
constructed along stream channels in agricultural watersheds
(Crumpton et al., 2020; Lemke et al., 2022; Messer et al., 2021).

2.3 Monitoring and data collection

Streamflow and nitrate concentrations were monitored at five
locations along Mud Creek to assess the wetland’s impact on stream
conditions. Table 1 contains each location’s relevant metadata,
including their abbreviated names. Two of the monitoring
locations included the wetland inlet (Mud Cr Wet In) and outlet
(Mud Cr Wet Out). The remaining three sites were evenly spaced
along Mud Creek, with the final location (Mud Cr Vinton) 1.6 km
upstream of its confluence with the Cedar River.

Nitrate concentrations were monitored using in situ probes
(Hach Nitratax Plus SC, 5 mm path length). When deployed,
these sensors record nitrate concentrations every 15 min using
ultraviolet absorption. This sensor model has proven proficient in
providing continuous unbiased measurements of riverine nitrate in
Towa (Cao et al., 2023; Drake et al., 2018; Jones et al., 2017; Jones
etal., 2020). In early 2020, nitrate sensors were deployed at each site
except Mud Cr Wet Out, which was installed in July 2021 following
wetland construction. Several sensors were installed in 2020 to gauge
Mud Creek’s longitudinal nitrate profile pre-wetland. The nitrate
sensors were removed during winter and thus followed a
deployment schedule from approximately roughly May to
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November each year from 2020-2023. Supplementary Figure S1
summarizes the sensors’ operational timeframes at each location.

Nitrate concentrations measured using the probes were
validated by collecting 30 grab samples at four sensor locations
during 2020 (R* = 0.91). Nitrate concentrations in the grab samples
ranged from 2.1-17.6 mg/L and were measured by the State
Hygienic Laboratory at the University of Iowa. A Bland-Altman
analysis confirmed agreement between measurement techniques at
all sites (Dewitte et al., 2002). Furthermore, all probes were shipped
to their parent manufacturer following their retrieval each winter.
The manufacturer inspected and recalibrated the equipment to
ensure continued functionality before redeployment in the spring.
Mud Creek’s continuous nitrate concentrations are publicly
available through the Iowa Water Quality Information System
(IWQIS: https://iwqis.iowawis.org/app/), a web portal containing
continuous, in situ water quality data across Iowa. We have also
included the specific nitrate data from our analysis within this
study’s Supplementary Material.

Streamflow values were estimated using stage-discharge
relationships at the five sites (Quintero et al., 2021). Topographic
surveys were conducted to determine the channel’s cross-sectional
geometries. Stream stages were monitored at four locations using
stream sensors developed by the Iowa Flood Center (IFC); these
sensors were installed on roadway bridges and used ultrasonic
technology to measure river levels every 15 min (Kruger et al,
2016). No overhead bridge is present near the Mud Cr Wet Out site,
so a water level transducer (In-Situ Level TROLL 400 Data Logger)
was used to monitor stage elevations.

During a preliminary analysis in 2022, we noticed biases
occurring in the values reported by IFC sensors, whereby stage
was overestimated during low-flow conditions. We subsequently
installed water level transducers at three Mud Creek sites (Mud Cr
Wet In, Mud Cr Garrison, and Mud Cr Vinton) in early 2023. The
transducers recorded stage elevations alongside the IFC sensors in
2023. These new stage data were used to correct the biases reported
by the IFC sensors in 2022. Consequently, 15-min stage records were
obtained for the 2022-2023 measurement period. Stages were
converted to corresponding streamflow values using the
continuous slope-area method (Lee et al, 2017). Streamflow
estimates were validated using an acoustic Doppler velocimeter
(SonTek FlowTracker2 Handheld-ADV) to measure flow on-site
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10-12 times at each monitoring location in 2020 and 2023.
Measured streamflow values ranged between 0.02 and 4.4 m?/s,
and all on-site measurements were within 15% of estimated
discharges. All flow values are publicly available through the
Iowa Flood Information System (https://ifis.iowafloodcenter.org/
that
measurements collected by the IFC sensors (Krajewski et al,

ifis/app/), a web portal contains continuous flow
2017). The specific water depth and streamflow datasets used in
this study have also been included in the Supplementary Material.

The United States Geological Survey (USGS) also operates a
stream gauge along the Cedar River 34.9 km downstream of Mud
Creek’s outfall near Palo (USGS gauge 05464420). Both streamflow
and nitrate have been continuously monitored at this site since
2012 using standard USGS protocols (Lins and Slack, 1999; Pellerin
etal, 2014). To estimate the wetland’s nitrate inputs not captured by
the main inlet, tile lines and a creek draining directly to the wetland
were monitored throughout May-October 2023 using grab samples
collected every 2 weeks. Flow rates were estimated during sample
collection by simply timing the rate at which discharge filled a 19-L
bucket. Upon collection, grab samples were returned to a laboratory
and analyzed for nitrate using a probe identical to those deployed in

the field.

2.4 Nitrate load calculations

Nitrate loads were calculated using nitrate concentrations and
corresponding flow values at all six monitoring locations. Load
calculations presented in this study describe five-month periods
(May-September) in 2022 and 2023. This timeframe was
constrained by the deployment schedules of the nitrate sensors,
but it broadly aligns with typical seasonal patterns of nitrate loads in
Towa (Zhang and Schilling, 2005). Most wetland denitrification also
occurs during this period due to the higher nitrate concentrations,
greater streamflow, and warmer temperatures (Crumpton et al,
2020; Stein and Hook, 2005).

Daily values were calculated for nitrate concentrations and
streamflow by taking arithmetic means of the 15-min data.
Nitrate concentrations were interpolated during occasional
instances of sensor fouling (<5% of days), as linear interpolation
has proven effective for stream nitrate (Schilling et al., 2017). Daily
loads were then found at each site by multiplying mean nitrate
concentrations and flow values. This daily load calculation method
was used due to short-term variabilities of river stage measurement
documented in our bridge sensor equipment. Bridge sensor readings
can occasionally contain aberrant values, but these largely balance
out on a daily scale (Kruger et al., 2016; Quintero et al., 2021). Other
researchers have successfully utilized this method when estimating
nitrate loads over months or years (Jones et al., 2018a; Pellerin et al.,
2014; Zimmer et al, 2019). During days with no streamflow
(i.e., stagnant water), loads were set to 0. Loads were aggregated
across the entire analysis period (Table 2; May-September 2022 and
May-September 2023) and for each individual month (Table 3).
Yields were also calculated by dividing a site’s nitrate load by its
drainage area.

Nitrate loads entering the wetland through the peripheral tile
lines were correlated to those entering the wetland through the main
channel. This relationship suggested that tile nitrate consistently
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accounted for 20% of the nitrate inflow from the main channel
(Supplementary Figure S6). We thus multiplied the daily loads at
Mud Cr Wet In by 1.2 to estimate the total nitrate load entering the
wetland (Mud Cr Wet Total). The mass of nitrate removed by the
wetland (Wetland Removal) was calculated by taking the difference
between the total nitrate entering it (Mud Cr Wet Total) and the
nitrate discharged at the outlet (Mud Cr Wet Out). More precisely,
the Wetland Removal term refers to all nitrate transformed or
retained within the wetland; therefore, this calculation represents
a simple mass balance of the wetland’s nitrate inputs and outputs. To
contextualize the mass of nitrate removed by the wetland, we defined
the metric % Reduction, which was calculated as

Wetland Removal

% Reduction =
O ReAUCTIOn = it rate Load + Wetland Removal

*100%

where Nitrate Load is a site’s nitrate flux across the analysis period.
This percentage is bounded between 0% and 100% and is the nitrate
removed by the wetland divided by the sum of this removal and a
location’s observed nitrate load. % Reduction thus quantifies the
wetland’s nitrate loss in terms of a site’s overall nitrate load.

We also calculated another metric termed Wetland% of
Watershed (Table 2). This term refers to the percentage of a
site’s drainage area treated by the wetland. For instance, the Mud
Cr Garrison site has a tributary area of 31.9 km> The wetland’s
tributary area is 5.18 km? which comprises 16.3% of the total
drainage area of Mud Cr Garrison.

3 Results
3.1 Observed nitrate concentrations

Figure 2 displays the daily nitrate concentrations estimated at
each monitoring. Continuous daily records of nitrate concentrations
were available from May to Nov each year at most sites. Retrieval
and storage of the equipment was necessitated during the winter and
early spring, and occasional short-term gaps in the nitrate records
occurred due to sensor fouling (4.3% of daily nitrate estimates) or
low water levels (6.3% of daily nitrate estimates). In particular, low
water levels observed during the July-September 2023 period at the
Mud Cr Wet Out resulted in missing nitrate values.

Concentrations were highest at the Mud Cr Wet In (median of
11.5 mg/L) and lowest at the Mud Cr Wet Out (median of 1.94 mg/
L). Of the remaining sites, Cedar Palo generally had lower nitrate
levels (median of 4.06 mg/L) compared to Mud Cr Vinton (7.55 mg/
L) and Mud Cr Garrison (5.56 mg/L). A wide range of nitrate
concentrations were observed throughout Mud Creek, with
minimum values near 0.10 mg/L and a maximum value
at Mud Cr Wet In (195 mg/L).
concentrations at the remaining sites ranged from 12.3 to

measured Maximum
15.1 mg/L. Nitrate concentrations typically peaked in May and
June before steadily declining throughout the rest of the summer.
The lowest concentrations (0.10 mg/L) were routinely measured in
Aug and Sep, followed by a rise in concentrations in late Sep and
October (Figure 2). Average annual nitrate concentrations were
highest in 2020—the only year with above-average precipitation.
We also utilized the monitoring data to investigate the spatial
pattern of nitrate concentrations in Mud Creek before and after
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TABLE 2 Nitrate loads (from May - September 2022 and May - September 2023) and the corresponding reductions caused by the wetland. “Wetland% of
Watershed” column refers to the percentage of the site's drainage area that is treated by the wetland.

Mud creek Station Area Wetland?% of Water Nitrate Nitrate yield %
sites (km) (km?) watershed (%) yield (mm) load (kg) (kg/ha) reduction
Mud Cr Wet In | 1.15 337 140 6,440 19.1

Mud Cr Wet Total 5.18 8,370 16.1

Wetland Removal 6,200

Mud Cr Wet Out  2.04 518 100.00 131 2,160 417 742
Mud Cr Garrison | 8.07 31.86 16.26 138 26,400 8.29 19.0
Mud Cr aby 13.34 58.02 8.93 142 66,300 114 8.55
Vinton

Mud Cr Vinton 2229 113.18 4.58 145 145,000 12.8 4.09
Cedar Palo 56.75 16425.70 0.03 200 25,500,000 15,5 0.0243

TABLE 3 % Reduction of nitrate loads by month. Wetland removal refers to the nitrate retained by the wetland during a given month, while the water yield
refers to the monthly streamflow yield at Mud Cr Vinton.

Category
September August September
Wetland removal (kg) 1,520 1,870 1,120 230 65 738 479 161 27 2
Water yield (mm) 32.5 31.7 20.0 8.03 4.53 22.3 9.90 5.70 2.90 2.02
Mud Cr Wet Out 67% 78% 86% 96% 92% 57% 78% 91% 100% 100%
Mud Cr Garrison 23% 28% 32% 21% 10% 8.2% 14% 13% 6.8% 0.76%
Mud Cr abv Vinton 7.2% 9.2% 11% 13% 8.1% 6.2% 10% 10% 7.8% 2.7%
Mud Cr Vinton 3.7% 4.8% 5.5% 4.2% 1.8% 2.8% 5.0% 4.2% 1.7% 0.14%
Cedar Palo 0.02% 0.02% 0.03% 0.02% 0.02% 0.02% 0.07% 0.05% 0.07% 0.01%
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Daily mean nitrate concentrations at the six monitoring sites.
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the wetland installation. Assessing the wetland’s impact on local
nitrate concentrations is of great interest to stakeholders, as
nutrient concentrations portend eutrophic conditions. Lower
nitrate concentrations in Mud Creek improve the water’s
drinkability and reduce the occurrence of algal blooms. The
arithmetic mean of daily nitrate concentrations at each site in
2020 (pre-wetland) and 2022 (post-wetland) during the five-
month analysis period (May-September) was evaluated. [Note
that other years were not included in this analysis due to
confounding factors: 2021 was the year the wetland was
constructed, and 2023 was confounded by drought.] While
2020 and 2022 provide concise comparison points of the pre-
and post-wetland conditions, this comparison does not capture
differences in hydrologic conditions between these 2 years. These
longitudinal profiles display local nutrient levels but do not
describe the mass flux during these periods.

The longitudinal profiles of mean nitrate concentrations in Mud
Creek in 2020 and 2022 show marked differences between these
2 years. In the pre-wetland condition, nitrate concentrations
monotonically declined as water moved downstream. A steady
decrease in stream nitrate concentrations is consistent with
Peterson and Benning (2013) and Schilling et al. (2012), who
reported nitrate concentrations highest in the headwaters of
agricultural streams that gradually declined in downstream
with
2022 longitudinal profile shows a sharp drop in nitrate

catchments larger drainage areas. In contrast, the
concentrations directly downgradient from the wetland—a clear
sign of its efficacy in nitrate reduction. Following the sizable drop,
concentrations rose at each subsequent site along Mud Creek,
reaching levels near those measured in the Cedar River at Palo.
This behavior was similar to the nitrate yields shown in

Supplementary Figure S5.

3.2 Wetlands loads and nitrate removal

Daily nitrate loads were calculated at all six monitoring sites
during the May-September timeframe in 2022 and 2023 (Figure 3).
However, it is important to note that Eastern Iowa experienced
significant drought conditions across the two-year monitoring
period. Indeed, Palmer Drought Severity Index (PDSI) values
dropped below -2 in 2022 and -4 in 2023 (Supplementary
Figure S2), indicating moderate to severe drought periods.
Nearby USGS gauges recorded annual streamflow totals far below
average (Supplementary Figure S3). Consequently, the results from
this study should not be viewed as representing the full range of
hydrologic conditions but as a period marked by drier-than-
average streamflow.

Daily nitrate loads into the wetland ranged from 0 to 151 kg
(Figure 3). Loads exported from the wetland ranged from 0 to 48 kg.
The days with the highest loads corresponded to the highest flow
days, most of which took place in May, Jun, and Jul in 2022.
Following a final wet weather event in July 2022, export loads
gradually decreased through the remainder of the year. Two wet
weather events occurred in May 2023, followed by the onset of
significant drought conditions and diminished loads in Jun and Jul.
By Aug, flows into and out of the wetland had completely dried up,
resulting in days with 0 kg of nitrate load.
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We estimated that 6,440 kg entered the wetland through the
main channel across this ten-month period. When incorporating
nitrate flux from the surrounding tile lines, estimated nitrate inputs
to the wetland totaled 8,370 kg. Nitrate loads at the wetland outlet
were 2,160 kg, indicating that the wetland removed 6,200 kg. This
implied a % Reduction of 74.2%—meaning 74.2% of nitrate inputs
were removed by the wetland. Nitrate yields, defined as a site’s
nitrate load from the ten-month analysis period divided by its
tributary area, varied dramatically upstream (16.1 kg/ha) and
downstream (4.17 kg/ha) of the wetland (Supplementary Figure S5).

3.3 Downstream loads and wetland impacts

Nitrate loads downstream of the wetland were much larger than the
influx into the wetland (Supplementary Figure S4), which was expected
given the increased drainage area for each successive monitoring
location. Loads at the Mud Cr Garrison, Mud Cr abv Vinton, and
Mud Cr Vinton sites were 26,400, 66,300, and 145,000 kg, respectively.
The % Reduction declined monotonically from upstream to
downstream (Figure 4), as the sites had reductions of 19.0% (Mud
Cr Garrison), 8.55% (Mud Cr abv Vinton), and 4.09% (Mud Cr
Vinton). This latter value effectively means the wetland reduced the
nitrate load at the Mud Creek outlet by 4.09%. Loads at the Cedar Palo
site were more than two orders of magnitude (25,500,000 kg) larger
than Mud Creek, and the % Reduction due to the wetland was
essentially negligible at the scale of the Cedar River (0.0243%).

Furthermore, we plotted each site’s % Reduction value against its
Wetland% of Watershed (Figure 5). The relation of % Reduction to
Wetland% of Watershed was essentially linear and followed a 1:
1 ratio, suggesting that the percentage of nitrate mass removed by a
wetland was generally equivalent to the amount of tributary area
treated by a wetland.

Nitrate yields spanning the ten-month analysis period were
marked by a sharp decrease directly downstream of the wetland,
followed by a steady rise at each successive monitoring location
(Table 2). Downstream of the wetland, values were 4.20 (Mud Cr
Wet Out), but they increased to 15.5 kg/ha at the Cedar Palo site.
The yields within Mud Cr (4.20, 8.30, 11.4, and 12.8) were notably
lower than those upstream of the wetland (16.1 kg/ha), but by the
time the water had reached Cedar Palo, the yields were quite similar
(15.5 kg/ha).

3.4 Monthly variations

Table 3 summarizes the nitrate load removed by the wetland and
the subsequent % Reduction values for each of the 10 months
included in our two-year analysis period. It also contains the
monthly water yield at Mud Cr Vinton, which demonstrates
Mud Creek’s overall streamflow in that month. The 10 months
encompass a range of hydrologic conditions ranging from 2.02 mm
(September 2023) to 32.5 mm (May 2022). The nitrate load removed
by the wetland was also highly variable, spanning 2 kg (September
2023) to 1,520 kg (May 2022).

The % Reduction values measured in the study experienced high
variability by month. In the drier months (August-September 2023),
the wetland removed 100% of the inflow nitrate. The % Reduction
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values were lower in wetter months, with a minimum % Reduction
of 57% in May 2023. However, the % Reduction at the wetland was
not well correlated with the % Reduction at downstream sites.
Values ranged from 0.76%-32% at Mud Cr Garrison and 2.7%-
14% at Mud Cr abv Vinton. The reduction for Mud Cr Vinton,
which characterizes the entirety of the Mud Creek watershed, was
lowest during the driest months (1.7% in August 2023 and 0.14% in
September 2023). The maximum value was 5.5% in July 2022. In
contrast, the reduction at Cedar Palo was never greater than 0.07%.
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4 Discussion
4.1 Nitrate reduction in the wetland

Study results indicate that the constructed wetland in the upper
Mud Creek watershed removed 6,200 kg of nitrate over a ten-month
period occurring in 2022 and 2023, corresponding to a 74%
reduction of input nitrate load. This nitrate load reduction is
consistent with many studies documenting nitrate removal rates
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between 30% and 80% (Allred et al., 2014; Crumpton et al., 2006;
Drake et al., 2018; Groh et al., 2015; Lemke et al., 2022). These results
further suggest that this wetland is typical of those installed in
Midwestern landscapes dominated by row crops. Although our
monitoring data was insufficient to discern the processes
responsible for nitrate removal in the wetland, denitrification,
and assimilation are considered the dominant mechanisms at
similar sites (Collins and Gillies, 2014; Crumpton, 2008;
Crumpton et al., 2020; Drake et al., 2018; Lee et al., 2009; Lin
et al, 2008). Overall, our results align with numerous studies
highlighting constructed wetlands as an effective conservation
practice for nitrate load reduction (Christianson et al, 2014;
Crumpton et al., 2020; Gleason et al., 2011; Whigham, 1999).
Short-term variations in nitrate reductions were evident
(Table 3) in the monitoring data, particularly related to
streamflow and seasonality. Nitrate is mobilized following wet
periods and delivered to the
groundwater or tile line discharge (Schilling and Helmers, 2008;

weather wetland  through
Spalding et al., 2001). During spring or summer wet weather events
in agricultural basins, nitrate concentrations are typically diluted
during peak flows but rise as streamflow recedes (i.e., during the
falling limb of a hydrograph) due to the increased contributions of
groundwater and tile drainage, which lag behind the surface runoff
component (Speir etal., 2021; Tanner et al., 1999). Removal rates are
often largest in the aftermath of rainfall events in the spring and
summer when concentrations are the highest (Crumpton et al,
2020). These streamflow patterns influence the wetland residence
time, complicating the relationship between flow rates and nitrate
removal. Annual and monthly nitrate removal in wetlands typically
decreases as the hydraulic loading rate increases because water
residence times decrease with more water flux into the wetland
(Crumpton, 2008; Drake et al., 2018). Longer residence time for
water in a wetland means more time for nitrate reductions to occur
via denitrification (Collins and Gillies, 2014; C; Lee et al., 2009; Lin
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et al, 2008). On the other hand, higher inflow rates lead to faster
water flow through the wetland and less time for interactions
between nitrate and the soil and plant media (Drake et al., 2018;
Kadlec, 2010). For the Mud Creek wetland, the driest months
contained the largest nitrate removal rates because of long
residence times. In the months with severe drought conditions,
nitrate removal reached 100% efficiency since no water exited the
wetland. However, while the dry conditions resulted in high %
Reduction values, nitrate mass removal was minimal due to low
nitrate inputs into the wetland.

Furthermore, the location of the wetland in the headwater
region of the Mud Creek watershed made it more susceptible to
conditions with zero inflow during the drought. While the upper
reaches of Mud Creek dried out during the later summer of 2023,
perennial flow persisted in the downstream portions of the main
channel due to the increased groundwater (baseflow) contributions
present in a larger drainage area. Flow was perennial at the Mud Cr
Garrison site and all downriver locations. During the 2023 dry
period, the wetland was hydraulically disconnected from Mud
Creek’s main channel and did not provide measurable nitrate
loss, but nitrate loads were still discharged into the Cedar River.

4.2 Downstream impacts of the wetland

While it is clear that the constructed wetland reduced nitrate
loading at the scale of the wetland, our study’s main objective was
contextualizing the nitrate removal within the scale of a watershed.
Calculating wetland nitrate removal efficiency is standard practice
for wetlands, but rarely is it possible to measure the impact of the
wetland on downstream nitrate loads. Most attempts at quantifying
these impacts have used a model-based approach—simulating
nitrate concentrations and loads at successive downstream
locations (Arheimer and Wittgren, 2002; Bohlke et al, 2009;
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Conan et al., 2003) and exploring the difference in nitrate levels
before and after the wetland installation (Chavan and Dennett, 2008;
Ham et al., 2010).

In our analysis, we used continuous monitoring of nitrate and
streamflow at four downriver sites to quantify downstream loads
using field measurements. Results showed the diminishing impact of
the wetland at successive downstream monitoring locations and
validated the general patterns described by nitrate-based watershed
models (Arheimer and Wittgren, 2002; Bohlke et al., 2009; Conan
et al,, 2003). Empirical observations from our study demonstrated
the spatial rate at which the wetland’s impact on downstream water
quality becomes indiscernible.

The landscape of the Mud Creek basin and much of the U.S.
Corn Belt is dominated by intensive row crop agriculture, and
measuring the impact of a singular practice on downstream
water quality is often overwhelmed by untreated water from this
landscape. Nitrate concentrations in Iowa rivers are significantly
related to land cover; one can estimate mean annual nitrate
concentrations in Iowa rivers by simply multiplying the row crop
percentage in a watershed by 0.1 (Schilling and Libra, 2000). In this
study, we showed that there is also a relationship between %
Reduction and percentage of a watershed treated by a wetland
(approximately 1:1). The portion of a watershed treated by a
wetland was linearly related to the percentage of that watershed
nitrate load removed by the wetland (Figure 5). This relationship
presents a convenient rule of thumb for estimating the number of
practices needed to achieve reduction goals. For example, if
stakeholders in Mud Creek sought to reduce nitrate export by
20%, this could likely be achieved by installing four additional
wetlands of similar volume and surface area. [6,200 kg * 5 =
31,000 kg, which is ~20% of 145,000 kg (the nitrate load at Mud
Cr Vinton)] While many nuances surround wetland design and
effectiveness, this calculation provides a first-order approximation
of the investment level in conservation practices needed to achieve a
nutrient reduction goal.

The nitrate concentrations in 2020 (pre-wetland) and 2022
(post-wetland) also revealed the wetland’s impact on local
nutrient levels (Figure 6). Although the difference between these
profiles highlights the impacts of the wetland on local water quality
conditions immediately below the outlet, this analysis is subject to a
few limitations. First, this comparison of concentrations does not
incorporate the overall nitrate mass removed by the wetland. It
summarizes local nitrate conditions rather than explicitly denoting
the wetland’s impact on nitrate removal. Second, nitrate is also
inherently variable and tied to recent hydrologic behavior, so these
longitudinal profiles may vary considerably when examining short
timeframes.

Figure 6 demonstrates how the wetland’s influence predictably
diminishes at downstream locations with greater tributary area.
Nitrate concentrations increased in Mud Creek as more water from
untreated landscapes entered the channel. By the time surface water
in Mud Creek reached the confluence with the Cedar River, the
wetland’s influence was negligible. Hence, it is important to measure
the impact of a conservation practice within a watershed at the
appropriate scale. In a study of large-scale prairie restoration on
watershed nitrate concentrations, Schilling and Spooner (2006)
reported that the influence of headwater row crop areas on
overwhelmed the low-nitrate

stream nitrate values signal
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contributed from the restored prairie areas located in the core of
the watershed, making it difficult to detect trends in the watershed
over time. In both cases, water and nitrate derived from non-
impacted areas confound the ability to measure conservation
impacts at a watershed scale.

Although mean concentrations were higher at Mud Cr Vinton in
the post-wetland condition than before its installation, this should
not be viewed as a failure of the wetland since nitrate concentrations
and loads can vary tremendously from year to year (Jones et al,
2018¢), mainly due to hydrologic fluctuations (Ayers et al., 2021;
Raymond et al., 2012). Sites often require several years (10+) of data
to discern statistically significant differences in nitrate levels (Burt
et al,, 2010; Sprague et al,, 2011), and many other factors may be at
play, such as shifting conservation practices or land use, that could
affect nitrate transport (Poor and McDonnell, 2007; Schilling and
Libra, 2000).

4.3 Implications for nutrient reduction goals

The wetland’s trivial impact on nitrate loads in the Cedar River
also provides valuable context for meeting large-scale nutrient
reduction goals. The State of Iowa explicitly aims to reduce its
riverine nitrate export by 45%, which is guided by the Iowa Nutrient
Reduction Strategy (Iowa State University, 2012). Many states in the
U.S. Corn Belt draining to the Mississippi River and Gulf of Mexico
have similar nutrient reduction goals (R. Christianson et al., 2018).

The Mud Creek wetland example sheds light on the degree of
conservation practice implementation needed to achieve specific
goals. This singular practice removed 0.02% of the nitrate at the
Cedar Palo site. By extrapolating this removal rate, we estimate that
over 1,850 constructed wetlands (with sizes similar to this study’s
wetland) would be needed to meet the 45% reduction goal in the
Cedar River alone. It should be noted that this scaling exercise
assumes a similar size, placement, and efficiency of the constructed
practices. The footprint of these wetlands would comprise about
0.6% of the watershed’s total area—a value aligned with what other
studies have noted on wetland land use (Cheng et al, 2020;
Crumpton, 2008). Installing 1,850 wetlands across five
HUCO8 basins (i.e., the Cedar watershed) is a level of investment

far greater than any current water quality improvement efforts in the

U.S. Corn Belt. Economic assessments have found the average
design and construction cost for similar wetlands to be
approximately  $25,000/ha  (Tyndall and Bowman, 2016);

extrapolating this cost to 1,850 wetlands of similar size yields a
dollar amount of $235 million. This value should be considered a
minimum bound on wetland installation at this scale, as many local
factors can further drive expenses. For instance, the cost of the Mud
Creek wetland totaled $600,000—much greater than the simple
estimate of $127,000 [5.1 ha * $25,000/ha]. Even the most
successful initiatives have operated at a scale many orders of
magnitude smaller (R. Christianson et al, 2018; Gleason et al,
2011; Weber et al, 2018). Given the political will in an
agricultural state like Iowa, installing enough wetlands to meet
the 45% reduction goal appears impractical and infeasible.
Consequently, it is essential to consider the issue of scale when
evaluating the impact of any specific conservation practice. A
constructed wetland can provide substantial water quality benefits
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FIGURE 6

Mean nitrate concentrations (May - September) in Mud Creek pre-wetland (2020) and post-wetland (2022).

in the waters directly downstream of their outlets, yet its influence
wanes at the HUC12 scale once water from untreated landscapes
dominates a stream. At the HUCOS or state scale, wetlands alone are
unlikely to curb eutrophication given the exorbitant number and
cost needed. Nitrate pollution in the U.S. Corn Belt is so widespread
that achieving the desired reductions will require a multi-faceted
approach extending beyond implementing isolated conservation
practices. Indeed, nearly all large-scale nutrient reduction efforts
include components on limiting nitrate inputs and improving on-
field retention on the landscape in addition to installing edge-of-field
practices (Anderson et al., 2016; Hart et al., 1997; Scavia et al., 2017).

The wetland installed in Mud Creek was, by many metrics, a
success; partnerships between funding agencies and landowners
resulted in a practice that substantially reduced local nitrate
concentrations and provided many ancillary benefits, including
health,
aesthetics. However, even successful practices have a downstream

improved ecological recreation opportunities, and
influence that quickly diminishes, and the impact of a single 5.1 ha
wetland on nitrate load reduction was minor (<5%) at the

HUCI2 scale.

5 Conclusion

In this study, we evaluated the downstream impacts of a
newly constructed wetland on nitrate levels during a ten-month
period in 2022 and 2023 in the highly agricultural Mud Creek
watershed located in east-central Iowa. High-resolution nitrate
sensors deployed in four downstream monitoring locations and
in the larger receiving river system documented the impacts of
the wetland on watershed scale nitrate loads. Consistent with
other wetland monitoring studies, the Mud Creek wetland was
found to be an effective conservation practice, removing 74% of
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the nitrate that entered it. However, the impacts of the wetland on
downstream water quality decreased considerably at downstream
monitoring locations. At the outfall of Mud Creek into the Cedar
River, the wetland was found to have reduced nitrate loads by
4.1%. Within the larger Cedar River basin, the single Mud Creek
wetland reduced nitrate loads by 0.02%. Some variations in
nitrate load reductions occurred primarily due to seasonal
nitrate patterns and fluctuating streamflow levels. Study results
suggest that the impact of any single conservation practice may
be difficult to discern at the watershed scale and that a substantial
number of practices will be needed to address nutrient reduction
goals in larger watersheds.
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