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Abstract: The risk of nitrate contamination became a reality for Fairmont in Minnesota, when water
rich in NO3-N exceeded the drinking water standard of 10 mg/L. This was unexpected because this
city draws its municipal water from a chain of lakes that are fed primarily by shallow groundwater
under row-crop land use. Spring soil thaw drives cold water into a subsurface pipe where almost no
NO3-N reduction occurs. This paper focuses on NO3-N reduction before the water enters the lakes
and no other nitrogen management practices in the watershed. A novel denitrifying bioreactor was
constructed behind a sediment forebay, which then flowed into a chamber covered by a greenhouse
before entering a woodchip bioreactor. In 2022 and 2023, water depth, dissolved oxygen, and
temperature were measured at several locations in the bioreactor, and continuous NO3-N was
measured at the entry and exit of the bioreactor. The results showed better performance at a low
water depth with lower dissolved oxygen and higher water temperature. The greenhouse raised the
inlet temperature in 2022 but did not in 2023. The forebay and the greenhouse may have impeded
the denitrification process due to the high dissolved oxygen concentrations in the influent and the
stratification of dissolved oxygen caused by algae in the bioreactor.
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1. Introduction

In 2016, the City of Fairmont, a farming community in southwestern Minnesota
(Midwestern USA), was forced to issue a public health notice that the city’s drinking
water supply exceeded the Environmental Protection Agency’s (EPA) maximum NO3-
N contaminant level of 10 mg/L [1]. High NO3-N in drinking water causes harmful
effects, one of the most severe being methemoglobinemia, which can be toxic to infants [2].
Fairmont uses groundwater and surface water blending and mechanical treatment to
mitigate high NO3-N spikes, but the capacity of these tools is considered limited because
Fairmont’s primary source of drinking water comes from a chain of lakes fed by agricultural
watersheds [1,3]. Dutch Creek is one of the largest tributaries to the Fairmont chain of lakes,
with the watershed covering over 4091 Ha and contributing significantly to Fairmont’s
NO3-N levels in its drinking water supply [1]. Data collected since 2000 show periodic
high NO3-N events in Dutch Creek which peaked three times over the EPA maximum
contaminant levels [3]. Warmer months of the year provide natural NO3-N removal
processes in the lakes and help prevent NO3-N from reaching the city’s drinking water
intake. However, in the spring months (March, April and May), when NO3-N is more
readily flushed though the soil profile into tile-drains and though agricultural watersheds,
the natural limnologic removal mechanisms are ineffective [1,4,5]. Soil water assessment
tool (SWAT) modeling was performed and showed seasonal variation in NO3-N levels.
SWAT model results provided more detail, suggesting that both spring flushing and
summer removal mechanisms were underestimated for the Dutch Creek watershed. This
knowledge reinforced the need to adapt NO3-N removal technologies to help the City of
Fairmont achieve safe drinking water.
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Funding from the Clean Water Act (CWA) Section 319 and the Minnesota Board of
Water and Soil Resources (BWSR) was provided to the Martin County Soil and Water
Conservation District (SWCD) to implement best management practices (BMPs) in the
Dutch Creek watershed to lower the NO3-N load to Budd Lake (Figure 1a). A state BWSR
grant of USD 86,000 was provided to the SWCD to implement agricultural BMPs along with
USD 25,000 of Federal CWA Section 319 Funds. A portion of the funds was used to install
two woodchip bioreactors and two saturated buffers in the Fairmont chain of lakes/Dutch
Creek watershed to reduce the nitrogen load by 1375 kg/year [6]. The City of Fairmont was
further encouraged to seek Environmental Natural Resources Trust Fund (ENRTF) money
via the Legislative Citizens Committee on Minnesota Resources (LCCMR) [1]. The city was
successful in obtaining a grant for USD 190,000. The funding was focused on building a
novel woodchip bioreactor above the confluence of Budd Lake though other NO3-N BMPs
were in the process of being installed in the Dutch Creek watershed like the addition of
perennial crops to limit nitrate leaching [7]. The design, construction and performance of
the novel greenhouse nitrogen treatment system are the focus of this paper because the
City of Fairmont was required to immediately reduce spring NO3-N load.

Nitrogen 2024, 5, FOR PEER REVIEW 3 
 

 

 

Figure 1. The Dutch Creek bioreactor and surrounding area (lakes (red polygons), watershed (thick 

purple line), stream (green line) and bioreactor system (yellow polygon)), located in Martin County 

(shown in red on the Minnesota map), Fairmont (yellow star on the Minnesota map), Minnesota (a), 

the on-site bioreactor system (b) and the cross-section diagram of the bioreactor system (c). 

2. Materials and Methods 

In this bioreactor system (43°37′19″ N, 94°29′35″ W), the drainage water from a tribu-

tary of Dutch Creek first drains into a forebay to drop sediment and then drains into a 

greenhouse and ultimately flows into the bioreactor (Figure 1b,c). 

The bioreactor system was monitored for temperature distribution (T), water depth, 

flow, nitrate (N), sulfate (S), dissolved organic carbon (TOC) and general water quality 

parameters (total suspended solids (TSS), dissolved oxygen (DO) and pH) starting in early 

March 2022 and continuing until 29 June 2023. Monitoring was stopped in August 2022 

when there had been no flow for a month and then began in March 2023. The first two to 

three months were primarily dedicated to system (microbial) start-up and adjustment. 

2.1. Temperature 

Temperature probes (Hach MX Pendant, Loveland, CO, USA) were placed in 10 loca-

tions: Agridrain 2 (AD2 represents the inlet water control structure, which is challenging 

to display in Figure 1) before the greenhouse; greenhouse air and water; Agridrain 1 (AD1) 

in the influent control structure of the bioreactor; the bottom of each bioreactor port; 0.91 

m off the bottom of each bioreactor port; Manhole 2 (MH2) in the effluent of the bioreactor; 

and one hung outside of AD1. Temperatures were logged at 30 min intervals and down-

loaded once a month. The AD2 temperature probe stopped recording data on 17 April 

2023. 

Figure 1. The Dutch Creek bioreactor and surrounding area (lakes (red polygons), watershed (thick
purple line), stream (green line) and bioreactor system (yellow polygon)), located in Martin County
(shown in red on the Minnesota map), Fairmont (yellow star on the Minnesota map), Minnesota (a),
the on-site bioreactor system (b) and the cross-section diagram of the bioreactor system (c).

Denitrifying woodchip bioreactors represent a solution for addressing nitrate-contaminated
subsurface drainage, not only in the Midwestern United States, but also globally, with
growing adoption over the past decade [2,8]. This approach has been integrated into nutri-
ent reduction strategies across multiple states in the Midwestern region, aiming to mitigate
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nonpoint source nitrate pollution [9–12]. In a bioreactor system, solid carbon-rich media are
placed in the path of contaminated water to allow facultative anaerobic bacteria to use an
electron from carbon and reduce nitrate to nitrogen gas [13–15]. Woodchips are commonly
used as a carbon source because they decay very slowly, lasting decades, and they provide
ideal growth media for the bacteria [13,15]. Fairmont requires denitrification the most
during the spring snowmelt when temperatures are near freezing. Denitrification has been
shown to occur in bioreactors at temperatures as low as 1–5 ◦C, but decreased rates are a
major concern [13] for typical woodchip bioreactor performance. Desired denitrification
rates begin to occur above 6 ◦C [13,16]. To meet these temperature requirements, a novel
denitrifying woodchip bioreactor was built to treat high NO3-N in Dutch Creek before other
Dutch Creek BMPs were fully implemented. In this novel bioreactor system, a greenhouse
pool system was added in front of the NO3-N removal system to passively warm water
before the denitrifying woodchip chamber [17]. Additionally, a sediment forebay was
constructed in front of the greenhouse to prevent sediment from entering the treatment
system and clogging open pore spaces in the wood.

In this study, several water quality parameters were monitored and collected. The
desired performance of this designed novel denitrifying woodchip bioreactor would include
more biological activity in March and April compared to a standard in-field woodchip
bioreactor, with typically very cold water from the spring soil thaw moving in tile-drains.
Intensively managed row-crop land will leach NO3-N from the soil profile [2,3] into tile-
drains. NO3-N management is required to obtain sustainable crop growth yet meet the
ecosystem service demands of the public. This objective can be exceedingly difficult in a
cold climate; therefore, novel ideas must be tested to determine whether cold-water NO3-N
reduction can be improved in the upper Midwest of the USA.

2. Materials and Methods

In this bioreactor system (43◦37′19′′ N, 94◦29′35′′ W), the drainage water from a
tributary of Dutch Creek first drains into a forebay to drop sediment and then drains into a
greenhouse and ultimately flows into the bioreactor (Figure 1b,c).

The bioreactor system was monitored for temperature distribution (T), water depth,
flow, nitrate (N), sulfate (S), dissolved organic carbon (TOC) and general water quality
parameters (total suspended solids (TSS), dissolved oxygen (DO) and pH) starting in early
March 2022 and continuing until 29 June 2023. Monitoring was stopped in August 2022
when there had been no flow for a month and then began in March 2023. The first two to
three months were primarily dedicated to system (microbial) start-up and adjustment.

2.1. Temperature

Temperature probes (Hach MX Pendant, Loveland, CO, USA) were placed in 10 loca-
tions: Agridrain 2 (AD2 represents the inlet water control structure, which is challenging to
display in Figure 1) before the greenhouse; greenhouse air and water; Agridrain 1 (AD1) in
the influent control structure of the bioreactor; the bottom of each bioreactor port; 0.91 m off
the bottom of each bioreactor port; Manhole 2 (MH2) in the effluent of the bioreactor; and
one hung outside of AD1. Temperatures were logged at 30 min intervals and downloaded
once a month. The AD2 temperature probe stopped recording data on 17 April 2023.

2.2. Water Depth

Pressure transducers (Hobo and Solinst brands, Hobo: Onset, Bourne, USA. Solinst:
Georgetown, Canada) were placed at the bottom of 4 locations in the bioreactor system: the
greenhouse, AD1 in the influent, the first bioreactor port (BP1) and MH2 in the effluent.
A barologger was also placed outside of AD1. Water pressures were logged at 15 min
intervals and downloaded once a month. The pressures were compensated with barologger
pressures to obtain water depths. Water depths were also measured periodically and
validated with a water level meter.
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2.3. Flow Rates

Flow rates were measured approximately once a month by timing how quickly a
container with a known volume filled with water at the effluent pipe. The flow rate was
controlled in the range of 0.28 L/s to 1.42 L/s based on the instruction from the designer to
ensure that water had enough time to complete the denitrification process in the bioreactor
before leaving the system.

2.4. Water Quality

Water quality field parameters were directly measured by a YSI Sonde (Yellow Springs,
OH, USA) and Hach Nitratax (Loveland, CO, USA) probe every 15 min and indirectly
by grab samples sent to a lab. A YSI Sonde with temperature, dissolved oxygen and
conductivity probes was deployed first in AD1 to catch the initial water quality of the
spring flush and then at BP1 to look at the micro-climate inside the reactor. Due to financial
and equipment constraints, periodically, manual measurements were taken at the second
bioreactor port (BP2) and for profiles inside the bioreactor at 0.30 m intervals.

A Nitratax nitrate probe was installed in the influent, AD1, in March 2022, and a
second probe was installed in the effluent, MH2, at the end of April 2022. Nitrate probes
were installed in the influent and effluent in March 2023. Nitrate readings were recorded
every 15 min. Two solar panels were installed to power the Nitratax controller and probes.
The Nitratax controller, solar panel controller and marine batteries were stored inside a job
box at the site. Grab samples were taken twice a week (March through May) and once a
week in July 2022. In 2023, grab samples were taken twice a week from March through to
mid-June. Grab samples were sent to the Minnesota Valley Testing Laboratory for N, S, TSS
and TOC testing.

The measured water quality parameters that were used in this study are summarized
in Table 1. In situ measurements of water depth, N, T, pH and DO in the bioreactor were
recorded at certain intervals throughout a day. There were 24 measurements of water depth,
48 measurements of N and 96 measurements of T/pH/DO per day. The average values
of these measurements per day were used in this study to investigate the relationship
between N removal efficiency and its related indicators: water depth, T, pH and DO. In
the following analysis, it is evident that data were missing on certain days due to various
factors, such as equipment failures, but it has minimal impact on the overall analysis.

Table 1. Measured parameters in the study.

Parameters Used Tool Location of Measurements

Water depth Pressure
transducers AD1 BP1 MH2

Total nitrogen (N) N probe AD1 MH2

Temperature (T) Sonde AD1 BP1 BP2 AD2 MH2

Dissolved oxygen
(DO) Sonde AD1 BP1 BP2

pH Sonde AD1 BP1 BP2

Sulfate (S) Lab equipment AD1 MH2

Total organic
carbon (TOC) Lab equipment AD1 MH2

Total suspended
solids (TSS) Lab equipment AD1 MH2

Total nitrogen (N) Lab equipment AD1 MH2
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3. Results

Figure 2a shows the N measurements, with two dash lines representing the N mea-
sured at the influent and effluent using the N probe and two colors of dots representing the
N measured at the influent and effluent from the lab.
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Figure 2. N levels measured on site and in the lab (a), bioreactor water depth (b), N removal rate,
the red box indicates the period when the N removal efficiency is relatively high, corresponding to
a lower water depth in the bioreactor (c) and temperature measured at several locations across the
bioreactor system (d,e), as well as DO and pH levels (f) in the years 2022 and 2023.

Based on the results, we observed that the N levels increased as the weather became
warmer, and the readings from the N probe accurately reflected the N removal in the
bioreactor during these two years, except for in the first two months of adjustment. This
was evident as the N difference between influent and effluent remained consistent when
using both the probe and verification from the lab test (Figure 2a). Unfortunately, the
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bioreactor did not function properly in 2023. This can be seen from Table 2, where the
p-value from a single-factor ANOVA test indicated no statistical difference in N levels
between influent and effluent for the year 2023. During this time, we performed QA/QC to
make sure the equipment was performing properly. The bioreactor only operated properly
during the year 2022, as evidenced by a p-value of less than 0.05.

Table 2. N measurements in the years 2022 and 2023.

Mean of N (mg/L) p-Value

Influent Effluent

2022 (April–August) 12.4 (1.34) 10.4 (2.47) 0
2023 (March–June) 12.6 (3.63) 12.4 (3.44) 0.68

Figure 2b shows the water depth in the bioreactor, which was designed as a cylinder
with a 1.52 m diameter. The water depth fluctuated in the year 2022 while it remained full
for most of the year 2023. During the operational period in the year 2022, moments of high
denitrification efficiency often corresponded to lower water depth, as shown by the red box
in the figure (Figure 2c). Surprisingly, when the bioreactor exhibited excellent performance
with N removal efficiency greater than 40% between May and August, especially from
July to August when the system reached a stable state, the corresponding water depth
decreased significantly to less than 0.6 m (Figure 2c).

To investigate the operating performance of the bioreactor, T, pH and DO, which are
the three most important indicators to assess a bioreactor’s performance, were studied [15].
It is obvious that the T increased as the weather became warmer (Figure 2d). With the
assistance of the greenhouse, the temperature of the inlet water was significantly increased,
especially during cold days in 2022. However, in the year 2023, the greenhouse no longer
functioned as expected, resulting in no improvement in the inlet temperature (Figure 2e).
This is one of the reasons why N removal was not obvious in the year 2023. From a single-
factor ANOVA test on T across the bioreactor, the p-value was greater than 0.05, suggesting
there was no significant statistical difference in T across the entire system (Table 3), as
also evidenced in Figure 2d. Typically, denitrification occurs optimally within the T range
between 15 and 35 ◦C [18], and, given that the T increased from 15 ◦C to 35 ◦C between
July and August 2022 (Figure 2d), it is one of the reasons why a higher N removal efficiency
was observed during this period.

Table 3. T measurements at different locations across the bioreactor system.

T (◦C)

Influent–Effluent BP1top–
BP1bottom

BP2top–
BP2bottom BP1top–BP2top BP1bottom–

BP2bottom

Difference in mean 0.53 (1.95) 0.13 (1.46) 0.70 (1.07) −0.39 (1.30) 0.17 (1.08)
p-value 0.47 0.86 0.35 0.61 0.81

Regarding pH, it remained relatively constant throughout 2023, and there was a
slight decrease observed from July to August 2022 (Figure 2f). It is essential to maintain a
steady pH, not too high or low, as extremes in pH can negatively impact the bioreactor’s
performance [19]. During bioreactor operation, pH tends to slightly decrease due to
fermentation in TOC production [20]. The DO levels measured at the bottom of the
bioreactor were around 0 mg/L from July to August 2022, and they were higher for most
of 2023 (Figure 2f). DO levels above 0.2 mg/L are reported to inhibit the denitrification
process, as denitrification requires an anaerobic environment [15]. From Table 4, we notice
a considerable difference in DO levels between the two periods (the only available data
we have) in 2022 and 2023. The extremely low DO levels are another significant factor
contributing to the substantial improvement in NO3-N removal observed from July to
August 2022.
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Table 4. DO measurements in the years 2022 and 2023.

Bioreactor DO (mg/L)

25 Percentiles Average 75 Percentiles

2022 (July–August) −0.026 0.048 (0.14) 0.049
2023 (April–May) 0.027 1.85 (3.29) 1.84

Based on the above findings, the bioreactor showed a good performance between
July and August 2022. During this period, when the water depth was significantly low,
T fell within the optimum range for denitrification to occur, and DO levels were low
enough to create the anaerobic environment suitable for denitrifying bacteria to thrive. To
investigate whether DO exhibits the constant behavior across the bioreactor horizontally
and vertically, as observed with T, several DO measurements were taken at different
locations: BP1 top/bottom and BP2 top/bottom. Interestingly, the result shows that, unlike
other woodchip bioreactors, where DO decreases along the length of the bioreactor [21],
this bioreactor exhibited significant vertical stratification of DO, with high DO levels at the
top and low DO levels at the bottom (Figure 3).
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Figure 3. DO measurements at various locations in the bioreactor.

This stratification created an anaerobic zone at the bottom which favored denitrifica-
tion [22]. As a result, denitrification did not occur in other parts of the bioreactor besides
the bottom zone. Clearly something went wrong, and the bioreactor no longer worked
as designed.

The reason for the stratification of DO might be the presence of algae observed in the
bioreactor. With an extra forebay and greenhouse constructed in front of the bioreactor,
the incoming water from the shallow groundwater mixed with surface rainfall runoff,
introducing a substantial amount of algae into the influent. Typically, the saturated DO
levels in a water body range between 7 and 10 mg/L. As depicted in Figure 4, oversaturated
DO caused by algae photosynthesis was observed at the influent for most of the observation
period. This suggests total system failure! There was no reason to continue the experiment
throughout 2023 or into 2024 unless the system was torn apart and rebuilt.

With the influent entering 0.3 m from the bottom of the bioreactor, algae tended to
concentrate at higher levels and physically inhibit oxygen penetration, therefore causing the
variable DO distribution vertically. On the other hand, the settling of dead algae depleted
DO, causing lower DO levels in the bottom zone [23]. During July and August 2022,
when the water depth was extremely low, less surface water flowed into the bioreactor
at a low velocity with low DO and reduced the flux of algae. Additionally, the lower
water facilitated faster carbon mineralization of the woodchips by denitrifying bacteria [24].
Moreover, Figure 3 reveals variations in DO between BP1 and BP2, indicating that N
removal varied along the length of the bioreactor [25].
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In addition to measuring T, pH and DO, other chemical properties such as TOC, TSS
and S were also evaluated in both the influent and the effluent to gain a better understanding
of the bioreactor’s performance (Figure 5).
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Figure 5. TOC, TSS and S removal efficiency in the bioreactor.

The results show that the removal efficiency of TSS was obvious, which aligned
with findings from other studies, indicating that the bioreactor was efficient in filtering
TSS [26]. However, unlike other bioreactors, which release a significant amount of TOC
from the woodchip [27], the changes in TOC and S concentration between the influent
and effluent were not substantial. Moreover, the dynamic behavior of the bioreactor led
to fluctuation in these three parameters, which is challenging to explain as anything other
than a system failure.

4. Conclusions and Recommendations

In summary, the Fairmont denitrifying woodchip bioreactor demonstrated a better
performance with more than 40% NO3-N removal efficiency at low water depth, where DO
levels were low enough and the T was high enough to facilitate anaerobic respiration. The
greenhouse raised the temperature to the desired level suitable for denitrification to occur
in the year 2022 but then failed to function properly in the year 2023. The construction
of a forebay and greenhouse likely significantly hindered the bioreactor’s denitrification
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process due to the high DO levels in the influent and the stratification of DO caused by
algae production in late 2022 into 2023 in the bioreactor chamber.

We hypothesize that the use of algaecide in the sediment forebay and greenhouse
may [28] prevent algae from affecting the denitrification process. Typically, woodchip
bioreactors have been reported to exhibit a wide range of nitrate removal rates, ranging from
13% to 100%, depending on conditions (such as influent concentration, carbon source, flow
rate, temperature, reactor configuration, etc.) and geographic location [29–32]. However,
despite these variations, enhancing denitrification systems to reduce NO3-N loadings
from agricultural drainage remains a challenge for denitrifying woodchip bioreactors [29].
Our in-field features, which combine traditional bioreactors with sediment forebays and
greenhouses, were designed to tackle the issue of low NO3-N removal efficiency during the
spring thaw snowmelt. However, these features, which are uncommon in nitrogen removal
bioreactors, did not deliver the expected significant improvements during its operation in
2022 and led to total system failure in 2023.

To address the above issue, most studies focus on optimizing bioreactor performance
to enhance NO3-N removal efficiency from drainage water at low temperatures. For in-
stance, ongoing research shows that improvement could be achieved by supplementing
readily available carbon sources (such as acetate) and adding bacteria with metabolic activ-
ity capable of adapting to low temperatures to enhance NO3-N removal [33]. While these
biological enhancement approaches can improve denitrification efficiency, overcoming the
issue of bio-clogging remains necessary [34]. Given the intensive agricultural activities
and climatic characteristics in Minnesota, the drainage entering the bioreactor experiences
significant fluctuations throughout the year. Bio-clogging is influenced by flow rates [35],
which undoubtedly adds to the challenges. In addition to traditional buried woodchip
bioreactors, there are currently three existing sites in the Midwestern United States serving
as unique case study locations using pumped bioreactors. These systems have great po-
tential to enhance performance by providing more consistent reactor conditions compared
to traditional gravity-fed subsurface denitrifying bioreactors. Although these pumped
systems are still in the experimental phase and need to be tested through in-field stud-
ies [36], this approach may become an alternative solution in the future. Our bioreactor
was located at the end of Dutch Creek where the drainage was relatively easy to pump.
Employing a pumping system to ensure stable reaction conditions, such as consistent flow
rates, increasing the supply of carbon sources, introducing bacteria strains adapted to
low temperatures or adding algaecides, may have improved denitrification efficiency at
low temperatures.

Controlling NO3-N in an intensively managed row-crop watershed requires multiple
BMPs and not just a bioreactor at the mouth of the watershed. The State of Minnesota, along
with the City of Fairmont, moved quickly to secure funding to improve the water quality
feeding the Fairmont chain of lakes to provide safe drinking water. By seeking ENRTF
funding, the City of Fairmont sought to invest in new technology and test previously
untested NO3-N reduction methods. In recent years, new edge-of-field practices such as
strategically placed treatment wetlands and saturated buffer zones have provided NO3-N
attenuation. Further, channel re-construction with two-stage ditches (TSDs) can reduce
NO3-N [37,38]. Research findings indicate that this alternative drainage system, featuring a
two-stage ditch, a rock trench, a rock inlet and two in-ditch linear treatment systems, is more
naturally stable and capable of absorbing NO3-N while providing a healthy ecosystem.
Combined with a cost–benefit analysis, the TSD system could be a value-added BMP! This
approach is highly worthy of consideration in the Fairmont area after a thorough analysis
of factors in Dutch Creek, including channel slope, channel bottom and bank soils, as well
as construction costs.

Therefore, although our study results were not encouraging, the adoption of two-stage
ditch designs or pumped bioreactors holds promise for effectively reducing NO3-N and
ensuring safe drinking water in the City of Fairmont in the future.
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