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Feasibility of Using Woodchip Bioreactors to Treat Legacy Nitrogen
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ABSTRACT: The United States Environmental Protection Agency has
established aggressive nutrient reduction goals to achieve water quality objectives
for the Chesapeake Bay estuary. Nitrogen (N) reduction goals are proving
particularly difficult to meet with an additional 20.4 million kg of annual nitrogen
reductions needed by 2025, and many of the easily achievable and low-cost N
reductions have been realized. We assess the feasibility of employing woodchip
denitrifying bioreactors to treat legacy N derived from spring discharge in the Mid-
Atlantic region. We estimate that in excess of 6100 kg of soluble N is discharged
daily from United States Geological Survey identified springs in four Mid-Atlantic
states within the Chesapeake Bay watershed. Based on typical bioreactor removal
efficiency (30−55%) and potentially treatable flows (<6000 m3/d), widespread
adoption of bioreactors to treat legacy N from 231 springs could conservatively
result in 420−770 kg N removed per day, while strategic adoption targeting 48 springs with N concentrations of at least 3 mg/L
and flows of at least 500 m3/d could result in 322−590 kg N removed per day more cost-effectively and with far fewer
installations. A cost analysis indicates bioreactors can be a cost-effective N removal strategy, generally removing N for less than
$5/kg·y. Relative to other nonpoint source pollution control practices, bioreactors also offer the ability to remove larger
quantities of N per installation and are more easily monitored to quantify N reductions.


1. INTRODUCTION


Like many coastal waters, the Chesapeake Bay does not
achieve water quality goals due to anthropogenic eutrophica-
tion. Several major challenges confront achievement of
nutrient and sediment reduction goals under the total
maximum daily load (TMDL) program.1 Reducing nonpoint
source loads has proven difficult given diffuse and intermittent
runoff generation, low pollutant concentrations (particularly in
urban areas), large numbers of parties responsible for
generating nutrient loads, and substantial uncertainty in the
nutrient control effectiveness of nonpoint source best manage-
ment practices (BMPs). Additionally, the persistent contribu-
tion of legacy nutrients could delay the achievement of water
quality objectives according to a National Research Council
report.2 Legacy nutrients result from excess input of
anthropogenic nutrients and their subsequent accumulation
and storage in soil, sediment, or groundwater. Most legacy
nutrients, nitrogen (N) and phosphorus (P), originate from
land application of imported nutrients (commercial fertilizer,
manure, or from grain imports) for agricultural production or
urban lawn management. When the landscape is unable to
assimilate the excess nutrients, they are either exported with
runoff/streamflow or stored, often in groundwater. This
temporary storage introduces a critical, often not fully
accounted for, time lag between changes in nutrient
application and observable reductions in loads delivered to
downstream waters.3 Nitrogen leached through soils into
groundwater may take decades to eventually be discharged to


surface waters. For example, the lag time of groundwater being
discharged into surface water in the Chesapeake Bay watershed
can be less than a year to more than 50 years.4−7


Groundwater discharge transporting legacy N has been
identified as a significant nutrient source to the Bay.3,4


However, like most water quality programs, the Chesapeake
Bay Program has no active policy to address legacy nutrients.
Conventional agricultural nonpoint source control programs
focus on providing financial assistance (cost share) to farmers
for implementing practices that prevent or reduce nutrient
losses from production areas during the current growing
season. Landowners face no incentive to treat and remove
legacy nutrients, and little research has been devoted to
developing practices to treat legacy nutrients present in
groundwater.8


Investments to enhance nutrient assimilation services of the
environment can remove legacy nutrients in groundwater.8


Nutrient assimilation services can be created or enhanced by
managing one or more of the following processes: chemical
transformation, nutrient harvest, or nutrient storage. Chemical
transformation refers to the conversion of nutrients into
biologically unavailable or less environmentally damaging
forms. The most common example of chemical transformation
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is the nitrification/denitrification process that converts
inorganic N compounds into forms unavailable for primary
production (e.g., atmospheric N2 gas). Nutrient harvest occurs
when nutrients present in ambient waters foster the growth of
managed aquatic plant or animal biomass in production
systems; nutrients are sequestered in the biomass and then
removed from the aquatic system as the organisms are
harvested. Nutrients may also be removed from the system
by storage in plants, long-term immobilization in soils, or
burial in aquatic sediments.
Creating nitrogen sinks within the landscape that foster


denitrification, the microbially mediated conversion of soluble
nitrate (NO3) to inert dinitrogen (N2) gas, is a particularly
promising approach to enhancing nutrient assimilation.9


Examples of nitrogen sinks capable of treating emerging
groundwater (springs) include woodchip bioreactors and
constructed wetlands. Bioreactors are lined beds filled with
an organic carbon substrate, usually woodchips, that are placed
on the landscape to intercept nitrogen enriched water.
Bioreactors remove NO3 by supporting denitrifying micro-
organisms via providing an anaerobic environment and
supplying an organic carbon energy source. Woodchip
bioreactors have been predominantly used to treat intermittent
subsurface flow from tiled and ditched agricultural fields.10−14


Wetlands constructed to remove N from agricultural and urban
drainage have a free water surface with a depth of less 1 meter
and are planted with hydrophytic vegetation, so they similarly
provide an anaerobic environment to foster denitrification in
addition to plant N uptake and storage.15


Denitrifying bioreactors offer a number of potentially
attractive advantages to treating legacy N in emerging
groundwater including a relatively small footprint, permanent
N removal, comparatively simple design, and the opportunity
to optimize performance after installation. Bioreactors can be
designed to treat springs by diverting all or a portion of spring
flow into a bioreactor cell (Figure 1). Hydraulic control


structures allow for regulated flow in and out of the bioreactor
cell. Denitrification rates can potentially be actively managed
through controlling residence time of the water in the
bioreactor. The bioreactor cell size would be relatively small,
typically a fraction of the size necessary for a constructed
wetland to treat the same flow volume. In the context of
treating agricultural drainage, constructed wetlands generally
range between 2000−20 000 m2 in size, but bioreactor
footprints for similar applications are typically only ∼250−
500 m2.15 Furthermore, permanent nitrogen removal via
denitrification is the dominant process in bioreactors, whereas


wetlands also assimilate nitrogen into biomass and must be
managed to avoid nitrogen remobilization.16 In agricultural
applications, bioreactors have demonstrated N removal
efficiencies in excess of 50%, though performance can vary
significantly due to design and site characteristics.17−22


Denitrifying bioreactors not only efficiently and permanently
remove N from enriched waters but may be a less costly
treatment option to address N pollution relative to other
nonpoint source BMPs.23,24 Kaufman et al. estimate the cost to
achieve the Chesapeake Bay nutrient load targets assigned to
agriculture by 2025 to be $3.6 billion under existing policies.25


In 2011, the Virginia Senate Finance Committee estimated the
total cost to the state to meet the Bay nutrient reduction
requirements to be between $13.6 and $15.7 billion, including
both point and nonpoint sources.26 With federal and state
funding for water quality programs increasingly constrained,
improving cost effectiveness of nutrient control policies
becomes a critical avenue for achieving additional nutrient
reductions.25


The objectives of this work are to evaluate the N removal
potential and costs of adapting traditional edge-of-field
bioreactor designs to treat legacy N discharged by springs in
the Mid-Atlantic region. We first assess data from springs
monitored by the United States Geologic Survey (USGS) in
Maryland (MD), Pennsylvania (PA), Virginia (VA), and West
Virginia (WV) to identify distributions of flow rates, N
concentrations, and estimated N loads. We then estimate the
potential N load reductions bioreactors could achieve by
applying N removal efficienciesderived both from literature
values and from a pilot bioreactor installed on a Virginia
springto treat the observed N loads in emergent ground-
water. We consider a range of hypothetical bioreactor
implementations to remove N from emergent groundwater
discharged from a spring. Planning level bioreactor N removal
costs ($/kg·y) are estimated for representative bioreactor
designs that could feasibly reduce N export via emergent
groundwater.


2. METHODS
2.1. Estimating Spring N Flux Potential. Spring data


was obtained for four states, PA, MD, WV, and VA (each
wholly or partially within the Chesapeake Bay watershed).
Spring monitoring data collected by the USGS were retrieved
from the Water Quality Portal (retrieved Aug 2018) to
determine distributions of flow rates, nutrient concentrations,
and estimated loads.27 The USGS database identifies the
location of a total of 1034 springs, 664 of which were
monitored for nitrate (NO3


−) concentrations and/or flow
rates. All concentrations were converted to nitrate as nitrogen
(NO3−N) for calculation of N loads. For those 664 springs,
there were a total of 922 and 1577 measurements of flow and
NO3−N concentration made, respectively. Nitrate fluxes were
calculated for springs with simultaneously collected flow and
concentration measurements (231 out of the 664 springs). The
relationships between NO3−N flux and concentration as well
as NO3−N flux and spring discharge were examined in the
231-spring data subset. For the purposes of this analysis, spring
flow and N concentrations were assumed to be stable, which is
more likely as springs increase in size. However, due to the lack
of extensive replicate measurements in the data set, this is
acknowledged as a shortcoming of the methodology. All data
analysis was conducted using the R platform for statistical
computing and analysis.28


Figure 1. Application of a denitrifying bioreactor to a spring.
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2.2. Methods to Identify N Removal Potential of
Spring Bioreactors. We estimate the achievable NO3−N
reductions over a range of representative bioreactor sizes and
designs that could feasibly treat spring flows reported by the
USGS. Bioreactors are sized to treat spring flows ranging from
500 to 6000 m3/d, which corresponds to bioreactor sizes
ranging from approximately 200 to 2500 m3 given the
following design parameters. Bioreactor design criteria
included a length to width ratio of 4:1 to avoid nonuniform
flow through the bioreactor,29 a 6 h hydraulic residence time
(HRT),30 and 60% woodchip porosity, between the higher
(∼80%)21 and lower (∼40%)31 values of drainable porosity
reported in the literature for field-scale applications. The
bioreactor is assumed to have both an inlet and outlet water
control structure, water distribution manifolds within the
bioreactor, and 15 m inlet and outlet piping to deliver spring
water to and from the bioreactor. Since bioreactors can be
located adjacent to the spring (Figure 1), bioreactors can be
sized to treat a portion of the entire flow of the spring (a
particularly relevant design option for high flow springs). The
N influent concentrations were derived from representative
influent spring NO3−N concentrations (median, third quartile,
and half of maximum of all NO3−N measurements) from the
USGS data.
We derived bioreactor removal efficiencies from the


literature10,11,13,19,32−38 and from the instrumented spring
bioreactor in Virginia as described in section 2.2.1. Bioreactor
N removal rates in the literaturetypically normalized by
bioreactor volume and reported in grams of N removed per
cubic meter of bed volume per day (g N/m3·d)ranged from
0.6 to 44.4 g N/m3·d, which corresponded to reported removal
efficiencies of 4−85%. Variability in N removal efficiency is
largely attributable to influent N load and temperature, which
are the dominant controlling parameters, along with HRT.
Hydraulic residence times of 4 to 12 h have been
recommended to achieve 50% N removal.21,22 Other factors
governing biological N removal include organic carbon
availability, dissolved oxygen concentrations, and pH.10,18


Nitrogen removal in woodchip bioreactors can be described
mechanistically by Michaelis−Menten kinetics,39,40 although
the complexity of coupling this kinetic model with the
transport of NO3, dissolved oxygen, and dissolved organic
carbon expressed by the one-dimensional advection dispersion
equations was found to be unnecessary to predict N removal in


woodchip bioreactors.40 Bioreactor N removal can be
adequately described by a zero-order model (constant removal
rate independent of influent concentration) modified by the
van’t Hoff-Arrhenius function to incorporate the effect of
temperature, assuming that NO3 is not limiting;40 in practice
effluent NO3 concentrations of <1 mg/L are considered to
indicate N limited conditions in woodchip bioreactors.41 A
multiple regression model of woodchip bioreactor N removal
efficiency with exponential dependencies on influent water
temperature and HRT explained 73% of the variance in N load
reduction in a replicated field-scale experiment, providing
additional evidence that a modified zero-order reaction model
is appropriate.18 This model predicts 53% N removal for a 6 h
HRT and an influent water temperature 12.8C (55 °F), as
would be expected for (emergent) groundwater.18 However,
because a predictive model of bioreactor N removal has not
been definitively established, we elected to apply both a
conservative removal efficiency of 30% and a more optimistic
55% efficiency, corresponding approximately to the first and
third quartiles of the removal efficiency distribution derived
from literature values, and hold the HRT static at 6 h. Applying
a static removal efficiency across a range of influent
concentrations effectively assumes a first-order kinetic model
despite predominance of the zero-order model. This is a
reasonable way to analyze spring bioreactor scenarios, because
a bioreactor meta-analysis indicated significantly greater
removal rates with increasing influent concentrations,32 and
removal efficiencies in the 30−55% range have been observed
and are plausible across a range of influent concentrations. Our
selected removal efficiency range is meant to encompass
uncertainty in potential spring bioreactor performance as well
as reflect achievable performance for a range of reasonable
HRTs (4−12 h), though we do not consider the effect of
varying HRTs explicitly.


2.2.1. Pilot-Scale Application to Determine Spring
Bioreactor Efficiency. While the performance of denitrifying
bioreactors used as agricultural BMPs is a useful benchmark for
anticipating spring bioreactor NO3−N removal efficiency, we
also constructed and monitored a pilot-scale (32 m3)
bioreactor at a small spring to determine if anticipated removal
rates were reasonable for this novel application. The bioreactor
was installed in September 2015 on agricultural land in
Southwest VA. The sides and bottom of the bioreactor are
lined with impermeable polyethylene, and the bed is filled with


Table 1. Bioreactor Dimensions, Components, and Component Prices (2018 $) for Representative Bioreactors Designed to
Treat Spring Flow from 500 to 6000 m3/d


Bioreactor Dimensions


treated spring volume (m3/d) 500 1000 2000 4000 6000
bioreactor volume (m3) 208 m3 417 m3 833 m3 1667 m3 2500 m3


dimensions (m)−depth 2 m 20.8 × 5 28.9 × 7.2 40.8 × 10.2 57.7 × 14.4 70.7 × 17.7
Bioreactor Componentsa unit price


excavation, labor + equip (m3) 208 417 833 1667 2500 $2.62
earthfill, labor + equip (m3) 208 417 833 1667 2500 $4.07
skidsteer (h) 6.5 13 26 52 78.6 $46.2
woodchips with 10% crown (m3) 229 458 917 1833 2750 $28.75
geotextile fabric, material, labor, equipment (m2) 310 561 1037 1955 2854 $2.93
water control structures, var (height × pipe diameter, m × m) 6.69 11.15 11.15 13.4 17.8 $132.4
water control structures, fixed 2 2 2 2 2 $2,288
design labor (h) 28 28 28 28 28 $100


aAll component prices from NRCS except design labor (estimated). For brevity, components that comprise a small portion of total cost
(miscellaneous piping, land opportunity costs, etc., total less than 5% of all costs) are omitted from the table.
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mixed hardwood woodchips. Adopting other design compo-
nents of edge-of-field bioreactors, a drainage control structure
with removable stoplogs (AgriDrain Corp) was installed at the
outlet, which can control the water level within the bed and, in
conjunction with spring discharge, the residence time of the
spring water. Flow rates were calculated from pressure
transducer measurements of nappe height using an equation
calibrated specifically for the AgriDrain 45° v-notch weir.42


Grab samples of spring discharge were collected February
2014 to April 2014 to evaluate baseline NO3−N concen-
trations prior to bioreactor installation. Beginning in October
2015, approximately one month after installation, and
continuing through August 2017, grab samples of bioreactor
influent (spring discharge) and effluent were collected
periodically. Water samples were filtered with 0.45 μm nylon
filters and stored at 4 °C if not immediately analyzed for NOx−
N (NO3−N plus NO2−N, subsequently referred to as NO3−N
for clarity). Samples were analyzed by flow injection analysis
(QuikChem 8500 Series 2, Lachat Instruments) with the
cadmium reduction method (Lachat method 10-107-04-1-A)
or colorimetrically by spectrophotometer (Thermo Scientific
Orion AquaMate 7000 Vis Spectrophotometer) with the
chromotropic acid method (Orion AQUAFast method
ACR007).
2.3. Cost Analysis. To evaluate cost effectiveness of


bioreactors relative to other control technologies, we estimate
the per unit cost ($/kg·y) to remove legacy N using
bioreactors similarly to the work of DeBoe et al.24 The cost
of installation is estimated for the representative bioreactor
sizes (200 to 2500 m3) using NRCS component prices (See
Table 1).43 Total installation costs for the range of bioreactor
sizes are annualized over an assumed useful life 15 years at a
2.875% discount rate. Costs components include equipment
operating and mobilization costs, labor, materials (woodchips,
piping, geotextile fabric to line the bioreactor, etc.), bioreactor
design costs, and land opportunity costs (forgone income from
land, assumed to be pasture, being taken out of production).
The largest single cost component in most designs is the
woodchips (carbon source material), which by NRCS
specifications fill the entire bioreactor volume plus 10%
additional crown.


3. RESULTS
3.1. Extent of the Opportunity: Legacy Nitrogen in


Springs. Summary statistics describing the distribution of
discharge and NO3−N concentration for 664 monitored
springs are presented in Table 2. The median NO3−N
concentration of 1577 measurements collected from 537
springs is 3.80 mg/L (mean 5.73 mg/L), ten times greater than
the EPA nutrient criterion for total N in rivers and streams of
0.38 mg/L for the Southeastern Temperate Forested Plains
and Hills.44 Nitrate−nitrogen concentrations in springs vary
widely, with a quarter of observations less than 0.72 mg/L, but
the upper quartile ranging from 7.32 to 31.00 mg/L (Table 2).
Notably, 21% of the NO3−N samples exceeded the 10 mg/L
EPA drinking water standard. Table 2 emphasizes that not only
are elevated NO3-N concentrations common, but this, coupled
with relatively high spring discharge rates, leads to substantial
NO3−N loads as well.
For the 231 springs with concurrent flow and concentration


measurements, NO3−N loads between the median and
maximum widely range from 0.43 to 253.8 kg/d, with the
upper quartile producing substantial N flux of at least 10.1 kg/


d or 3690 kg/y (Table 2). Figure 2 shows the variation and
magnitude of NO3−N fluxes for these springs. The relationship


between spring discharge and NO3−N flux (Figure 2a)
indicates that although discharge and NO3−N flux are
correlated at lower flows (less than ∼50 000 m3/d), the
greatest NO3−N fluxes do not occur at the highest flow rates,
but rather at more tractable flows for bioreactor treatment.
Figure 2b demonstrates little relationship between spring
NO3−N flux and concentration.
For a relative comparison, many of the NO3-N loads from


the springs rival the N loads discharged by wastewater
treatment plants. For example, the maximum spring NO3-N
export rate of over 250 kg/d (Table 2, Figure 2a) is greater
than the daily discharge from the Annapolis, MD, water
reclamation facility, treating the wastewater generated by over


Table 2. Descriptive Statistics of Springs Monitored by the
USGS in the Mid-Atlantic Region, for Instantaneous
Discharge and Nitrate−Nitrogen (NO3−N) Concentrationa


all springs
springs with concurrent discharge


and concentration


Parameters


discharge
(m3/d)


NO3−N
(mg/L)


discharge
(m3/d)


NO3−N
(mg/L)


NO3−N
flux (kg/d)


first
quartile


15.8 0.72 25.6 0.49 0.02


median 54.5 3.80 273 1.90 0.43
mean 7720 5.73 5948 2.89 14.7
third
quartile


2435 7.32 4405 4.74 10.1


maximum 274064 31.00 274064 16.00 253.8
Data Sets


no. of springs sampled 278 537 231
no. of measurements 922 1575 407


aThese springs are not continuously monitored, and discharge and
water chemistry sampling do not always occur simultaneously. Data
are summarized separately for all springs and for the subset of springs
with simultaneous discharge and NO3−N concentration measure-
ments. It is correct that the flow mean exceeds the third quartile
because the largest spring flows are very high.


Figure 2. Relationship between spring discharge and nitrate-nitrogen
(NO3−N) flux (A) and NO3−N concentration and flux (B) for 231
springs in the Mid-Atlantic region monitored by the USGS with
simultaneous measurements of flow and water chemistry. A single
spring with a flow of 274 000 m3/d (N flux of 11 kg/d) has been
removed from plot A to display data more clearly.
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83 000 people.45 The mean NO3−N export rate for the 231
springs for which NO3−N and flow were measured
concurrently, about 14.7 kg/d (5366 kg/y), is comparable to
the Conococheague, MD, wastewater treatment plant, which is
permitted to treat 4.1 MGD (million gallons per day), about
15 500 m3/d.45


3.2. Estimating Potential N Removal with Spring
Bioreactors. The small spring in Southwest VA where the
pilot bioreactor was installed had a median NO3−N
concentration of 8.68 mg/L, a median flow of 26.9 m3/d,
and an estimated median NO3−N flux of 0.23 kg/d. The
spring bioreactor averaged a 41% NO3−N load reduction
annually, ranging between 5 and 88% removal on a given day,
and often achieved reductions of greater than 65% during the
warmer summer months. These removal efficiencies corre-
spond with the range reported in the literature (4−85%) and
annual removal efficiency sits squarely within the efficiency
ranges assumed in this analysis. The bioreactor consistently
removed more than 0.1 kg/d during periods of active flow and
often considerably more (Table 3). The median NO3−N


removal rate of 4.9 g/m3·d is very similar to the mean 4.7 g/
m3·d for 27 woodchip beds reported in the bioreactor meta-
analysis.32 Notably, the mean NO3−N removal rate in the
spring bioreactor of 8.8 g/m3·d is substantially better than the
mean removal rate of agricultural bioreactors reported by the
meta-analysis despite lower influent N concentrations than are
typical in agricultural drainage waters.32 Although in general
the bioreactor meta-analysis did demonstrate lower N removal
rates for influent concentrations <10 mg/L than for influent
10−30 mg/L, this was attributed to N limited conditions,
which can be avoided by management. N limitation could be
averted by shortening the HRT, as would be possible in the
proposed spring bioreactor systems by increasing the influent
flow rate (portion of spring flow treated) and, consequently,
the influent load. Performance of this pilot-scale spring
bioreactor is similar to or better than removal efficiencies in
tile drainage applications but with the potential advantage of
treating more consistent flows and thus greater N loads from
springs. Although the pilot spring bioreactor removal rates are
likely to decline somewhat as the bed ages, removal rates
achieved after the first year are thought to reflect long-term


performance,32 so we consider the results of this pilot test to be
promising. The performance of the pilot-scale spring
bioreactor and analysis of bioreactor literature suggest that N
removal efficiencies of 30−55% are attainable in spring
applications assuming a 6 h HRT.
Considering hypothetical spring bioreactor installations,


Figure 3 shows bioreactor NO3−N removal rate potential


across a range of treated flows for the two representative
removal efficiencies (30 and 55%) across a range of influent
concentrations. The selected concentrations correspond to the
median, third quartile, and half of the maximum NO3−N
concentration in the USGS 664-spring data set (Table 2). N
removal potential increases substantially with higher spring
concentrations. Note that a removal rate of 10 000 kg/y
corresponds to removal of about 27.4 kg/d. For bioreactors
sized between 200 and 2500 m3, the range of daily removal
NO3−N removal rates from the hypothetical springs with
influent NO3−N concentrations of 3.8 mg/L was 0.6−12.5 kg/
d (208−4577 kg/y), depending on the treated flow volume
and assumed removal efficiency. When the influent concen-
tration is increased to 7.3 mg/L, the removal rates nearly
double to 1.1−24.2 kg/d (401−8817 kg/y).
The magnitude of the N removal potential of spring


bioreactors is considerably greater than many conventional
nonpoint source practices currently used to meet the N
reduction goals of the Chesapeake Bay. For a relative
comparison, the state of Virginia estimates that an urban
bioretention stormwater BMP designed to treat a hectare of
urban runoff would remove between 5 to 9 kg N/y depending
on location and assuming 64% N removal efficiency rate.46


Between 55 and 180 urban bioretention BMPs (removing 5 to
9 N kg/y·ha) would need to be installed to achieve the
equivalent level of N removal as a single modestly sized spring
bioreactor (500 m3 bioreactor achieving 30 to 55% N removal
efficiency with 3.8 mg/L influent). For agricultural nonpoint
sources, program officials administering voluntary conservation
programs would need to contract with dozens of landowners to
implement practices over hundreds of acres to achieve an
equivalent level of reduction.


Table 3. Summary of Non-zero Discharge and Influent
Nitrate Concentration Measurements and Estimates of
Nitrate Flux and Removal Ratesa for a 32 m3 Bioreactor
Installed at a Spring Site in Blacksburg, VA


NO3−N
concentration


(mg/L)


bioreactor
NO3−N
removal


statistic
discharge
(m3/d) spring bioreactor


spring
NO3−N
flux


(kg/d) kg/d g/m3·d


min 7.6 5.04 0.74 0.04 0.04 1.9
Q1 15.4 7.08 3.44 0.11 0.06 2.8
median 26.9 8.68 5.04 0.23 0.10 4.9
mean 49.5 8.55 5.00 0.42 0.18 8.8
Q3 62.7 9.70 5.96 0.61 0.23 11.8
max 235.3 12.80 10.25
days n = 271 n = 86 n = 75


aCalculated from the distribution of measured variables and on the
basis of saturated bed volume.


Figure 3. Estimated annual nitrate removal for bioreactors across a
range of spring flows based on a conservative and moderate removal
efficiency, 30% and 55%, respectively, and a range of spring nitrate
concentrations.
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We also considered the potential impact of spring bioreactor
implementation on total N flux. The sum of the average flux
from the 231 springs with N flux measurements (a subset of
the 1034 USGS-identified springs, representing a fraction of
the total spring population) is 2740 kg/day (over one million
kg/y). The potentially treatable N load defined as the load
derived from springs discharging up to 6000 m3/d and
generated by 219 of the 231 springs (the others having
negligible flow or N concentrations) is 1403 kg/d, over 50% of
the total load. Applying a range of 30−55% removal efficiency
for spring bioreactors, we estimate that application to all 219
springs would result in removal of 421−771 kg/d (15.5−28.2%
of the total N load). We also identified additional criteria for
targeting springs to achieve more cost-effective implementation
and greater N removal per installation. Springs were targeted
which had flows of at least 500 m3/d and NO3−N
concentrations greater than 3 mg/L. This minimum concen-
tration was selected to avoid N limitation, which can occur in
bioreactors when NO3−N concentrations are below approx-
imately 1 mg/L but would not be encountered in these
scenarios unless N removal efficiency exceeded 65%.41


Although 48 springs met the targeting criteria, they accounted
for 39.1% of the total N discharge from all 219 springs within
treatable flow volumes (<6000 m3/d). Treating all 48 targeted
springs with bioreactors would remove an estimated 322−590
kg/d, achieving 74.6% of the N load reduction potential from
all 219 springs with only a fifth the number of installations.
Extrapolating these scenarios to annual removal rates and
assuming only half of the identified sites are appropriate for
bioreactor installation still results in N removal of 58 000 to
141 000 kg/y. However, it should be noted that 1 kg of N
reduction at the source of emergent groundwater does not
necessarily translate to 1 kg of N load reduction to the Bay
given opportunities for natural attenuation before N dis-
charged by springs reaches the estuary.
3.3. Bioreactor Costs to Remove Legacy Nitrogen


from Springs. The annual unit cost to remove N ranges from
$0.54 to $7.60/kg·y (Figure 4). These cost estimates are
combined with spring bioreactor N load removal estimates
(Figure 3) to generate the annual costs to remove N ($/kg·y)


over a range of key assumptions (Figure 4). Yearly N removal
rates are estimated for conservative (30%) and moderate
(55%) N removal efficiencies combined with spring NO3−N
concentrations of the median, third quartile, and half the
maximum of the full USGS spring sample distribution (Table
2). Bioreactors exhibit some economies of scale with unit
removal costs substantially lower for bioreactors sized to treat
spring flows of 500 m3/d or more. Excluding bioreactors sized
to treat relatively small flows (<500 m3/d), N removal costs
are typically less than $5/kg·y when influent NO3−N
concentrations are within upper half of the observed NO3−
N concentration distribution, exceeding approximately 3.8 mg/
L (Figure 4). Since unit costs are scaled proportionally inverse
with influent concentrations, all unit costs drop nearly in half if
bioreactors are located on springs discharging NO3−N at
concentrations in the upper quantile, 7.3 mg/L and higher.
Estimated spring bioreactor N removal costs are typically


less than the cost to remove N from field drained bioreactors,
agricultural nonpoint source treatment BMPs, urban nonpoint
source treatment BMPs, and point sources. In treating runoff
from tile drained agricultural fields, Virginia bioreactors have
been estimated to remove N for between $15 and $33/kg·y in
the mid-Atlantic region,24 and constructed wetlands treating
agricultural drainage in the Chesapeake Bay watershed remove
N for about $30/kg·y.47 The lower cost N removal in spring
applications may be partly attributed to the constant flow of N-
rich emergent groundwater. Spring bioreactor N removal costs
are quite low compared to the costs to remove N with urban
nonpoint BMPs, which typically exceed $500 kg/y,48−50 and
are comparable to point source N removal costs. In Virginia
the annualized capital costs to remove N in wastewater
typically range from $5 to $15/kg·y.51


4. DISCUSSION
Denitrifying bioreactors offer water quality managers a
promising avenue to remove legacy N. Estimates of N levels
in Mid-Atlantic springs and reasonable estimates of bioreactor
efficiency suggest substantial quantities of N can be removed
from springs at relatively low per unit cost. Available data on
the flow and N concentrations in the Mid-Atlantic suggest that
the quantity of legacy N that could potentially be treated and
removed by bioreactors is substantial. While the 664 springs
assessed represent a fraction of the springs available for
treatment (USGS has identified well over 20 000 nationwide),
they are illustrative of the potential bioreactors may have in
treating legacy nitrogen discharged through springs. High
NO3−N fluxes from many springs coupled with potential
bioreactor removal efficiency rates suggest high N load
reduction potential.
However, discharge of many of the springs is far greater than


is feasible to treat (Table 2, Figure 2A). For instance, to treat a
spring discharging 30 000 m3/d (Figure 2) in its entirety would
require a 12 500 m3 bioreactor (approximately 158 m length
by 40 m wide by 2 m deep), which is unlikely to prove feasible
under typical conditions. Nonetheless, the relationship
between spring discharge and spring NO3-N flux is promising
from a bioreactor feasibility standpoint in that it indicates the
greatest NO3-N fluxes do not occur at the greatest flow rate
and are thus more readily treatable (Figure 3). In fact, the
greatest NO3-N fluxes occur at flows less than 50 000 m3/d,
and there are many springs discharging less than 6000 m3/d
that have fluxes in the 20−80 kg N/d range (Figure 2).
Additionally, the flexibility of bioreactor design can still allow


Figure 4. Unit nitrate removal cost estimates ($/kg·y) for spring
bioreactors treating a range of spring flows based on a conservative
and moderate removal efficiency, 30% and 55%, respectively, and a
range of spring nitrate concentrations.
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treatment of high discharge springs by diverting a fraction of
the flow (as pictured in Figure 1), treating it in the bioreactor
and returning it to the spring flow prior to entering a stream
(as is often done in tile drainage systems). The off-channel
design would also minimize localized disruption to the spring
channel and Clean Water Act permitting concerns.
Bioreactors show particular promise for spring applications


based on their proven performance across a range of
conditions and the favorable characteristics associated with
springs. Although bioreactors function effectively under
fluctuating flow and N loading rates, the relative stability of
spring flow and N loading compared to agricultural drainage
suggests spring bioreactors may outperform their edge-of-field
counterparts. Indeed, Christianson et al. demonstrated that
constant influent flow rates result in greater N removal in
bioreactors than fluctuating flow rates.52 Successful NO3−N
removal, 41% on average, with the pilot-scale bioreactor in
Southwest Virginia provides initial evidence that spring
bioreactors could be expected to perform at least as well as
agricultural bioreactors given sufficient flow and NO3−N
loading. Additionally, spring applications may provide more
sustained N removal than edge-of-field installations consider-
ing the likely evolution of BMPs: as more practices are adopted
to reduce the nutrient export from agricultural land, in-field
BMPs may ultimately reduce the N load reaching the
bioreactor, further reducing treatment potentials. This may
also be the case for N loads in emergent groundwater, but on
much longer time scales (decades rather than years).
The cost analyses show that spring bioreactors can be a low


cost option to remove N relative to other alternatives. This
conclusion comes with a few caveats. Spring bioreactor cost
estimates do not include annual operation and maintenance
(O&M) costs or administrative costs. While systematic study
of spring bioreactor O&M costs has yet to be conducted,
spring bioreactor maintenance would focus mostly on
maintenance of the inlet and outlet structures to prevent
clogging and maintain flow. Sedimentation of the control
structures and bioreactor bed can reduce the effectiveness of
the system, although given that the springs are emergent
groundwater, this is not envisioned to be a large problem. The
administrative costs of nutrient control practices are not well
characterized, but bioreactor treatment of springs could reduce
public administrative costs associated with efforts to reduce
nonpoint source loads. Groundwater treatment systems like
bioreactors would allow those tasked with TMDL implemen-
tation to achieve relatively high levels of N reduction with a
single treatment relative to conventional nonpoint source
controls, economizing on contracting and administrative costs.
Many conventional agricultural nonpoint source practices have
limited lifespans (many are annual practices), necessitating
frequent reinstallation and potential new cost-share contract
renewals, while bioreactors lifespan may extend to 15 years (or
longer). The administrative costs of renewals of contracts to
install annual nonpoint source control practices can be 3 to 7
times higher than longer-term structural practices similar to
bioreactors.53


Also note that N removal cost estimates are for N reductions
achieved at the site of treatment. Water quality managers may
be particularly interested in reducing N loads at target areas
within the watershed. In the context of the Chesapeake Bay
watershed, N reductions must be achieved for the estuary. In
some portions of the watershed, only 5 or 10% of the NO3


− in
a headwater stream may ultimately reach the Bay. The ultimate


cost effectiveness of any control technology will depend on the
relative location of the treatment to the target waterbody/
segment. However, Figure 2 suggests a multitude of
opportunities to select springs for treatment based on water
quality and cost effectiveness considerations exist. Spring
bioreactors may also prove to be useful tools for meeting local
TMDLs for subbasins in the Chesapeake Bay watershed.
In addition to cost-effectiveness, bioreactors offer other


advantages over nonpoint source control alternatives.9


Bioreactors offer identifiable influent and effluent points from
which to directly monitor and measure indicators of N control
performance. Inflow volumes can be relatively easily quantified,
and single influent and effluent points offer clear opportunities
to sample N concentrations and calculate total mass load
removal. For water quality managers, quantification of N
removal effectiveness based on direct observation/measure-
ments offers much higher degrees of certainty in water quality
outcomes than conventional nonpoint source control tech-
nologies. Since the nutrient reducing effectiveness of nonpoint
source control technologies are not directly observed or
measured in the field, substantial uncertainty exists over the
nutrient control effectiveness of BMPs.54,55


Spring bioreactors have some limitations relative to other
types of water quality improvement technologies. Bioreactors
generate few cobenefits or ecosystem services besides N
removal to either the public or the landowner. Unlike many
other types of BMPs, they do not typically remove other
pollutants, although they have been shown to remove the
pesticide atrazine from tile drainage waters.56 Many agricul-
tural BMPs, such as cover crops and conservation tillage,
provide soil productivity benefits to the landowner, which
serve as incentives for private adoption, but cannot address
legacy nutrients. Other practices provide habitat and open
space amenities (constructed wetlands, stream restoration,
riparian buffers, etc.). These cobenefits can impact the overall
cost effectiveness of a water quality management plan.
Excessive dissolved organic matter during start-up and sulfate
reduction to toxic hydrogen sulfide with lengthy HRTs
resulting in overly reducing conditions have been documented
in bioreactors and must be considered in any application.57


Averting these potentially negative impacts might involve using
aged woodchips where the most labile carbon has already been
leached and managing HRTs (by adjusting inflow). To avoid
excessively reducing conditions, flow should be adjusted to
achieve HRTs that result in not more than 50−80% of N
removal and maintain effluent N concentrations of at least 1
mg/L so that N does not become the reactant limiting
denitrification and enable redox reactions farther down the
redox chain (e.g., sulfate reduction, methyl mercury
production).57−59 Bioreactor applications should also target
high N export springs discharging to streams with impaired
water quality. A GIS analysis suggests that 75% of the USGS-
monitored springs (Table 2) are located in areas designated as
agricultural land use by the National Landcover data set
(NLDC) data set, which suggests that there are ample
opportunities to treat emergent groundwater in areas where
there is likely to be space available.
While there is substantial potential to remove legacy N by


adapting a proven BMP to new conditions, there remain
several questions and potential hurdles that need to be
addressed before widespread adoption. These include
determining removal efficiencies for the bioreactor under
new conditions and potential site constraints such as soil


Environmental Science & Technology Article


DOI: 10.1021/acs.est.9b04919
Environ. Sci. Technol. 2019, 53, 12291−12299


12297



http://dx.doi.org/10.1021/acs.est.9b04919





depth, upfront capital costs for installation, and landowner
adoption issues. Additional research is needed to evaluate how
denitrification rates in bioreactors respond to the flow and
concentration conditions unique to springs under field
conditions. The ability to control and manage influent flows
into a spring bioreactor offers interesting opportunities to
optimize N removal by actively manipulating HRTs to alter
denitrification rates. Water policy changes may also be needed
to incentivize landowner adoption of spring bioreactors. Most
voluntary financial assistance programs reimburse landowners
for only a portion of the cost to install a BMP. Bioreactors have
significant upfront costs and few private landowner benefits;
the benefits of N reductions accrue to downstream users. Such
“cost-share” programs would still leave the landowner with
substantial net costs. The development or use of financial
incentive systems based on payments for quantities of N
removed seem needed to stimulate investments to treat legacy
N. Incentive programs, such as nutrient trading, are still
relatively underdeveloped.51 If appropriate incentives can be
created, the evidence presented here suggests ample
opportunity to target and remove substantial quantities of N
from emergent groundwater with bioreactors.
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constructed wetlands to mitigate nitrate and pesticide pollution in
agricultural drained watersheds. Ecological Engineering 2017, 103,
415−425.
(16) Vymazal, J. The Use of Constructed Wetlands for Nitrogen
Removal from Agricultural Drainage: A Review. Scientia Agriculturae
Bohemica 2017, 48 (2), 82−91.
(17) Warneke, S.; Schipper, L.; Bruesewitz, D.; McDonald, I.;
Cameron, S. Rates, controls and potential adverse effects of nitrate
removal in a denitrification bed. Ecological Engineering 2011, 37 (3),
511−522.
(18) Bell, N.; Cooke, R. A. C.; Olsen, T.; David, M. B.; Hudson, R.
Characterizing the performance of denitrifying bioreactors during
simulated subsurface drainage events. Journal of Environmental Quality
2015, 44 (5), 1647−1656.
(19) Christianson, L. E.; Bhandari, A.; Helmers, M. J.; Kult, K. J.;
Sutphin, T.; Wolfe, R. Performance evaluation of four field-scale
agricultural drainage denitrification bioreactors in Iowa. Transactions
of the ASABE 2012, 55 (6), 2163−2174.
(20) Husk, B.; Anderson, B.; Whalen, J.; Sanchez, J. Reducing
nitrogen contamination from agricultural subsurface drainage with
denitrification bioreactors and controlled drainage. Biosystems
Engineering 2017, 153, 52−62.
(21) Chun, J.; Cooke, R.; Eheart, J.; Cho, J. Estimation of flow and
transport parameters for woodchip-based bioreactors: II. field-scale
bioreactor. Biosystems Engineering 2010, 105 (1), 95−102.
(22) Moorman, T.; Tomer, M.; Smith, D.; Jaynes, D. Evaluating the
potential role of denitrifying bioreactors in reducing watershed-scale
nitrate loads: A case study comparing three Midwestern (USA)
watersheds. Ecological Engineering 2015, 75, 441−448.
(23) Christianson, L. E.; Tyndall, J. C.; Helmers, M. J. Financial
comparison of seven nitrate reduction strategies for Midwestern
agricultural drainage. Water Resources and Economics 2013, 2−3, 30−
56.
(24) Deboe, G.; Bock, E.; Stephenson, K.; Easton, Z. M. Nutrient
biofilters in the Virginia coastal plain: nitrogen removal, cost, and
potential adoption pathways. J. Soil Water Conserv. 2017, 72 (2),
139−149.
(25) Kaufman, Z.; Abler, D.; Shortle, J.; Harper, J.; Hamlett, J.;
Feather, P. Agricultural costs of the Chesapeake Bay Total Maximum
Daily Load. Environ. Sci. Technol. 2014, 48, 14131−14138.


Environmental Science & Technology Article


DOI: 10.1021/acs.est.9b04919
Environ. Sci. Technol. 2019, 53, 12291−12299


12298



mailto:zeaston@vt.edu

http://orcid.org/0000-0001-7997-1958

https://www.epa.gov/sites/production/files/2014-12/documents/cbay_final_tmdl_exec_sum_section_1_through_3_final_0.pdf

https://www.epa.gov/sites/production/files/2014-12/documents/cbay_final_tmdl_exec_sum_section_1_through_3_final_0.pdf

https://www.epa.gov/sites/production/files/2014-12/documents/cbay_final_tmdl_exec_sum_section_1_through_3_final_0.pdf

http://dx.doi.org/10.3133/fs09103

http://dx.doi.org/10.1021/acs.est.9b04919





(26) Virginia Senate. Chesapeake Bay TMDL Watershed Implementa-
tion Plan: What will it cost to meet Virginia’s goals?; Senate Finance
Committee, Richmond Virginia, 2011.
(27) USGS. National Water Information System: Mapper. https://
maps.waterdata.usgs.gov/mapper/index.html (accessed February 13,
2019).
(28) R Core Team. R: A Language and Environment for Statistical
Computing; R Foundation for Statistical Computing, Vienna, 2018;
https://www.R-project.org.
(29) Christianson, L.; Helmers, M.; Bhandari, A.; Moorman, T.
Internal hydraulics of an agricultural drainage denitrification
bioreactor. Ecological Engineering 2013, 52, 298−307.
(30) Christianson, L. E.; Christianson, R.; Helmers, M.; Pederson,
C.; Bhandari, A. Modeling and calibration of drainage denitrification
bioreactor design criteria. Journal of Irrigation and Drainage Engineer-
ing 2013, 139 (9), 699−709.
(31) Ghane, E.; Feyereisen, G.; Rosen, C. Non-linear hydraulic
properties of woodchips necessary to design denitrification beds. J.
Hydrol. 2016, 542, 463−473.
(32) Addy, K.; Gold, A. J.; Christianson, L. E.; David, M. B.;
Schipper, L. A.; Ratigan, N. A. Denitrifying bioreactors for nitrate
removal: A meta-analysis. Journal of Environmental Quality 2016, 45
(3), 873−881.
(33) Blowes, D. W.; Robertson, W. D.; Ptacek, C. J.; Merkley, C.
Removal of agricultural nitrate from tile-drainage effluent water using
in-line bioreactors. J. Contam. Hydrol. 1994, 15 (3), 207−221.
(34) Christianson, L. E.; Collick, A.S.; Bryant, R.B.; Rosen, T.; Bock,
E.M.; Allen, A.L.; Kleinman, P. J. A.; May, E.B.; Buda, A.R.; Robinson,
J.; Folmar, G.J.; Easton, Z.M. Enhanced denitrification bioreactors
hold promise for Mid-Atlantic ditch drainage. Agric. Environ. Lett.
2017, DOI: 10.2134/ael2017.09.0032.
(35) Greenan, C. M.; Moorman, T. B.; Parkin, T. B.; Kaspar, T. C.;
Jaynes, D. B. Denitrification in wood chip bioreactors at different
water flows. J. Environ. Qual. 2009, 38, 1664−1671.
(36) Robertson, W.D.; Blowes, D.W.; Ptacek, C.J.; Cherry, J.A.
Long-term performance of in situ reactive barriers for nitrate
remediation. Groundwater 2000, 38 (5), 689−695.
(37) van Driel, P. W.; Robertson, W. D.; Merkley, L. C.
Denitrification of agricultural drainage using wood-based reactors.
Transactions of the ASABE 2006, 49 (2), 565−573.
(38) Woli, K. P.; David, M. B.; Cooke, R. A.; McIsaac, G. F.;
Mitchell, C. A. Nitrogen balance in and export from agricultural fields
associated with controlled drainage systems and denitrifying
bioreactors. Ecological Engineering 2010, 36 (11), 1558−1566.
(39) Ghane, E.; Fausey, N.; Brown, L. Modeling nitrate removal in a
denitrification bed. Water Res. 2015, 71, 294−305.
(40) Halaburka, B.; Lefevre, G.; Luthy, R. Evaluation of Mechanistic
Models for Nitrate Removal in Woodchip Bioreactors. Environ. Sci.
Technol. 2017, 51, 5156−5164.
(41) Elgood, Z.; Robertson, W. D.; Schiff, S. L.; Elgood, R. Nitrate
removal and greenhouse gas production in a stream-bed denitrifying
bioreactor. Ecological Engineering 2010, 36, 1575−1580.
(42) Partheeban, C.; Karkl, G.; Khand, K. B.; Kjaersgaard, J.; Hay,
C.; Troolen, T. Calibration of AgriDrain control structure by using
generalized “V” notch weir equation for flow measurement. Western
South Dakota Hydrology Conference, 2014.
(43) United States Department of Agriculture-Natural Resource
Conservation Service. Virginia Practice Scenarios, Practice 605
Denitrifying Bioreactor. 2018; https://www.nrcs.usda.gov/wps/
po r t a l /n r c s/de t a i l /na t i ona l /p rog r ams/financ i a l / ? c i d=
nrcseprd1328417 (accessed September 21, 2018).
(44) United States Environmental Protection Agency. Ecoregional
Criteria . 2002; https://www.epa.gov/nutrient-policy-data/
ecoregional-criteria (accessed Feb 23, 2019).
(45) United States Environmental Protection Agency. Water
Pollution Search. 2018; https://echo.epa.gov/trends/loading-tool/
water-pollution-search (accessed February 13, 2019).


(46) Virginia Department of Environmental Quality (VDEQ).
Chesapeake Bay TMDL special condition guidance, Guidance Memo
No. 15-2005; Richmond Virginia, 2015.
(47) Collins, A.; Gillies, N. Constructed wetland treatment of
nitrates: removal effectiveness and cost efficiency. J. Am. Water Resour.
Assoc. 2014, 50 (4), 898−908.
(48) Van Houtven, G.; Loomis, R.; Baker, J.; Beach, R.; Casey, S.
Nutrient credit trading for the Chesapeake Bay: An economic study;
Chesapeake Bay Commission, Annapolis Maryland, 2012.
(49) Jones, C., Branosky, E.; Selman, M.; Perez, M. How nutrient
trading could help restore the Chesapeake Bay, WRI Working Paper;
World Resources Institute, Washington, D.C., 2010.
(50) Stephenson, K.; Aultman, S.; Metcalfe, T.; Miller, A. An
evaluation of nutrient nonpoint offset trading in Virginia: a role for
nonpoint sources? Water Resour. Res. 2010, 46, W04519.
(51) Stephenson, K.; Shabman, L. Where did the agricultural
nonpoint source trades go? Lessons from the Virginia water quality
trading programs. J. Am. Water Resour. Assoc. 2017, 53 (5), 1178−
1194.
(52) Christianson, L. E.; Bhandari, A.; Helmers, M. J. Pilot-scale
evaluation of denitrification drainage bioreactors: reactor geometry
and performance. J. Environ. Eng. 2011, 137 (4), 213−220.
(53) Deboe, G.; Stephenson, K. Transactions costs of expanding
nutrient trading to agricultural working lands: a Virginia case study.
Ecological Economics 2016, 130, 176−185.
(54) Stephenson, K., Hershner, C.; Benham, B.; Easton, Z. M.;
Hanson, J.; Julius, S.; Hinrichs, E. Consideration of BMP performance
uncertainty in Chesapeake Bay Program implementation; Scientific and
Technical Advisory Committee, Chesapeake Bay Program. STAC
Publication Number 18-003, Edgewater, MD, 2018.
(55) Osmond; Meals, D.; Hoag, D.; Arabi, M.; Luloff, A.; Jennings,
G.; McFarland, M.; Spooner, J.; Sharpley, A.; Line, D. Improving
conservation practices program to protect water quality in agricultural
watersheds: Lessons learned from the national institute of food and
agriculture-conservation effects assessment project. J. Soil Water
Conserv. 2012, 67 (5), 122A−127A.
(56) Hassanpour, B.; Geohring, L.; Klein, A.; Giri, S.; Aristilde, L.;
Steenhuis, T. Application of denitrifying bioreactors for the removal
of atrazine in agricultural drainage water. J. Environ. Manage. 2019,
239, 48−56.
(57) Easton, Z.; Rogers, M.; Davis, M.; Wade, J.; Eick, M.; Bock, E.
Mitigation of sulfate reduction and nitrous oxide emission in
denitrifying environments with amorphous iron oxide and biochar.
Ecological Engineering 2015, 82 (2), 605.
(58) Coleman, B. S. L.; Easton, Z. M.; Bock, E. M. Biochar fails to
enhance nutrient removal in woodchip bioreactor columns following
saturation. J. Environ. Manage. 2019, 232, 490−498.
(59) Cooke, R. A.; Bell, N. L. Protocol and interactive routine for
the design of subsurface bioreactors. Appl. Eng. Agricul. 2014, 30 (5),
761−771.


Environmental Science & Technology Article


DOI: 10.1021/acs.est.9b04919
Environ. Sci. Technol. 2019, 53, 12291−12299


12299



https://maps.waterdata.usgs.gov/mapper/index.html

https://maps.waterdata.usgs.gov/mapper/index.html

https://www.R-project.org

http://dx.doi.org/10.2134/ael2017.09.0032

https://www.nrcs.usda.gov/wps/portal/nrcs/detail/national/programs/financial/?cid=nrcseprd1328417

https://www.nrcs.usda.gov/wps/portal/nrcs/detail/national/programs/financial/?cid=nrcseprd1328417

https://www.nrcs.usda.gov/wps/portal/nrcs/detail/national/programs/financial/?cid=nrcseprd1328417

https://www.epa.gov/nutrient-policy-data/ecoregional-criteria

https://www.epa.gov/nutrient-policy-data/ecoregional-criteria

https://echo.epa.gov/trends/loading-tool/water-pollution-search

https://echo.epa.gov/trends/loading-tool/water-pollution-search

http://dx.doi.org/10.1021/acs.est.9b04919







