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ABSTRACT

Denitrifying bioreactors are a conservation drainage practice for reducing nitrate loads in subsurface agricultural
drainage. Bioreactor hydraulic capacity is limited by cross-sectional area perpendicular to flow through the
woodchip bed, with excess bypass flow untreated. Paired bioreactors with wide orientations were built in 2017 in
Illinois, USA, to treat drainage from a relatively large 29 ha field. The paired design consisted of: a larger, Main
bioreactor (LWD: 6.1 x 18.3 x 0.9 m) for treating base flow, and 2) a smaller, Booster bioreactor (7.8 x 13.1 x
0.9 m) receiving bypass flow from the Main bioreactor during periods of high flow. Over three years of moni-
toring, the paired bioreactor captured 84-92% of the annual drainage discharge which demonstrated an
expanded cross-sectional area could improve bioreactor flow capture, even for a large drainage area. However,
the paired bioreactors removed 6-28% of the annual N load leaving the field (1.8-5.6 kg N ha™! removed;
52-161 kg N), which was not a notable improvement compared to bioreactors treating smaller drainage areas.
The design operated as intended at low annual flow-weighted hydraulic retention times (HRTs) of usually <2 h,
but these short HRTs ultimately limited bioreactor nitrate removal efficiency. Daily HRTs of <2 h often resulted
in nitrate flushing. The Main bioreactor had higher hydraulic loading as intended and was responsible for the
majority of flow captured in each year although not always the most nitrate mass removal. The Booster biore-
actor provided better nitrate removal than the Main at HRTs of 3.0-11.9 h, possibly due to its drying cycles
which may have liberated more available carbon. This new design approach tested at the field-scale illustrated
tradeoffs between greater flow capacity (via increased bioreactor width) and longer HRT (via increased length),
given a consistent bioreactor surface footprint.

1. Introduction

fields. There is a need to scale bioreactor technology to treat larger
drainage areas given the magnitude of water quality goals across the US

Denitrifying “woodchip” bioreactors are an established conservation Midwest (Christianson et al., 2018) and the expected cost benefit of

drainage water management practice that reduce nitrate concentrations
in water by providing a carbon substrate for denitrifying microbes and
maintaining a saturated media such that anaerobic conditions occur
(Schipper et al., 2010). Most subsurface drainage bioreactors in the USA
have been designed to treat drainage areas in the range of 10-20 ha
(Christianson et al., 2012a; Jones and Kult, 2016). However, drainage
outlets often convey flows from much larger fields (40-50 ha; King et al.,
2014; Jaynes and Isenhart, 2019) and many outlets service multiple

Abbreviations: HRT, hydraulic retention time.

larger bioreactors treating high loading (Hartfiel et al., 2021).
Flow through a woodchip bioreactor can be approximated using
Darcy’s Law (Eq. (1)) (Chun et al., 2009).

Q=k*(Ah/L)* A, where A=W x d 6h)

Under saturated conditions, peak flow capacity, Q, is determined by:
k, the saturated hydraulic conductivity of the woodchip media; Ah, the
head difference between the inlet and the outlet of the bioreactor
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(determined by stop log settings in the inlet and outlet water level
control structures); L, the length of the bioreactor; and A, the cross-
sectional area perpendicular to flow. While bioreactor peak flow ca-
pacity with given drainable porosity, p, and bioreactor volume, V, is
governed by design characteristics of bed width (W), bed depth (d),
length and hydraulic gradient, bioreactor HRT (Eq. (2)) at peak flow is
only governed by bed length and hydraulic gradient, according to Eq. (3)
(inserting Eq. (2) into Eq. (1)).

HRT = p *V / Q, where V = W x L *d @
HRT = p *L%/ (k * Ah) (3

Equations (1) and (3) indicate that cross-sectional area perpendic-
ular to flow is the only design parameter that can be changed without
also affecting bioreactor HRT.

It follows that increasing bioreactor flow capacity means increasing
the bioreactor width given the bioreactor depth is generally set by the
existing drainage system depth. However, maintaining the benefit of the
small surface footprint of this technology would then require reducing
the bioreactor length. Reducing length may disproportionately sacrifice
HRT (e.g., L is squared in Eq. (3)). Excessively low HRTs in woodchip
bioreactors can prevent sufficient time for: 1) dissolved oxygen con-
sumption to produce anoxic conditions required for denitrification and
2) denitrifiers to substantially reduce nitrate concentrations. Incomplete
denitrification at low HRTs can also result in increased nitrous oxide
emissions (Davis et al., 2019).

Relatively low nitrate concentration reductions due to a shortened
bioreactor may be an acceptable tradeoff if the increased flow capacity,
and thus increased nitrate loading, results in increased nitrate mass
removed. Most subsurface drainage bioreactors in the US have had
length: width (L:W) ratios of 2.0-12.5 to achieve sufficient HRT and
uniform plug flow (Christianson et al., 2012a; David et al., 2016; Jones
and Kult, 2016; Rosen and Christianson, 2017). The United States
Department of Agriculture Natural Resources Conservation Service
Conservation Practice Standard for denitrifying bioreactors recom-
mends use of more complicated multi-header flow distributors when L:
W < 4 (USDA NRCS, 2020), so most bioreactors built with federal
funding assistance have L:W > 4 to simplify design and construction.

Wide bioreactors may be especially helpful to increase flow capacity
for treatment of large drainage areas, but it is also likely large drainage
areas may simply require large bioreactors. Relatively larger footprints
create a potentially disproportionate risk for stagnant zones during low
flow where sulfate reduction and mercury methylation occur (Shih et al.,
2011). A design alternative to minimize this risk is a parallel two-reactor
arrangement where each reactor treats either “baseflow” or “high flow”.
This would allow flow capacity to come online only as needed in the
secondary “high flow” bioreactor, thus reducing the overall woodchip
volume exposed to stagnation.

The objective of this study was to evaluate a new bioreactor design
paradigm for treatment of larger drainage areas and higher loading.
Relatively wide, paired bioreactors in parallel were designed to maxi-
mize hydraulic loading received from a 29-ha subsurface drainage sys-
tem in Illinois, USA. The treatment system was evaluated over 3-y with
the hypothesis that tradeoffs between flow capacity and HRT would
result in nitrate load reductions at least comparable to more conven-
tionally designed bioreactors.

2. Materials and methods
2.1. Site selection and bioreactor design

A paired denitrifying bioreactor system was installed in August 2017
at the University of Illinois Northwestern Illinois Research and Educa-
tion Center (Fig. 1; Monmouth, Illinois, USA; 40°56'12” N, 90°43'15”
W). The paired bioreactors were designed to treat subsurface drainage
from a 29 ha field that was cropped with rotating plots of either corn
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Fig. 1. Paired parallel bioreactor system in Illinois, USA, designed to treat
drainage from a 29-ha field. Field drainage entered through a custom three-
chamber water level control structure (A), where base flow was routed to the
Main bioreactor (orange arrows). When the capacity of that primary bioreactor
was exceeded, flow entered the Booster bioreactor (blue arrows). Bypass from
the combined system was discharged to the drainage outlet as untreated flow.
The inflow and outflow manifolds in each bioreactor extended at the bottom
along the widest dimension. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

(Zea mays L.) or soybeans (Glycine max L.) during the October 2018 to
September 2021 study period. Pattern tiling in the field was installed in
spring 2011 with 30 m spacing at a 1.2-1.8 m depth, based on a 9.5 mm
d ! drainage coefficient. Long-term average annual rainfall was 100 cm
(1991-2020 climate normal, ncdc.noaa.gov). The paired bioreactors
were designed to fit within a grassed roadway between two fields to
minimize removing land from production (Supplemental Figs. S1 and
S2).

The novel design features to maximize flow captured were (1) the
width of both bioreactors (or, low L:W ratio) and (2) the paired parallel
operation intended to allow more efficient volume usage during both
low and high flows (Fig. 1). The larger Main bioreactor of the pair (LWD:
6.1 x 18.3 x 1.8 m) had a L:W of 0.3 and was intended to treat base flow
conditions. The second, smaller Booster bioreactor (LWD: 7.8 x 13.1 x
1.8 m) had a slightly higher L:W of 0.6 and was designed to capture flow
that would have otherwise bypassed during high flow conditions. Both
bioreactors were filled with woodchips to a depth of 0.9 m.

The design objectives were to maximize the system’s ability to cap-
ture drainage from this relatively large field, even at the expense of
relatively low design HRTs of 0.6 h (Main) and 1.0 h (Booster). The Main
and Booster bioreactor design flow rates of 675 and 380 m® d~2,
respectively. These two combined design flow rates (1,055 m® d ) were
22% of the estimated peak drainage system flow rate of 4,780 m® d 1.
This was intentionally higher than the recommended capture of 15% of
peak flow in the federal practice standard (USDA NRCS, 2020).

A custom three-chamber control structure (AgriDrain™, Adair, lowa,
USA; Supplemental Fig. S3) intercepted the existing 30 cm diameter
drainage main from the field and served as the combined inlet to both
bioreactors (Fig. 1: A). Flow entering the first chamber of the control
structure was routed into the Main bioreactor. When flow from the field
overtopped the first set of stop logs and entered the second chamber,
that additional flow was routed into the Booster bioreactor. At the
highest flowrates, flow overtopping the second set of stop logs (that is,
flow rates in excess of the combined flow capacity of both bioreactors),
bypassed to the drainage system outlet. Flow entered and exited both
bioreactors along the widest dimension through a 20 cm diameter
single-wall corrugated plastic manifold placed at the bottom. The bio-
reactors were both lined on the sides and bottom with an 8-mil thick
liner and were covered with spoil.

Although all woodchips were from the same local supplier (Xylem,
Ltd., Cordova, Illinois, USA), the woodchips used in the Main bioreactor
were slightly smaller than those used in the Booster bioreactor (Dsg: 2.3
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and 2.4 cm, respectively; Dgo: 4.0 and 4.3 cm, respectively). Woodchip
drainable porosities were 40.7 and 43.1% for the Main and Booster
bioreactor, respectively. Initial woodchip carbon:nitrogen (C:N) ratios
were lower for the Main versus Booster bioreactor at 135 + 13 and 224
+ 19, respectively.

2.2. Flow and water quality monitoring

Bioreactor flow rates were measured at the outlets (Fig. 1: B and C)
and conservation of water mass (i.e., outflow ~ inflow) was assumed
given the impermeable liner. Pressure transducers (HOBO U20L-04,
Onset, Bourne, Massachusetts, USA) logged water depths in the con-
trol structures every 15-min and these readings were corrected for both
barometric pressure, which was also logged on-site, and any calibration
offsets determined based on routine on-site manual water depth mea-
surements. These values were averaged into daily depths which were
used with v-notch and compound weir equations (equations supplied by
the manufacturer; AgriDrain™, Adair, lowa). A maximum flow rate of
1,530 m® d! through the 20 cm inlet and outlet manifold pipes was
assumed, based on Manning’s equation.

Pressure transducers in the first chamber of both outlet structures
and in the middle chamber of the inlet structure recorded water depths
used to calculate the two bioreactor outflows and the untreated bypass
flow to the drainage outlet, respectively. Total flow from the field was
calculated as the sum of those three values.

Manual grab samples were collected at the inlet and outlet structures
(Fig. 1: A, B, and C) twice weekly by farm staff and were stored frozen at
the farm up to a month before being transported to campus. Samples
were transported on ice, filtered (0.45 pm filter), and stored on campus
at 4 °C for up to an additional month before being analyzed for nitrate-
nitrogen (Lachat Quickchem, Hach Company, Loveland, CO, USA;
Method 10-107-04-1-A, reported as NO3-N + NOo-N).

2.3. Bioreactor performance calculations and statistical assessment

Annual nitrate loads, reported by water year (October 1 — September
30), were calculated by multiplying measured nitrate concentration by
cumulative flow between sampling events. Annual bioreactor nitrate
removal efficiency (%) was calculated as the difference in nitrate mass
entering and leaving a bioreactor, divided by the mass entering that
bioreactor. Annual edge-of-field nitrate removal efficiency (%), which
took into account untreated bypass flow to the receiving waters, was
calculated as mass of nitrate removed by the bioreactor system divided
by the initial mass of nitrate in the drainage.

Annual volumetric nitrate removal rate was calculated as nitrate
mass removed by the bioreactor, divided by number of days in which
flow was occurring during that water year, divided by the saturated
volume of woodchips based on average annual flow depth. Daily
bioreactor HRT was calculated as the daily saturated volume multiplied
by the woodchip drainable porosity, divided by the daily flow rate.
Annual flow-weighted HRT was calculated by summing the products of
daily HRT and daily flow volume then dividing by annual flow.

Ranges of daily HRTs were binned for both bioreactors to capture at
least 5 observations for each bin and so that the bins were meaningful for
design purposes. For example, the federal standard calls for at leasta 3 h
HRT so values close to that range were of special interest. Data residuals
were non-normal based on Shapiro-Wilk normality testing, so bioreactor
nitrate removal efficiencies and removal rates were compared across
HRT bins using Kruskal-Wallis One-Way Analysis of Variance (ANOVA)
testing followed by Dunn’s All Pairwise Multiple Comparison Procedure
(o = 0.05). Performance of the two bioreactors was compared for a given
HRT bin using Mann-Whitney Rank-Sum Tests. Statistical testing and
modeling were performed in SigmaPlot version 14.0.
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3. Results and discussion
3.1. Drainage and bioreactor hydraulics

This relatively large 29 ha field had 19-49 cm drainage discharge
annually (20-38% of precipitation, Table 1), of which the paired
bioreactor captured a relatively high >84% (Table 2) in both dry and
wet years. Lower annual drainage volume in 2020 was caused by lower
annual rainfall (versus 1991-2020 climate normal: 100 cm) and timing
of rainfall throughout the year (Supplemental Fig. S4). Drainage from
March to June constituted 81, 56, and 87% of annual flow in the three
years, respectively, with May having the highest monthly drainage
(27-47% annual drainage; Supplemental Fig. S4). Spring drainage flows
in the US Midwest often account for the majority of annual drainage
volume and nutrient losses (Helmers et al., 2022), thus addressing these
flows is important for meeting regional water quality goals. This
bioreactor system captured 85-90% of cumulative drainage from March
to June during this monitoring period.

The Main bioreactor was responsible for most of the treated flows
(58-70% of flow from the field), with the Booster bioreactor providing
additional treatment (20-26%) as it came online during high flow events
(Fig. 2A). The combined annual treatment was 85, 92, and 84%
(Table 2), or 41, 17, and 32 cm (Fig. 2B), of annual drainage captured.
The observed peak flow rate received by the paired bioreactors of 3,050
m® d~! was much higher than the bioreactor system design flow rate of
1,055 m® d~!. The observed peak drainage system flow rate (4,580 m®
d~%; Fig. 2A) was relatively similar to the estimated peak drainage sys-
tem flow rate of 4,780 m® d~! used for design purposes. The observed
peak flow rate captured was 67% of the observed peak drainage system
flow rate (3,050/4,580 m?® d~1) which far exceeded the NRCS design
value of 15% (USDA NRCS, 2020) and also outperformed the expected
design intention of 22%.

The wide orientation of the paired bioreactors generally provided
greater flow capture efficiency (84-92%), relative to previous bio-
reactors with L:W ratio >1 on smaller drainage treatment areas. Only
three bioreactor site-years from previous studies had annual drainage
discharge in a similar range to the 19-49 cm observed here for com-
parison (Table 1). David et al. (2016) reported a bioreactor with a L:W of
2.5 treating a 20 ha drainage area captured only 53% of the flow when
annual discharge from the field was 33 cm. Christianson et al. (2012a)
found that a bioreactor with L:W of 2 in Iowa similarly provided only
53% of flow captured from a 19 ha drainage area when there was 39 cm
of annual drainage but another bioreactor in Iowa with L:W of 8
captured 91% of the drainage when there was 37 cm drainage from a 14
ha treatment area. When there was less annual drainage discharge in
previous studies than the minimum of 19 cm observed here, flow
captured correspondingly increased to 85-99% (Christianson et al.,
2012a) illustrating that wider designs are less necessary in dry years
when it is relatively easier to treat more of the annual flow.

Wider bioreactors may provide further benefit under potential
climate scenarios with increased rainfall intensity resulting in flashier
drainage flow behavior (Sloan et al., 2016). Moreover, distributing flow
along the widest dimension may also help alleviate eventual flow re-
striction near the manifold due to clogging or sedimentation (Knowles
et al., 2010). However, given a fixed bioreactor surface footprint, there
is likely a point at which the marginal increase in percent flow captured,
obtained by further decreasing the L:W ratio (i.e., wider and shorter
design), provides diminishing increases in capture efficiency as suffi-
ciently large drainage events would still contribute bypass. Here, of the
736 days in 2019-2021 in which drainage was occurring, 80% of cu-
mulative bypass flow for the paired bioreactor occurred in only 26 days.

In denitrifying bioreactors on gravity-driven drainage systems, the
head gradient across the bioreactor helps drive flow (Eq. (1)), and this
gradient is determined by the bioreactor length and the stop log settings
in the inlet and outlet control structures. The hydraulic gradient across
the Main bioreactor, based on stop log settings and surveyed control
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Table 1
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Precipitation and drainage from the 29-ha treatment area in Illinois, USA for 2019-2021 water years.

Water year  Precipitation  Drainage from field Percent of precipitation as drainage ~ Median daily drainage flows”  Annual flow-weighted water temperature
cm % m3d? mmd! °C

2019 127 49 38% 248 0.86 9.2

2020 92 19 20% 100 0.35 9.4

2021 103 38 37% 227 0.79 10.1

2 Median of non-zero daily flows.

Table 2

Hydraulic performance of the paired bioreactors from 2019 to 2021. HRT is hydraulic retention time.

Percent flow captured from the field

Median daily flow rate, m® d 12 Annual flow-weighted HRT, h

Water Year Main

Booster Total Main Booster Main Booster
2019 65% 20% 85% 214 36 1.0 1.7
2020 70% 23% 92% 77 27 2.0 4.4
2021 58% 26% 84% 187 32 1.0 1.5
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Fig. 2. Daily flow rates (A) and cumulative discharge in equivalent depth (B) from the field (black) and for the Main (blue) and Booster bioreactors (red) for
2019-2021 water years. Vertical dashed lines indicate end of each water year. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

structure elevations, was higher than the Booster at 4.9 vs 1.7 cm mL,

respectively. This was due to the different stop log settings for the first
and second chambers in the inlet structure required to have free flow
over these weirs (settings: 49 and 32 cm, respectively; Supplemental
Fig. S3).

In general practice, the upper bound of this hydraulic gradient may
be limited by the inlet control structure stop log setting which is often no
more than 60 cm to minimize drainage system restriction. For a given
difference in inlet and outlet stop log settings (Ah, Eq. (1)), a much
longer bioreactor would have a smaller gradient compared to the short
and wide bioreactors studied here. For example, to achieve a given 10 h
HRT, an 18 m long bioreactor would need a Ah of 30 cm, whereas a 6 m
long bioreactor would only need Ah of 3-4 cm (assuming hydraulic
conductivity = 3 cm s™1). In this respect, reducing length to prioritize

width (given a consistent surface footprint), would provide both a
greater flexibility with potential HRTs through the greater range in
hydraulic gradients and greater maximum peak flow capacity via the
wider width.

3.2. Nitrate mass removal and efficiency

Bioreactor annual nitrate removal efficiencies for the individual
bioreactors (1-55%, Table 3) and edge-of-field nitrate removal effi-
ciency for the paired system (6-28%) were notably lower than percent
flow captured (84-92%; Table 2). In other words, although the bio-
reactors captured a significant volume of the drainage from a relatively
large drainage area, this design did not result in a notably high edge-of-
field nitrate removal efficiency. However, from the perspective of
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Table 3
Nitrate removal performance of the paired bioreactors.
Bioreactor and Flow-weighted nitrate Flow-weighted nitrate Bioreactor nitrate Edge-of-field nitrate Mass Volumetric
water year concentration in concentration out removal efficiency removal efficiency treated removal rate
mgNL™! % kg gNm3d?
Main
2019 8.5 8.2 13 - 104 11.1
2020 5.3 5.0 23 - 53 6.8
2021 7.6 7.6 1 - 7 1.0
Booster
2019 9.1 8.8 21 - 56 12.3
2020 7.6 3.2 55 - 38 7.4
2021 7.3 6.5 19 - 45 10.6
Paired system
2019 - - - 12 161 9.7¢
2020 - - - 28 91 6.4"
2021 - - - 6 52 3.4"

# Volumetric removal rate of paired bioreactor calculated by weighting removal rates for each bioreactor separately according to percent of flow captured.

scaling bioreactor technology, there is little published performance data
for comparison with similarly large drainage areas. Rosen and Chris-
tianson (2017) reported the most similar drainage treatment areas of 25
and 35 ha for two conventionally designed bioreactors in Maryland both
with L:W > 5.0. Annual bioreactor nitrate removal efficiencies were
>97% for both, but edge-of-field efficiencies were 9-16% and 47-62%.
The low annual drainage discharge of 11 cm in the Maryland study made
the comparison slightly less analogous since annual flows here ranged
from 19 to 49 cm. Even so, conventionally designed bioreactors with
high L:W (e.g., >2) tend to provide greater bioreactor removal efficiency
but also lower flow capture efficiency than observed here. This was
consistent with expected trade-offs when changing bioreactor
orientation.

While the 3-y average edge-of-field nitrate removal efficiency of 15
+ 11% was less than the design target of 20% in the Conservation
Practice Standard (USDA NRCS, 2020), removal on a mass basis (rather
than efficiency basis) was comparable to or better than reported in
literature. Annual volumetric nitrate removal rates of 1.0-11.1 and
7.4-12.3 g N m 3 d"! for the Main and Booster bioreactors, respectively
(Table 3), overlapped the high end of previously reported general ranges
of 2.7-7.4 g Nm ™3 d™! from two large scale bioreactor reviews (Addy
et al., 2016; Christianson et al., 2021). An important methodological
factor in these high volumetric rates was the use of saturated woodchip
volume rather than full woodchip volume in the calculation. The satu-
rated depths were only 32 and 24% of the total woodchip depth for the
Main and Booster, respectively (mean 3-y water depth: 29 and 22 cm;
woodchip depth 90 cm). Recalculating rates using the woodchip-filled
volume instead yielded rates of 0.4-3.9 and 1.6-3.4 g N m~2 d™! for
the Main and Booster bioreactors, respectively.

The paired bioreactor provided annual nitrate loss reductions of 5.6,
3.2,and 1.8 kg N ha™! (or, 161, 91, 52 kg N load removal; Table 3) from
the annual field losses of 45.0, 11.2, and 30.4 kg N ha~!. Two Maryland
bioreactors treating similarly large drainage areas had annual N load
removal of 0.3-0.7 kg N ha! for a 35-ha drainage area and 4.0-5.3 kg N
ha~! for a 25-ha area (Rosen and Christianson, 2017). The 2019 water
year resulted in the greatest load and loss removal (161 kg N; 5.6 kg N
ha™1) but a relatively low edge-of-field efficiency of 12%. This year not
only had the highest precipitation and drainage discharge (Table 1) but
also some of the highest drainage nitrate concentrations (Table 3; Sup-
plemental Fig. S5).

The Main bioreactor captured the most flow in all three years
(Table 2) but didn’t consistently provide the most nitrate load removal
(Table 3). The Main bioreactor was responsible for 65, 58 and 13% of the
total mass of nitrate mass removed in 2019-2021, respectively. It is
possible that woodchip clogging, sedimentation, and possible related
short circuiting (Christianson et al., 2020) occurred in the Main biore-
actor by 2021 given it received more flow. However, tracer testing at the

Main bioreactor in both 2019 and 2021 showed no notable change in
short circuiting metrics between those times (data not shown). Thus,
reasons for the Main bioreactor’s relatively decreased performance in
2021 was not clear, and unfortunately, this was the final year of moni-
toring so longer-term trends couldn’t be assessed.

While there are a number of metrics to describe denitrifying biore-
actor nitrate removal performance (efficiency, rates, loss reduction), the
metric of mass prevented from traveling downstream is the ultimate
rationale behind actions of the Mississippi River/Gulf of Mexico Hypoxia
Task Force, which is the primary driver for conservation drainage
practices in this region. The paired bioreactor met the federal Conser-
vation Practice Standard’s 20% edge-of-field goal in 2020 but not in
2019, although the 2019 nitrate load removed was nearly twice that of
2020. This highlighted the importance of broadly considering perfor-
mance metrics when bioreactor technology is being scaled in new ways
(e.g., wide orientation, paired designs, large drainage areas) for greater
impact.

3.3. Hydraulic residence time (HRT)

3.3.1. Daily HRT N removal trends

Nitrate removal efficiencies significantly increased with increasing
daily HRTs for both bioreactors (Fig. 3A, lowercase letters), but these
efficiencies often trended negative at binned HRTs below 2 h. Many lab-
and pilot-scale bioreactor studies have previously documented the sig-
nificance of HRT on nitrate removal efficiency, but these studies have
not evaluated very short HRTs less than 1.5 h (Christianson et al., 2012b;
Hoover et al., 2016; Lepine et al., 2016; Martin et al., 2019). These new
field-scale data illustrated the possibility for nitrate flushing at HRTs <2
h. Davis et al. (2019) formerly documented potential for low bioreactor
HRTs to increase nitrous oxide emissions.

Modeling bioreactor nitrate removal efficiency versus daily HRT
resulted in a y-intercept and slope of 2.3% (p = 0.40) and 3.4% h! <
0.0001) for the Main bioreactor (R? 0.29), and 25% (p < 0.0001) and
3.2% h™! (p < 0.0001) for the Booster (R? 0.34). Past similar simplistic
linear regressions have reported y-intercepts of —3.0 — 33% and slopes of
1.2-8.3% h ! for the impact of HRT in small-scale woodchip bioreactor
studies (Christianson et al., 2012b; Hoover et al., 2016; Lepine et al.,
2016). More recently, Martin et al. (2019) modeled pilot-scale bio-
reactors operated at HRTs of 2, 8, and 16 h, and reported a very similar
slope term for the HRT parameter of 3.1% h™L.

Volumetric nitrate removal rates for both bioreactors at the lowest
HRTs not only trended negative, which echoed bioreactor nitrate
removal efficiency (Fig. 3B vs A) but were also extremely variable. At
HRTs of less than 1 h, 25th and 75th percentiles were —12 and 12 g N
m 3 d! for the Main and —11 and 18 gN m 3 d! for the Booster (n =
34 and 9, respectively). This high variability was partially a function of
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Fig. 3. Box plots of bioreactor nitrate removal efficiency (A) and nitrate removal rate (B) according to daily hydraulic retention time for the Main and Booster
bioreactors. Box edges indicate the interquartile range and points are outliers. Numbers between the two panels are the sample size of each bin. Medians with the
same lowercase letter for a given bioreactor across HRTs and medians with the same capital letters for a given HRT range comparing bioreactors were not signif-
icantly different. Six outliers for the Booster at < 1 h in panel B were not shown to maintain graph resolution (not shown: —32, —38, —43, 46,59, 74 g Nm > d™1).

the difficultly in accurately monitoring both flow and rapid changes in
water quality under such high flow conditions (Maxwell et al., 2020).
Unlike nitrate removal efficiencies which followed a relatively linear
trend with increasing HRTs, nitrate removal rates peaked at HRTs of
4-11.9 h in the Booster bioreactor (Fig. 3B, lower case red letters). There
was no significant removal rate trend for the Main bioreactor across HRT
bins (median range across all bins: 1.5-3.5 g N m d_l; Fig. 3B) which
illustrated the unique nature possible between bioreactors, even bio-
reactors receiving the same drainage water chemistry. Comparing the
two bioreactors at a given range of HRTs showed the Booster bioreactor
provided significantly higher efficiencies and rates than the Main at
HRTs in the 4.0-5.9 h and 6.0-11.9 ranges (Fig. 3A and B, capital letters;
all four comparisons p < 0.001). Better performance by the Booster
bioreactor under these HRT ranges may have been due to its less
frequently saturated woodchips. Woodchips intermittently exposed to
aerobic conditions can contribute more bioavailable carbon which en-
hances nitrate removal (Maxwell et al., 2019; McGuire et al., 2021).

3.3.2. Annual flow-weighted HRT performance impacts

Annual flow-weighted HRTs, rather than daily trends (e.g., Fig. 3),
may be more relevant for design purposes given performance assess-
ments are generally on an annual basis. Annual flow-weighted HRTs
were shortest in 2019 and 2021 which had the highest drainage volumes
(Tables 1 and 2), and correspondingly, those years had the lowest
bioreactor nitrate removal efficiencies (1-21% at 1.0-1.7 h annual HRT;
Table 3). The Conservation Practice Standard’s 20% edge-of-field nitrate
removal efficiency target was not achieved in those years, although it is
important to note this standard value is intended to be an average
applied over the life of the bioreactor rather just individual years. Even
so, the annual flow-weighted HRTs were similar to the design HRTs of
0.6 and 1.0 h for the Main and Booster bioreactors, respectively, indi-
cating the design performed as intended. This work demonstrated that
edge-of-field nitrate removal efficiency may not be the best design
metric for bioreactors on large drainage treatment areas; this was the
case at least in 2019, when the largest load was removed despite the low
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edge-of-field efficiency and the low flow-weighted HRTs.
4. Conclusions

A new paradigm of paired, short and wide bioreactors operating in
parallel for treatment of nitrate from a large drainage area was effective
for capturing nearly all annual drainage flow in both wet and dry years,
as well as during critical spring months. The design operated as intended
with the Main bioreactor treating more drainage than the Booster, which
came online as needed during high flow. The Booster bioreactor pro-
vided better nitrate removal than the Main at HRTs of 4.0-11.9 h, which
may have been due to the wetting/drying of that secondary reactor.

This approach was not without limitations in that overall edge-of-
field nitrate removal efficiency was not notably improved from con-
ventional bioreactors that have L:W > 2 (and are typically on smaller
drainage areas). Such conventionally-designed bioreactors provide
greater bioreactor nitrate removal efficiency due to longer HRTs, and
this was an expected trade-off. However, these data newly showed an
additional tradeoff at low HRTs where nitrate was flushed from the re-
actors at HRTs <2 h. Altogether, this study (1) documented an expanded
cross-sectional area resulted in excellent flow captured, even for a large
drainage area and (2) supported the concept of a minimum HRT design
criterion.

At this stage of edge-of-field practice research and implementation,
broadly reporting performance metrics would be useful. For example,
reporting annual edge-of-field efficiency as a percent allows comparison
of designs with the current NRCS practice standard and relates to state
nutrient strategies that aim to achieve 45% N load reductions. However,
design of other edge-of-field practices is now being evaluated within the
context of simple mass removal rather than percentage efficiencies
(annual kg N removed by a saturated buffer; Jaynes and Isenhart, 2019).
Maximizing the mass of N removed is the obvious aim of these practices.
This metrics dichotomy was illustrated here in that the paired bioreactor
met the federal 20% edge-of-field goal in 2020 but not in 2019, although
the 2019 load removed was nearly twice that of 2020. It is often useful to
compare bioreactor designs using volumetric removal rates but report-
ing of that metric alone is disconnected from watershed-level efforts (e.
g., state strategy metrics). Finally, it is worth considering that mini-
mizing negative by-products like mercury methylation could be based
on an outflow nitrate concentration design criteria rather than a mass
metric. Thus, reporting a variety of these metrics in bioreactor studies
will help further this science to scale both achievable treatment by this
technology and implementation of this technology in non-point source
applications.
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