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SPECIAL SECTION

MOVING DENITRIFYING BIOREACTORS BEYOND PROOF OF CONCEPT

Denitrifying Bioreactors for Nitrate Removal: A Meta-Analysis

Kelly Addy, Arthur J. Gold,* Laura E. Christianson, Mark B. David, Louis A. Schipper, and Nicole A. Ratigan

Abstract

Meta-analysis approaches were used in this first quantitative
synthesis of denitrifying woodchip bioreactors. Nitrate removal
across environmental and design conditions was assessed
from 26 published studies, representing 57 separate bioreactor
units (i.e., walls, beds, and laboratory columns). Effect size
calculations weighted the data based on variance and number
of measurements for each bioreactor unit. Nitrate removal rates
in bed and column studies were not significantly different, but
both were significantly higher than wall studies. In denitrifying
beds, wood source did not significantly affect nitrate removal
rates. Nitrate removal (mass per volume) was significantly lower
in beds with <6-h hydraulic retention times, which argues for
ensuring that bed designs incorporate sufficient time for nitrate
removal. Rates significantly declined after the first year of bed
operation but then stabilized. Nitrogen limitation significantly
affected bed nitrate removal. Categorical and linear assessments
found significant nitrate removal effects with bed temperature;
a Q,, of 2.15 was quite similar to other studies. Lessons from this
meta-analysis can be incorporated into bed designs, especially
extending hydraulic retention times to increase nitrate removal
under low temperature and high flow conditions. Additional
column studies are warranted for comparative assessments, as
are field-based studies for assessing in situ conditions, especially
in aging beds, with careful collection and reporting of design and
environmental data. Future assessment of these systems might
take a holistic view, reviewing nitrate removal in conjunction with
other processes, including greenhouse gas and other unfavorable
by-product production.

Core Ideas

- Denitrifying beds may reduce water quality degradation and
treat onsite wastewaters.

« Extending HRT can help manage nitrate under low tempera-
tures and high flows.

- Multiyear laboratory column and in-field bed assessments are
needed to refine designs.
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XCESS NITRATE-NITROGEN losses from agricul—

tural watersheds generate a host of water quality prob-

lems around the globe, including eutrophication, algae
blooms, and fish kills (Howarth et al., 2000; Diaz, 2001; Nixon
et al., 2001; Howarth, 2008; Billen et al., 2013; Erisman et al.,
2013). Among the many approaches considered to address this
problem, the development and use of passive denitrifying bio-
reactors has drawn increasing interest in the past two decades.
These bioreactors intercept nitrate-enriched water at the field
edge, use a carbon (C) source (typically woodchips) to serve as
an electron donor, and create the anaerobic conditions needed to
stimulate rapid denitrification, the conversion of nitrate to nitro-
gen gases (Schipper et al., 2010b). Denitrifying bioreactors were
first used to treat nitrate-enriched groundwater (Robertson and
Cherry, 1995; Schipper and Vojvodi¢-Vukovi¢, 1998) and were
adapted for use with agricultural tile drainage water (Robertson
et al,, 2000) and as a polishing step for onsite wastewater treat-
ment (Oakley et al., 2010; Schipper et al., 2010a). These bio-
reactors are now being used in a variety of agricultural sectings
for nitrate mitigation from subtropical climates to areas with
snow cover. Practitioners and organizations across many sectors
in the United States (e.g., watershed groups, nonprofits, exten-
sion programs, and governmental agencies such as USDA-
NRCS) are accelerating the adoption of denitrifying bioreactors
(Christianson et al., 2012a). Iowa and Illinois nutrient loss
reduction strategies include bioreactors as a central technique for
reaching nitrate goals (Iowa Nutrient Reduction Strategy, 2013;
Ilinois Nutrient Loss Reduction Strategy, 2015).

Two basic designs of denitrifying bioreactors (denitrifying
walls and denitrifying beds) (Schipper et al., 2010b) as well as
laboratory column and small tank studies designed to approxi-
mate the flow dynamics of denitrifying beds (e.g., see the carly
studies of Greenan et al. [2006] and Healy et al. [2006]) were
examined. Denitrifying walls (Fig. 1a) are trenches penetrating 1
to 2 m into the groundwater, dug perpendicular to groundwater
flowpaths between the edge-of-field and stream, and filled with
wood-based materials that are sometimes mixed with native soil.
This process creates a subsurface wall that the groundwater passes
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Fig. 1. Schematic of denitrifying bioreactors. (a) Side view of wall
installed to impervious layer forcing shallow groundwater through
the wall. (b) Side view of a bed treating concentrated discharges of
effluent or drainage water. Adapted from Schipper et al. (2010b).

through before discharge into a receiving water body. Inflow to
denitrification walls is largely regulated by Darcian flow prin-
ciples; thus, the nitrate flux per volume of bioreactor media is
usually much smaller compared with bed designs (Schipper et
al., 2010b). In contrast, denitrifying beds (Fig. 1b) are installed
to intercept concentrated flows (e.g., from tile drainage, ditches,
or wastewaters) and have also been installed within stream beds
(Robertson and Merkley, 2009). Nitrate-laden water is diverted
through a trench or container (generally lined) filled with wood-
based material and discharged out the other end.

Although previous literature reviews (Schipper et al., 2010b;
Christianson et al., 2012a) summarized rates of nitrate removal
and potential controls of rates, a quantitative assessment of the
literature dealing with denitrifying bioreactor performance has
not been performed. The steady publication of denitrifying bio-
reactor studies during the past two decades (Fig. 2) indicates the
timing is right for such an assessment. Here, we applied meta-
analysis approaches to investigate nitrate removal rates of denitri-
fying bioreactors across a range of environmental and design
conditions using 26 published studies, in some cases obtaining
further information directly from the authors. Meta-analysis
combines results across multiple studies and incorporates key
aspects of each study within the analyses, such as number of
measurements (Burns and Burns, 2008). We asked the follow-
ing questions: (i) How do different bioreactor designs (i.c., wall,
laboratory column, and bed) affect observed nitrate removal
rates? (ii) Do wood source, temperature, influent nitrate concen-
tration, age, nitrogen (N) limitation, or hydraulic retention time
(HRT) alter nitrate removal rates in denitrifying bioreactors?
This quantitative assessment of nitrate removal in denitrifying
bioreactors can help to clarify their value, identify constraints,

2015

2010-2014

= 2005-2009

Time period

1999-2004

1994-1998

o
W

10 15
Number of published papers

Fig. 2. Number of published papers studying wood-based, flow-
through denitrifying bioreactors from 1994 to 2015. Note top bar is
for a single year rather than a 5-yr interval, through this special issue.

and formulate the future direction and role of these nitrate miti-
gation strategies.

However, this analysis only focuses on controls of nitrate
removal within the bioreactor rather than at the field or water-
shed scale. Bioreactor nitrate removal effectiveness, particularly
in drainage water, is also determined by how much of the tile
or other flow passes through the bioreactor. Bed designs can
have substantial bypass flow during high flow periods, reducing
their effectiveness (Christianson et al., 2013a). Our analysis did
not evaluate this aspect of bioreactor design and effectiveness;
nor did it evaluate the impacts of bioreactor placement or land-
scape-driven impacts of performance. Also note that, although
we focused on nitrate removal from bioreactors, studies are also
emerging that look at possible unintended “pollution swapping,”
which is the production of soluble or gaseous contaminants,
such greenhouse gases, organic C, or metals, by the bioreactor
(Fenton et al., 2014; Healy et al., 2012; Warneke et al., 2011¢;
Schipper et al., 2010b). As additional studies emerge, future
holistic assessment of these systems at all scales is warranted.

Materials and Methods

Data Compilation

Data were compiled from published peer-reviewed journal
articles documenting nitrate removal rates from flow-through,
wood-based denitrifying walls, denitrifying beds, and labo-
ratory-scale column studies. We searched the literature using
Google Scholar with search terms of denitrification bioreactor,
denitrification wall, and denitrification bed. Google Scholar was
also useful in forward citation tracking to find additional stud-
ies. In addition, we referred to the references of recent papers
using “footnote chasing” (White, 2009) and queried research-
ers in the field for referrals. We focused on studies treating agri-
cultural drainage water with woodchips composed of softwood
(i.e., gymnosperms, specifically conifers) or hardwood (i.c., dicot
angiosperms). To be included in this study, we required nitrate
removal rates in units of mass of nitrate removal per volume of
bioreactor per time (g N m™> d™'). If papers reported removal
as % removal or as arcal mass removal (e.g., g N m™2 h™'), we
searched the paper for the required information to transform the
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rates to our required units. In some cases, we queried authors for
additional assistance.

Meta-analyses require two pieces of information: (i) the
result, such as a mean, and (ii) some measure of variability
around the result; for this meta-analysis we used the mean and
SD. Throughout this paper, one bioreactor is defined as one
unit. In compiling information, we entered the following data
into a spreadsheet for each wall, bed, or laboratory column bio-
reactor unit: author(s), year of publication, article title, journal
title, mean nitrate-N removal rate, the number of measurements
taken, and the SD. If these values were not reported, we con-
tacted authors for additional details or original datasets. We were
able to gather data on multiple independent bioreactor units
from some published studies.

Based on available data from published studies, we created
separate spreadsheets for nitrate removal rates associated with
the following parameters per bioreactor unit: wood source
(hardwood vs. softwood), water temperature, influent nitrate-N
concentration, age of unit, presence or absence of N limitation,
and HRT. To augment the datasets, we used Data Thief to obtain
additional information from plotted data within the published
studies or consulted with authors.

Within each parameter, we created two or three category
delineations (e.g., two categories for the qualitative parameters
or three range-based categories for quantitative parameters;
Table 1). In quantitative assessments, we were often able to use
data from a single unit in more than one category. We defined
a bed as N limited if the authors defined their own data as such
(often due to 100% removal in inflow N) or if the nitrate-N
concentration in the bed effluent was reported to be <0.5 mg N
L~! per the definition of van Driel et al. (2006). Where we had
access to more complete datasets, we were often able to obtain
both N-limited and non-N-limited data from a single bioreac-
tor unit. For the quantitative parameters, our goal was to have at
least six distinct, replicate bioreactor units per category. We also
based our analyses on prior bioreactor work related to microbial
processing and other hypothesized controlling factors identified
in the literature review by Schipper et al. (2010b). For instance,
nitrate removal is expected to decline at lower temperatures;
6°C (the upper limit of the low temperature category) should
reflect groundwater temperatures in winter and early spring of
areas that experience colder winters, whereas 17°C should reflect
summer conditions or more subtropical climates. For the HRT
assessment, we normalized the nitrate removal rate for time to
give cumulative nitrate removal (g N m™).

We found a total of 26 published peer-reviewed journal
articles that evaluated nitrate removal rate from flow-through,
wood-based denitrifying wall, denitrifying bed, and labora-
tory column designs that we included in our analyses. These 26
papers included 27 bed units, three wall units, and 27 labora-
tory column units. Table 2 lists these papers; for each paper, the
design type, the number of bioreactor units per design, and the
number of bioreactor units in the categorical assessments are also
listed. The actual data on mean nitrate removal rates, SD, and
number of measurements can be found in Supplemental Tables

S1 through S7.

Meta-Analysis

A meta-analysis was conducted to analyze the response of
nitrate removal rate to study type (wall, bed, laboratory column)
and the parameters listed in Table 1 using MetaWin version 2.1
(Rosenbergetal,, 2000). Effect sizes, which provide a normalized
index of the extent of difference between treatment and controls,
were calculated for each bioreactor unit. The meta-analysis gen-
erated information on significant differences between categories
and provided an indication of the comparable magnitude of
those differences. Our meta-analysis method weighted the effect
size calculations based on the number of measurements and
the inverse of the variance for cach bioreactor unit (Rosenberg
et al., 2000). Because the data are measured on a physical scale,
we used the log response ratio to estimate effect size. We used a
random effects model, which accounts for the variation in meth-
ods between studies and sampling error within individual studies
(Rosenberg et al., 2000).

We calculated the response ratio (InR), an effect size index,
for cach bioreactor unit (i.e., the experimental unit) by compar-
ing the experimental mean (X E) with a control mean (X ¢ ):

TE
InR=In )_(—C
X

A response variance of each effect size index was generated
from the means, variance (s), and number of measures (V) of the
experimental unit and a control unit:

E\2 Cy2
(D) ()

_NE(XE)Z NC(XC)Z

VIR

The studies used in our meta-analysis did not include con-
trol treatments (nitrate removal rates without a bioreactor).
Strategies in clinical study meta-analyses have emerged to deal
with studies without controls among studies with controls, like

Table 1. Ranges of data within categories for the parameters assessed by meta-analysis. Only bed units had sufficient data to permit these analyses.

Category
Parameter - - -
First Second Low Intermediate High
Qualitative
Wood source softwood hardwood
N limitation N limited non-N limited
Quantitative
InfluentN, mg N L' <10 10-30 >30
HRT,t+ d <6 6-20 >20
Age of unit, mo <13 13-24 >24
Temperature, °C <6 6-16.9 >16.9

t Hydraulic retention time.
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a procedure to adjust studies without a control group based
on other studies with a control group (Hunter et al., 2014).
Similarly, we applied a low control removal rate (mean, 0.1 gN
m~—2d!; SD, 0.01) to all bioreactor studies because we assumed
controls would have minimal rates. This rate is equivalent to a
change in concentration of 0.07 mg N L' within a bed (assum-
ing a 0.5 d HRT and porosity of 0.7), which we found to be
conservative because papers commonly reported the limit of
nitrate-N concentrations only down to the 0.1 mg N L™ Jevel.
The experimental nitrate removal rates within bioreactor units
were generally 15 to 60 times higher than the value used for
controls. By using the same control value in each case, we were
standardizing the control.

Then, we estimated a weighted cumulative effect size for each
category within a given parameter (Rosenberg et al., 2000). The
weight for a unit was the reciprocal of its response variance (w =
1/v). Variance-weighted mean effect size was calculated as:

Z:leilnRi

n
W
=17

E—

After determining the effect sizes per category, we tested
for heterogeneity between categories within each parameter.
Significant heterogeneity, like a significant difference but also
indicating the strength of the difference, suggests that the

individual studies come from different statistical populations
(p < 0.1) (Rosenberg et al., 2000). If there were more than
two categories and heterogeneity between categories was
observed (p < 0.1) (Rosenberg et al., 2000), heterogeneity was
tested again in a series of one-by-one comparisons as post hoc
testing. Categories with higher effect sizes had higher nitrate
removal rates. A bootstrapping (sampling with replacement)
procedure with 999 iterations, corrected for bias, was then
conducted, which generated 95% bias-corrected confidence
intervals (ClIs) on the cumulative effect sizes. We used p < 0.1
to indicate significant trends.

We used GraphPad Prism version 6.05 to generate forest plots
of our meta-analysis results (Fig. 3-5). To provide insight into
removal rates for practitioners and decision-makers, we report
both the effect size data (as the forest plots is Fig. 3-5) and the
back-transformations (Tonitto et al., 2006; Borenstein et al.,
2009) to nitrate removal rates (expressed as g N m~ d; see the
inset tables in Fig. 3-5) with the 95% CI also transformed.

With several parameters (temperature, influent N concentra-
tion, and HRT'), we also used a continuous meta-analysis proce-
dure to examine if a significant portion of the variation in effect
sizes across studies was explained by a linear model using a least
squares regression (Rosenberg et al., 2000). It was not possible to
conduct a continuous meta-analysis on age because we often did
not have the exact age of the unit at each measurement.

Table 2. Published journal articles and overview of data used in meta-analysis of woodchip bioreactor nitrate N removal rates. The numbers indicate

the number of units in the various categorical assessments.

Design Wood

Influent N N

e type 2L source LT EE GO concentration Gk limitation ali)
Cameron and Schipper, 2010 lab 8 8 8 8 8 3
Christianson et al., 2011a bed 3 3 3 3 1 3
Christianson et al., 2011b bed 2 2 2 6 2 2 2
Christianson et al., 2012b bed 4 8 8 10 8 10
Christianson et al., 2013b bed 1 1 1 1 1 2 2
Chun et al., 2009 lab 1 1 1 1 1 1
David et al., 2016 bed 1 1 3 2 3 2 3
Elgood et al.,, 2010 bed 1 2 1 1 2 2
Gibert et al.,, 2008 lab 1 1 1 1 1 1
Greenan et al., 2006 lab 1 1 1 1 1 1
Healy et al., 2006 lab 6 6 6 6 6

Healy et al., 2012 lab 1 1 1

Healy et al., 2015 lab 1 1 1 1 1

Lepine et al,, 2016 bed 4 8 8 4 8 7
Moorman et al., 2010 wall 1

Pluer etal., 2016 bed 3 3 6 3 3

Pluer etal., 2016 lab 1

Robertson, 2010 lab 4 3 4
Robertson and Merkley, 2009 bed 1 2 2

Robertson et al., 2009 bed 1 1

Schipper and Vojvodi¢-Vukovi¢, 2000 wall 1

Schipper et al., 2010a bed 3 3 5 5 4 3
Schmidt and Clark, 2012 wall 1

Warneke et al.,, 2011a bed 1 1 1 1 1 1
Warneke et al.,, 2011b bed 1 1 2 1 2 1 1
Warneke et al., 2011c¢ lab 3 6 3 3 6
Woli et al,, 2010 bed 1 1 2 2 2 1

1 Hydraulic retention time.
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Nitrate Removal (g N m d-1)
Bed | Desien 5% Mean s5% — a
n=27| Bed 2.9 4.7 7.3
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Q N 4 -} ™ “°

Nitrate Removal Rate Effect Size

Fig. 3. Mean nitrate removal rate effect size and 95% bias-corrected
confidence interval by bioreactor design (bed, laboratory column,
and wall). Bars with different letters were significantly different (p <
0.05); n values represent number of units of that type of bioreactor
used in the analysis. Inset table indicates the back-calculated mean
nitrate removal rate (g N m~3d~") with 95% bias-corrected confidence
interval by bioreactor design (trends remain the same).

Results and Discussion

Our meta-analysis is the first quantitative synthesis of the
published literature describing the response of nitrate removal
rates in bioreactors to design, wood source, temperature, influ-
ent nitrate concentration, N limitation, age of unit, and HRT.
More than 2500 observations from 26 papers were included.
Bed and laboratory column designs constituted approximately
61 and 37% of the observations, respectively. The focus of this
meta-analysis was on nitrate removal only, but future assess-
ments of bioreactors should also include a holistic analysis of
multiple contaminants to determine risks related to pollution
swapping from these C-rich, anacerobic units.

Response to Design Category

Nitrate removal rates in bed and laboratory column designs
were not significantly different from each other, but both were
higher than walls (p < 0.05; note the low number of units for wall
studies [z = 3]) (Fig. 3). In a qualitative review of bioreactors,
Schipper et al. (2010b) also noted that walls generally had lower
nitrate removal rates (0.01-3.6 g N m > d ') than beds (2-22 ¢
N m™ d™"). Walls are frequently used in N-limiting conditions,
which may explain the lower nitrate removal rate; influent N
concentrations are often lower and HRT is often longer in walls
than in bed designs.

We were unable to complete categorical assessments on
wall studies as there were only three units. Even though bed
and laboratory column nitrate removal were not significantly
different, we chose to determine categorical trends within each
design separately because field conditions are often more vari-
able than laboratory-controlled conditions. Laboratory study
results are often used to provide process-level insight. When
we assessed the responses of temperature, influent N concen-
tration, N limitation, and age to nitrate removal rates in labo-
ratory column designs, we found no significant differences
between categories within each parameter. For most of these
parameters, laboratory column studies frequently encompassed
a smaller range of conditions than field studies; only 4 of the
10 lab studies had more than one column unit for categorical

parameter assessments (Table 2), limiting our capacity to con-
duct rigorous analyses. In contrast, 14 of the 15 bed studies
reported data on multiple bed units within different catego-
ries of several parameters (Table 2). All further meta-analyses
results presented are from the bed designs.

Bed Wood Source

There was no significant difference in nitrate removal rates
between different wood sources (Fig. 4a). Nitrate removal was
apparently not limited by the C supply of either wood source
even though the lignin in softwoods is expected to be more
recalcitrant per mass than in hardwoods (Cornwell et al.,
2009). Cameron and Schipper (2010) also found no signifi-
cant differences based on wood source in laboratory columns.
Wood density indirectly effects decomposition. Low-density
woods like softwoods, often Pinus species in these bed stud-
ies, allow oxygen into dead wood, which make them more
subject to decay and depletion of C supply more quickly than
denser woods (Cornwell et al., 2009); this may limit nitrate
removal over time. However, the beds within our assessment
encompassed a range of ages. Hardwood density varies widely
between species (Cornwell et al., 2009), and hardwood bed
studies rarely specified the species or just indicated a mix of
hardwoods. In locations where hardwood is more expensive
and not as accessible (Schipper et al., 2010b), the use of soft-
wood may be preferred without limiting nitrate removal. The
95% Cls encompassed a large range of rates, and there may be
undetected differences between wood types.

Other carbonaceous materials, such as maize cobs, have
been used in laboratory column designs (Cameron and
Schipper, 2010), but extended in-field assessment of the
nitrate removal with these materials over time is warranted
to establish if lability and removal rates decline rapidly over
time.

Bed Influent N Concentration

Influent N concentration significantly influenced nitrate
removal rate (Fig. 4b). Beds with influent N concentrations >30
mg N L had higher nitrate removal rates than beds with inter-
mediate (10-30 mg N L% p < 0.1) or low (<10 mg N L7'; p
< 0.05) concentrations. There were also significant differences
between beds with intermediate and low influent N concentra-
tions (p < 0.1). Whereas nitrate removal in bioreactors has been
often considered to be zero-order kinetics where the reaction rate
is controlled by a parameter other than concentration (Schipper
et al.,, 2010b), we have observed lower removal at lower concen-
trations, which emphasizes the importance of taking N limita-
tion into consideration for bioreactor design. The use of higher
design removal rates may be warranted for situations with high
nitrate-N concentrations, such as settings with high N inputs on
irrigated lands in Mediterranean or arid climates (Los Huertos
etal., 2001).

Bed Hydraulic Retention Time

Cumulative nitrate removal in beds with HRT <6 h was sig-
nificantly lower than in beds with HRT from 6 to 20 h and >20
h (p < 0.05) (Fig. 4c). Designers of beds should seck to opti-

mize the system for expected flow rates to ensure sufficient time
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Fig. 4. Mean nitrate removal rate effect size of beds and 95% bias-corrected confidence interval by different categories of (a) wood source, (b) influ-
ent N concentration, (c) hydraulic retention time (HRT), (d) age of unit, and (e) N limitation. Bars with different letters were significantly different (p
< 0.05 or p < 0.1); n values represent number of bed units in that category that were used in the analysis. Inset tables indicate the back-calculated
mean nitrate removal rate (g N m—3 d~" for Fig. a, b and d; g N m—3 for Fig. c) with 95% bias-corrected confidence interval by category (trends

remain the same).

for nitrate removal (Christianson et al., 2012a). Many denitri-
fying bed designs now incorporate hydraulic control compo-
nents that can adjust the extent of bypass flow during high
flow events. These design features can provide extended HRT
if desired and also permit the flexibility to further examine
nitrate removal under different HRT strategies (Christianson
etal., 2012a).

Bed Age

Bed age was found to affect the response of nitrate removal
significantly (Fig. 4d). Beds less than 13 mo old had signifi-
cantly higher nitrate removal rates than those 13 to 24 mo old
and >25 mo old (p < 0.05). The 95% CI and mean removal
rate effect size of the two older age categories were similar
and did not display significant differences. Our results concur
with the suggestion of Schipper et al. (2010b) and Robertson

(2010) that rates after the first year represent the long-term
operational rates; thus, removal rates obtained in the first year
of a new bioreactor should be viewed with caution. In addition
to changes in removal rates within the first year, there can be
concerns with flushing of dissolved organic C from bioreactors
(Schipper etal., 2010b; Healy et al., 2012; Fenton et al., 2014).
These conditions are well documented at start-up, but further
information, such as the cumulative number of water pore vol-
umes that encompass a flushing period and whether extended
periods of dryness can induce another flushing period, would
improve interpretation of monitoring results. Note that only
two of the beds in the high category were more than 36 mo
old (Christianson et al, 2012b; Robertson et al., 2009).
Bioreactors are commonly viewed as a decadal management
practices, so there is a striking need to monitor older beds as
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they age to determine if and how the operational rates change
over extended times.

Bed N Limitation

We also examined if nitrate-N limitation (bed effluent <0.5
mg N L") affected the observed rates of bed nitrate removal
(Fig. 4¢). We found non-N-limited beds to have higher nitrate
removal rates (p < 0.1) than those that were N limited, as
expected. Bed designers should consider periods of potential N
limitation as potential environmental risks because the absence
of nitrate as an electron acceptor in an anaerobic setting can pro-
duce conditions that generate unfavorable by-products, such as
methane, methyl mercury, or hydrogen sulfide (Schipper et al.,
2010b; Fenton et al., 2014).

Bed Temperature

Biological rates are well known to increase with increasing
temperatures. We found this general trend in our categorical

Nitrate Removal (g N m3 d?)

assessment of temperature in denitrifying beds. Beds with
temperatures below 6°C had lower nitrate removal than those
at intermediate temperatures of 6 to 16.9°C (p < 0.1; i.e., the
approximate range of midwestern US groundwater tempera-
ture) and temperatures higher than 16.9°C (p < 0.05) (Fig.
5a). Although the high temperature category had a substan-
tial number of bed nitrate removal rates that were higher than
those observed within the intermediate category, there was
no significant difference likely due to the variability. A linear
model found that temperature explained a substantial portion
of the variation in effect sizes (InR) across bed studies (p < 0.1;

0.0766xTemperature g frer back-transformation

N removal rate = 1.79¢
from variance-weighted mean effect sizes) (Fig. Sb). This regres-
sion yielded a Q, of 2.15 (i.c., the factor by which the removal
rate increases for each 10°C increase), very similar to that
reported across bioreactor literature (Cameron and Schipper,

2010; Warneke et al., 2011b). Influent nitrate concentration
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and HRT did not generate a significant result from continuous
linear meta-analysis procedures.

Our results strengthen the observation of Schipper et al.
(2010b) that bioreactors can generate nitrate removal rates at
low temperatures. For example, at the mean nitrate removal rate
of 2 g N m>d!at <6°C, a bed with a hydraulic retention of
12 h could lower nitrate-N concentrations by 1 g N m™>. The
importance of these rates for curtailing nitrate flux will be site
dependent and require estimates of the distribution of input
nitrate-N concentrations and water flux to the bioreactor during
cold conditions. Additional studies using temperature-con-
trolled laboratory methods would be useful to further explore
nitrate removal at low temperatures because previous laboratory
designs have only gone down to 10°C (Greenan et al., 2006;
Healy et al., 2006). In designing beds for use in cold conditions,
it is important to consider that low temperatures often coincide
with periods of low evapotranspiration and/or periods of snow-
melt, potentially resulting in high water and N flux. To generate
higher nitrate removal in these cooler, high-flow situations, the
volume of the bioreactor and extent of inflow should be designed
to allow adequate HRT; however, this must be balanced with the
consideration of very low flow conditions later in the season to
avoid nearly stagnant conditions within the bioreactor. The con-
cept of permeable reactive interceptors, a modified denitrifying
bioreactor with additional remediation cells for other specific
contaminants or the capacity to deal with high temporal varia-
tion in contaminant fluxes (Fenton et al., 2014), deserves further
research.

Conclusions

Denitrifying bioreactors as nitrate mitigation strategies hold
promise for reducing water quality degradation in agricultural
watersheds and in polishing treatment of some wastewaters.
Lessons from this meta-analysis can be incorporated into bed
designs, especially extending HRT to manage nitrate removal
under low temperature conditions and during high flows.
Laboratory column studies are warranted for comparative assess-
ment of nitrate removal under low temperatures, high flows, and
conditions approaching N limitation. Field-based bed studies are
needed to determine rates in different landscapes, nitrate load-
ing, and climatic setting. Continued monitoring of established
beds more than 24 mo after installation will help assess possible
C lability decline over time. To advance our understanding of
bioreactor performance and to refine design parameters, future
work should report nitrate removal rates in units of mass of N
removal per volume of bioreactor per time (g N m~> d ™), SDs,
numbers of measurements, and other environmental parameters,
including wood source, influent N concentration, temperature,
age, presence of N limitation (efluent N concentration <0.5 mg
N L"), and HRT. When sufficient data become available, there
is a need for similar meta-analyses of other gaseous and solute
removal and production rates from denitrifying bioreactors, like
greenhouse gas, phosphorus, organic C, and metals.
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