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Labile carbon release from oxic–anoxic cycling in
woodchip bioreactors enhances nitrate removal
without increasing nitrous oxide accumulation†

Philip M. McGuire, a Valentina Dai,a M. Todd Walterb and Matthew C. Reid *a

Denitrification in woodchip bioreactors (WBRs) treating agricultural drainage and runoff is frequently

carbon-limited due to the recalcitrance of carbon (C) in lignocellulosic woodchip biomass. Recent research

has shown that redox fluctuations, achieved through periodic draining and re-flooding of WBRs, can

increase nitrate removal rates by enhancing the release of labile C during oxic periods. While dying–

rewetting (DRW) cycles appear to hold great promise for improving the performance of denitrifying WBRs,

redox fluctuations in nitrogen-rich environments are commonly associated with enhanced emissions of

the greenhouse gas nitrous oxide (N2O) due to inhibition of N2O reduction in microaerophilic conditions.

Here, we evaluate the effects of oxic–anoxic cycling associated with DRW on the quantity and quality of C

mobilized from woodchips, nitrate removal rates, and N2O accumulation in a complementary set of flow-

through and batch laboratory bioreactors at 20 °C. Redox fluctuations significantly increased nitrate

removal rates from 4.8–7.2 g N m−3 d−1 in a continuously saturated (CS) reactor to 9.8–11.2 g N m−3 d−1 24

h after a reactor is drained and re-saturated. Results support the theory that DRW conditions lead to faster

NO3
− removal rates by increasing mobilization of labile organic C from woodchips, with lower aromaticity

in the dissolved C pool of oxic–anoxic reactors highlighting the importance of lignin breakdown to overall

carbon release. There was no evidence for greater N2O accumulation, measured as N2O product yields, in

the DRW reactors compared to continuously saturated reactors. We propose that greater organic C

availability for N2O reducers following oxic periods outweighs the effect of microaerophilic inhibition of

N2O reduction in controlling N2O dynamics. Implications of these findings for optimizing DRW cycling to

enhance nitrate removal rates in denitrifying WBRs are discussed.

1. Introduction

Woodchip bioreactors (WBRs) are growing in popularity as a

sustainable technology for nitrate (NO3
−) removal from

nonpoint sources including agricultural tile drainage,1

stormwater runoff,2 and wastewater effluent.3 WBRs use

lignocellulosic woodchips as a slow-release carbon (C) source

and biofilm support structure, and are designed to enhance

heterotrophic denitrification at terrestrial-aquatic interfaces

and thereby decrease NO3
− loads to aquatic environments. An

estimated 50% of reactive nitrogen (N) derived from

anthropogenic land-based activities is transported to coastal

waters,4 and there is great interest in the potential of WBRs

to control NO3
− loads to N-limited coastal systems. However,

there are concerns regarding the long-term effectiveness of

WBRs as the pool of labile woodchip-derived C is depleted.5–8

Denitrification in NO3
− rich environments, including WBRs

as well as wetlands and riparian zones, is frequently C-

limited.5,7,9–12 In WBRs this is due to the recalcitrance of C in

lignin-rich woody biomass,13 particularly in flooded anaerobic
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Water impact

Oxic–anoxic cycling has been identified as a practical method to overcome carbon-limited conditions in denitrifying woodchip bioreactors treating

agricultural tile drainage, but the effects of these water management practices on production of the greenhouse gas nitrous oxide (N2O) have not been

evaluated. Here, we use laboratory-scale bioreactors to show that oxic–anoxic cycling significantly enhances nitrate removal rates without systematically

increasing N2O production, even during the transition from oxic to anoxic conditions. Our findings provide new insights into how oxic–anoxic cycling

boosts nitrogen metabolism by changing the quantity and quality of organic carbon mobilized from woodchips.
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conditions where oxidative decomposition processes are
inhibited. Readily-hydrolyzed fractions of woodchip C are
typically leached from WBRs during the first one to two years of
operation, with effluent characterized by dissolved organic
carbon (DOC) concentrations of 20–80 mg C/L during this
period.8,14 As woodchips age, however, DOC concentrations
decrease significantly due to protective lignin sheaths that
hinder access to more readily bioavailable cellulosic and
hemicellulosic C sources.15 DOC in a WBR effluent decreased
from 20.7 mg C/L to 3.0 mg C/L over the first 240 days of
operation8 and WBRs older than 2 years are typically
characterized by DOC concentrations between 1–4 mg C/L.16,17

This decrease in soluble carbon is observed in conjunction with
slower denitrification rates.18 In addition to diminished NO3

−

removal rates, C-limited conditions in denitrifying
environments can also be associated with greater accumulation
of nitrous oxide (N2O),

19,20 an important greenhouse gas and
ozone-depleting substance.21 Efforts to overcome C-limitation
in WBRs have included supplemental dosing with exogenous
labile C22–24 but this can be difficult to operationalize in
practice in decentralized WBR systems.

Recent research with woodchip media from a 6-year old
WBR has demonstrated that periodic redox fluctuations,
achieved by drying and rewetting the reactor, increase nitrate
removal rates as well as concentrations of total C and DOC
concentration in WBR effluent.25,26 The authors linked the
faster NO3

− removal to greater C bioavailability, presumably
driven by enhanced decomposition of woodchip biomass
during oxic periods.25,27 However, other studies did not
observe increased NO3

− removal rates following drying–
rewetting of WBRs.28 While drying–rewetting (DRW) cycles
may be beneficial for accelerating denitrification rates in
some cases, they are typically associated with enhanced N2O
emissions,29 as the N2O reductase enzyme, NosZ, is more
sensitive to oxygen (O2) inhibition than upstream N-reducing
enzymes that reduce NO3

− to N2O.
30–33 This can lead to N2O

accumulation in microaerophilic environments, and oxic-
anoxic cycling in soils often increases N2O production and
emissions.34,35 A recent study with a WBR experiencing DRW
cycles showed an increase in dissolved N2O concentrations
one day after re-saturation.28

The objective of this study was to clarify the impact of
redox fluctuations on coupled N and C metabolisms in
WBRs, with a focus on N dynamics in the oxic–anoxic
transition following the re-saturation of woodchip media. We
originally hypothesized that DRW cycles would increase NO3

−

removal rates by increasing bioavailable C but would
simultaneously increase the undesirable production and
export of N2O from WBRs.

2. Materials and methods
Model woodchip bioreactor flowthrough experiments

Horizontally oriented laboratory model woodchip bioreactors
(1.5 m length × 0.1 m inner diameter) were constructed in
duplicate using PVC pipe with 8 ports for sampling of

solutes, including dissolved gases, installed along the length
of the reactors (Fig. S1 and S2†). Dissolved oxygen (DO) was
measured via needle-type oxygen microsensors (Presens,
Germany) inserted through septa at 55 cm (“upstream”) and
105 cm (“downstream”). Reactor media consisted of Ash
(Fraxinus sp.) woodchips collected from a 7-year-old
bioreactor treating agricultural tile drainage at the Homer C.
Thompson Vegetable Farm in Freeville, New York, USA.36 The
field bioreactor is continuously saturated, with the exception
of infrequent, extended dry periods when water levels inside
the bioreactor can fall somewhat. Woodchips were
rectangular in shape and averaged approximately 4 cm length
× 2 cm width × 0.5 cm thickness. Woodchips were packed by
hand into the reactors with periodic shaking to allow
woodchips to settle and to facilitate a uniform porosity
within and between reactors. Woodchips were maintained in
the reactors under fully saturated, continuous flow
conditions for 2 months prior to the beginning of the
experiments described here. The drainable porosity,
equivalent to the effective porosity,37 was determined as the
volume of water drained from the woodchip media divided
by the woodchip-filled volume of the reactor. The specific
retention17 was determined as the difference in mass
between wet and dry woodchips after drying overnight at 105
°C. Both drainable porosity and specific retention were
measured from a homogenous mixture from both reactors
following the conditioning period but prior to starting the
experiment. Total porosity was calculated as the sum of
drainable porosity and specific retention. Reactor influent
containing 40 mg L−1 NO3

− as NaNO3, 2.5 mg L−1 NH4
+ as

NH4Cl, and 1.8 mg L−1 PO4
3− as Na2HPO4 at an average pH of

7.7 was fed into the reactors to achieve an approximate
hydraulic retention time (HRT) of 12 hours. The influent was
not degassed prior to being pumped into the reactor.

5- and 8-week experiments (experiments 1 and 2,
respectively, Table 1) were performed to evaluate the impacts
of redox fluctuations on NO3

− removal rates, N2O production,
and C transformations in each reactor. Experiments were
conducted at approximately 20 °C, similar to other laboratory
bioreactor experiments16,17 and to temperatures recorded in
Central New York bioreactors in late summer ∼18 °C (data
not shown). Each experiment included a continuously
saturated (CS) and DRW reactor. Between experiments,
woodchips were removed from reactors, homogenized, and
redistributed to both reactors to ensure similar starting
media. The DRW reactor was subject to weekly drying–
rewetting cycles, with 5 days of saturation followed by a 48 h
dry period before being reflooded (Fig. S3†). Reactor drainage
took approximately 2 hours. The CS reactor was operated
under saturated flow conditions for the duration of the
experiments. As woodchips in experiment 1 and experiment 2
experienced different antecedent conditions (e.g.,
approximately half of the woodchips in the continuously-
saturated bioreactor in experiment 2 would have experienced
DRW conditions during experiment 1), these experiments
should not be considered replicates of one another. However,
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as they are long-term experiments, weekly samplings can be
interpreted as replicates of one another.

Bromide (Br−) tracer tests were used to estimate pore
velocity and dispersion via fits to a 1-dimensional advection–
dispersion equation:

∂C

∂t
¼ D

∂
2C

∂x2
− v

∂C

∂x
(1)

where c is the Br− concentration [M L−3], D is the dispersion
coefficient [L2 T−1], and v is the pore-water velocity [L T−1].
Br− breakthrough curves were fit using the CXTFIT package
of STANMOD38,39 to estimate v and D. The mean residence
time (MRT) associated with each sampling port at a distance
L along a reactor was calculated as L/v.

Sample collection and analysis

Routine sampling was conducted twice per week,
corresponding to 1 day and 4 days after re-flooding of the
DRW reactor and collected from ports along the length of the
reactor (Fig. S1†). Water samples were immediately filtered
through a 0.22-micron membrane filter prior to analysis via

ion chromatography (Thermo Scientific Dionex ICS-2100) and
dissolved organic carbon (DOC) using the non-purgeable
organic carbon (NPOC) method (Shimadzu TOC-L). Samples
were analyzed within one week of collection. Samples for
dissolved gas analysis were also collected from reactor ports
and were not filtered but preserved in 50 mM sodium azide
in 9 mL crimp-sealed vials. A nitrogen (N2) headspace of
approximately 5 mL (actual volume was verified
gravimetrically) was introduced, equilibrated with the water
by shaking the vial for at least 5 minutes, and analyzed with
a gas chromatograph (GC) equipped with an electron capture
detector for N2O and a flame ionization detector for methane
(CH4), with a methanizer for analysis of carbon dioxide (CO2)
(Shimadzu GC-2014). Vials were held at room temperature for
no longer than 2 hours prior to N2 introduction and analyzed
within 12 hours of equilibration. In experiment 2, pH was
measured in all samples using a portable pH electrode
(Thermo Orion) immediately after samples were collected
from the reactor. High frequency sampling, which is

characterized by sample collection every few hours
immediately following rewetting, was performed during
experiment 2 to examine changes in DO, N species, and
carbon during the transition from oxic to anoxic conditions,
and the potential for biogeochemical “hot moments” of N2O
production due to microaerophilic conditions.40,41 In high
frequency sampling, only the central four reactor ports (from
36 cm to 125 cm) were sampled for each timepoint.

NO3
− removal rates were determined as the slope of a

least-squares linear model fit to longitudinal NO3
−

concentration profiles as a function of MRT and then
multiplied by the effective porosity of the reactor to report
removal rates normalized by total reactor volume. This zero-
order modeling of NO3

− removal rates appropriately describes
NO3

− removal rates under the range of NO3
− concentrations

used here,16,17 though a recent study has questioned the use
of zero-order kinetics with influent NO3

− concentrations <10
mg NO3

−
–N/L.12 NO3

− removal efficiency was calculated as:

NO3
− Removal Efficiency ¼

NO3;i
−
−NO3;e

−

NO3;i
−

× 100 (2)

N2O production was evaluated as an “effective N2O yield”,
with N2O production along a length of the reactor normalized
by the removal of NO3

− along that length:

N2O Yield ¼

N2Oi −N2O0

− NO3;i
−
−NO3;0

−
� � (3)

where N2Oi is the N2O–N concentration at a downstream port
i [M L−3], N2O0 is the N2O–N concentration in the reactor
inlet [M L−3], NO3,i

− is the NO3
−–N concentration at a

downstream port i [M L−3], and NO3,0
− is the NO3

−
–N

concentration in the reactor inlet [M L−3]. For high frequency
sampling, i represents the sampling port at 125 cm, while o

represents the sampling port at 36 cm.
Dissolved inorganic carbon (DIC) was determined

using headspace GC measurements of CO2 partial
pressure in conjunction with pH and carbonate
equilibrium models.42 We assumed that ionic strength
effects were negligible.

Table 1 Experimental designs and descriptions

Reactor
design Replicates and duration

Experiment
name and
abbreviation Description

Flowthrough Two replicates, each with a continuously saturated
and a drying–rewetting reactor. The first replicate
lasted 5 weeks and the second replicate lasted 8
weeks. There was one drying–rewetting cycle per
week in the DRW reactor

Continuously
saturated (CS)

Reactors were kept under saturated flow conditions
for the duration of the experiment

Drying–rewetting
(DRW)

Reactors were subjected to weekly draining-reflooding
cycles, with 5 days of saturation followed by a 48 hour
dry period before being reflooded

Batch Triplicate sets of both anoxic and oxic–anoxic
reactors operated for 2 weeks

Anoxic reactor
(AR)

Maintained under permanently anoxic conditions

Oxic–anoxic
reactor (OAR)

Aerated for 24 hours via air sparging, sealed anoxically
for 24 hours, aerated for 96 hours, sealed anoxically
for 48 hours, and then aerated for 6 days

Environmental Science: Water Research & Technology Paper
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Woodchip bioreactor batch experiments

Woodchip batch experiments in 250 mL media bottles were
performed with the objective of characterizing effects of
antecedent oxic periods on the quantity and quality of organic
C mobilized from lignocellulosic woodchips. Media bottles
were closed with bromobutyl rubber stoppers to allow liquid to
be extracted from anoxic reactors. Ash woodchips, collected
from the bioreactor at the Homer C. Thompson Vegetable
Farm, were initially incubated in a synthetic media solution of
200 mg L−1 NO3

− as NaNO3, 250 mg L−1 KCl, 84 mg L−1

NaHCO3, 24 mg L−1 NaH2PO4, and a trace element solution
(Table S1†) for approximately 72 hours in anoxic conditions.
110 g of wet weight woodchips per reactor were then separated
into two sets of triplicate batch reactors maintained in the
dark. Anoxic reactors were kept permanently anoxic, while
oxic–anoxic reactors were aerated for 24 h via air sparging,
sealed anoxically for 24 h, aerated for 96 h, sealed anoxically
for 48 h, and then aerated for 6 days. Following these
conditioning steps, both anoxic and oxic–anoxic reactors were
decanted, rinsed with the batch reactor synthetic media
solution, and then refilled with the batch reactor synthetic
media solution. All reactors were sparged with N2 for 1 hour
and then incubated anoxically in the dark with gentle shaking.
Samples collected over the next ∼120 hours were filtered and
analyzed for DOC and for NO3

− and low molecular weight
organic acids via ion chromatography. Samples were collected
approximately every 1–2 h for the first 10 h and then sampling
was relaxed to 1–2 samples per day for the final ∼100 h.
Aromaticity of the soluble C pool was assessed via specific
ultraviolet absorbance (SUVA254).

43 Absorbance at 254 nm was
determined using a UV-vis spectrophotometer (Shimadzu UV-
2600) and was normalized by the DOC concentration.

Statistical methods

Statistically significant differences among means under
different hydraulic regimes were evaluated via one-way ANOVA,
Welch one-way ANOVA, or Kruskal–Wallis rank sum tests as
appropriate (Table 2). ANOVA assumptions of homogeneity of
variance and normality were assessed via Levene's test and
Shapiro–Wilk test, respectively. Multiple pairwise-comparisons
were evaluated using either Tukey's honest significant
difference, Games–Howell, or Wilcoxon rank sum post hoc

tests. Statistical analyses were implemented in R44 and
evaluated at the 95% confidence level.

3. Results
Bioreactor hydrodynamics and redox cycling

The effective porosity and specific retention were determined
to be 0.58 and 0.31, respectively – similar to previously reported
values for woodchip media.45 Total porosity was 0.89. Mean
hydraulic retention times (MRTs) determined from bromide
tracer tests were similar to each other, ranging from 13.4 to
16.0 hours (Table 3, Fig. S4–S7†). Additional hydraulic
parameters are reported in the ESI† (Table S2). DO
concentrations were commonly <0.1 mg L−1 in the CS reactor
(Fig. S8–S11†). In the DRW reactor, O2 levels immediately
increased when reactors were drained and the reactor volume
filled with atmospheric air. O2 levels then slowly decreased over
the 48 hour dry period before declining quickly (<2 h) to <0.3
mg L−1 when reactors were re-saturated and the DO sensors re-
submerged (Fig. 1 and S12–S14†). We acknowledge that the
downstream DO sensor in the CS reactor records higher DO
concentrations than the upstream sensor, an unexpected result
(Fig. S9 and S11†). This was attributed to a leak in the septum
where the “needle-type” microsensor pierces a septum to enter
the reactor, so we expect this to be a localized phenomenon
that would not impact a large fraction of the reactor.

Nitrogen transformations

DRW reactors exhibited greater overall mean ± s.d. NO3
−

removal efficiencies, (90.1 ± 11.9 and 94.1 ± 7.8% removal in
experiments 1 and 2, respectively) than CS reactors (46.7 ±
4.2 and 72.9 ± 12.9% removal) (Fig. 2A and B) and faster
NO3

− removal rates (Fig. 2C and D). In experiment 1, mean
exported NO3

− concentrations were 20.20 ± 4.59, 1.09 ± 0.28,
and 5.05 ± 3.62 mg L−1 NO3

− in CS, DRW 1-day post re-
saturation (DRW-1), and DRW 4 days post re-saturation
(DRW-4), respectively. Statistically significant differences were
observed between CS and DRW-1 (p = 0.002) and CS and
DRW-4 (p = 0.002). Mean exported NO3

− concentrations
between DRW-1 and DRW-4 were not significantly different
(p = 0.151). In experiment 2, mean exported NO3

−

concentrations were 12.2 ± 5.70, 0.43 ± 0.40, and 4.79 ± 3.87
mg L−1 NO3

− in CS, DRW-1, and DRW-4, respectively.
Statistically significant differences were observed between CS
and DRW-1 (p < 0.001), CS and DRW-4 (p = 0.004), and
DRW-1 and DRW-4 (p = 0.036).

Mean NO3
− removal rates are summarized in Table 3.

Goodness of fit for linear models of NO3
− profiles from

Table 2 Statistical tool summary

Examined metric
Experiment
replicate

ANOVA assumption validity

Resulting statistical
analysis tool Post-hoc test

Homogeneity of
variance Normality

Exported nitrate 1 ✗ ✗ Kruskal–Wallis rank sum Wilcoxon rank sum
2 ✗ ✓ Welch one-way ANOVA Games–Howell

Nitrate removal rate 1 ✓ ✓ ANOVA Tukey
2 ✓ ✓ ANOVA Tukey

N2O yield 1 ✓ ✓ ANOVA Tukey
2 ✗ ✓ Welch one-way ANOVA N/A: no difference among means

Environmental Science: Water Research & TechnologyPaper
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individual sampling dates was assessed as an adjusted R2

metric, which ranged between 0.77–0.99 and averaged 0.88
across all model fits. In all cases, NO3

− removal rates were
significantly higher in DRW-1 than in CS conditions. In
experiment 1, statistically significant differences were
observed between CS and DRW-1 (p < 0.001) and CS and
DRW-4 (p < 0.001), with significantly higher removal rates in
the DRW reactors. There was no significant difference in
NO3

− removal rates between DRW-1 and DRW-4 (p = 0.059).
In experiment 2, significantly higher removal rates were
observed in DRW-1 compared to CS conditions (p < 0.001).
NO3

− removal rates between CS and DRW-4 were not
significantly different (p = 0.057). While NO3

− removal in
DRW reactors were similar in experiments 1 and 2, NO3

−

removal rates in CS reactors increased from experiment 1 to
2. This led to smaller differences between DRW and CS
reactors in experiment 2 (Fig. 2C and D).

N2O concentration profiles are shown in Fig. 3A and B, and
N2O yields are summarized in Table 3 and Fig. 3C and D. The

N2O yield reported in Table 3 is the yield at the reactor port at
135 cm because this represents the dissolved N2O that would
be released in reactor effluent, which is the dominant N2O
release pathway from WBRs.28,46 N2O yields were highly
variable from week to week, varying by up to 3 orders of
magnitude in the same location in the bioreactor in the same
experiment. Negative N2O yields were commonly observed,
indicating that at times the reactors served as a net sink of
N2O. This was due to non-zero N2O in the reactor influent
(Fig. 3A and B). Analysis of statistically significant differences
in N2O yields was performed by pooling all 5 or 8 weeks of data
into “upstream” ports (the first three sampling ports) or
“downstream” ports (the final three sampling ports). N2O yields
were generally higher in the upstream sampling ports of the
DRW reactor (Fig. S15 and S16†) than the downstream ports
(Fig. 3C and D), indicating net production of N2O in upstream
portions of the reactor followed by net consumption in
downstream portions. In experiment 1, N2O yields in
downstream ports were significantly higher in the CS reactor
than in DRW-1 (p < 0.001) and DRW-4 (p < 0.001), leading to
lower effluent N2O concentrations in DRW conditions (Fig. 3C).
There was no significant difference between mean N2O yields
in DRW-1 and DRW-4 (p = 0.890). This indicates that, after
normalizing N2O production by the removed concentration of
NO3

−
–N, there was less production of N2O in the DRW reactor

both 1 and 4 days after re-saturation. In experiment 2, there
was no significant difference in the N2O yield between the CS
and DRW reactors (p = 0.3), and similar concentrations of
dissolved N2O were released in reactor effluent (Fig. 3B).
Similar to the experimental results for nitrate removal rates,
there were clearer differences in N2O production between CS
and DRW reactors in experiment 1 compared to experiment 2.

Carbon quantity and quality

In the CS reactor, DOC concentrations were <4.0 mg C/L for all
sampling ports (Fig. 4 and S17†). There was little variation in
DOC as a function of length within CS reactors, or as a function
of time over the five- or eight-week duration of the experiment
(Fig. S17 and S18†). DIC ranged from 9.7–33 mg C/L in CS

Table 3 Nitrate removal rates and N2O product yields

Experiment
Reactor hydraulic
regime

HRT
(h)

Average
temperature (°C)

Average nitrate removal rate
(g N m−3 day−1)

Average effective N2O Yielda

mg N2O–N (mg NO3
−
–N)−1

Experiment 1 Continuously saturated (CS) 15.1 19.6 4.8 ± 0.7 8.1 × 10−3 ± 2.1 × 10−3

Drying–rewetting (DRW) 13.4 19.6 1 day post re-saturation (DRW-1):
11.2 ± 0.7

1 day post re-saturation (DRW-1):
1.4 × 10−4 ± 6.4 × 10−4

4 days post re-saturation (DRW-4):
9.6 ± 1.3

4 days post re-saturation (DRW-4):b

−3.6 × 10−4 ± 5.2 × 10–4

Experiment 2 Continuously saturated (CS) 15.2 20.2 7.2 ± 0.9 −2.7 × 10−4 ± 2.4 × 10–3b

Drying–rewetting (DRW) 16.0 20.2 1 day post re-saturation (DRW-1):
9.8 ± 0.8

1 day post re-saturation (DRW-1):b

4.0 × 10−4 ± 7.1 × 10−4

4 days post re-saturation (DRW-4):
8.1 ± 0.5

4 days post re-saturation (DRW-4):
−7.5 × 10−4 ± 2.2 × 10–3

a Calculated using eqn (3), where i represents the sampling port at 135 cm. b Negative value represents consumption of N2O between
sampling points.

Fig. 1 Dissolved oxygen (DO) concentrations at the downstream DO

sensor in the drying–rewetting bioreactor of experiment 2. The dashed

and dotted lines indicate the timing of pore water sampling 1 (DRW-1)

and 4 (DRW-4) days after reactor re-saturation.
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reactors, and were typically ∼15 mg C/L. Dissolved CH4

concentrations were negligible in the CS reactor throughout the
experiment. In the DRW reactor, DOC and DIC exhibited
substantial spatial and temporal variability, and in many cases
were significantly higher than in the CS reactor (Fig. 4 and S19
and S20†). DOC concentrations one day post re-saturation (see
example data from days 19 and 40 in Fig. 4) in the downstream
half of the reactor were usually between 5–7 mg C/L, compared
to 2–3 mg C/L in the CS reactor. DOC concentrations were
higher in downstream sections of the DRW reactor than
upstream portions. By day 4 post re-saturation, DOC
concentrations for the most part had decreased to the 2–3 mg
C/L range throughout the reactor. DIC concentrations, which
reflect the effects of microbial respiration, ranged from 45–65
mg C/L in downstream sections of the DRW reactor on day 1
post re-saturation, decreasing to 20–30 mg C/L on day 4 post re-

saturation. Counterintuitively, CH4 concentrations were higher
in the DRW reactor experiencing periodic oxic conditions than
the CS reactor. In contrast to DOC and DIC, CH4 concentrations
were similar on days 1 and 4 post re-saturation.

Transition from oxic to anoxic conditions

Results of high-frequency pore water analysis in the 20 h
after reactors were re-saturated in weeks 1, 3, 6, and 8 of
experiment 2 are summarized in Fig. 5. In most cases, NO3

−

removal rates across the central 89 cm of the reactor
measured during high-frequency analysis were highest
immediately following re-saturation and exhibited a declining
trend over time. The highest observed NO3

− removal rate
(14.2 g NO3

−–N m−3 day−1) occurred during week 6 and
represented an increase of 45% from the mean nitrate

Fig. 2 (A and B) Nitrate profiles along the length of reactors. The x-axis represents distinct sampling ports, with mean residence time (MRT)

determined as length along the reactor/porewater velocity. The differences in sample MRTs between CS and DRW reactors occurs because of

slightly different porewater velocities. Symbols show mean values and error bars show standard deviation. (C and D) Nitrate removal rates under

varying hydraulic conditions. Panels (A) and (C) are from experiment 1. Panels (B) and (D) are from experiment 2.
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removal rate 24 h following re-saturation and a 75% increase
over the mean 96 h after re-saturation (Table 3). NO3

−

removal rates were elevated immediately after re-saturation
despite the presence of elevated DO in upstream portions of
the reactor at those times (Fig. 5A), and week 6 was
associated with a higher-than-usual DO concentration in the
post re-saturation period. NO3

− removal rates in week 1 were
generally lower than in following weeks and were the only
instance in which there was not a clear decline in NO3

−

removal rate as a function of time post re-saturation.
The effect of the oxic–anoxic transition on effective N2O

yields changed over the course of the experiment. In weeks 1
and 3, N2O yields were positive in the period 4 to 10 h after
re-flooding and declined as a function of time (Fig. 5C). This
is consistent with the theory that transient microaerophilic

conditions inhibit N2O reduction and lead to higher N2O
yields. However, in weeks 6 and 8, N2O yields exhibited a
different pattern, with negative yields in the immediate post
re-saturation period increasing over time before converging
to yields similar to those observed in weeks 1 and 3 after 10
h. Notably, weeks 6 and 8 also had higher DO concentrations
in this initial 10 h period than weeks 1 and 3 (Fig. 5A). The
change in DIC (ΔDIC) over the central portion of the reactor
from 36 to 125 cm was examined to assess whether the
negative N2O yields in weeks 6 and 8 were associated with
signatures of greater C availability than weeks 1 and 3. Weeks
1, 6, and 8 were all characterized by an increase in ΔDIC over
time, indicating an increase in C respiration with time post
re-saturation. However, ΔDIC was not consistently greater in
weeks 6 and 8 than week 1. Week 3 exhibited a different

Fig. 3 (A and B) Dissolved nitrous oxide (N2O) profiles in different hydraulic regimes. The x-axis represents distinct sampling ports, with mean

residence time (MRT) determined as length along the reactor/porewater velocity. The differences in sample MRTs between CS and DRW reactors

occurs because of slightly different hydraulic retention times in the two reactors. Symbols show mean values and error bars show standard

deviation. (C and D) Effective N2O yields in downstream sampling ports (ports located at 0.86, 1.25, and 1.35 m), as defined in eqn (3). Panels (A)

and (C) are from experiment 1. Panels (B) and (D) are from experiment 2.
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trend, with ΔDIC beginning at a higher level than in the
other weeks and decreasing with time. More post re-
saturation data up to 80 h for weeks 3 and 6 as well as
additional analysis of correlations among pore water solutes
during oxic–anoxic transitions are available in the ESI† (Fig.
S21–S28).

Batch reactor experiments

A follow-up set of batch reactor experiments was performed
to complement flow-through reactor experiments and
examine effects of antecedent oxic conditions on the quality
of DOC mobilized from woodchips during subsequent anoxic
periods. Woodchip media exposed to oxic–anoxic cycling
demonstrated faster overall NO3

− removal compared to the
permanently anoxic reactor (Fig. 6A). The oxic–anoxic reactors
(OAR) required fewer than 24 hours for complete NO3

−

removal while the anoxic reactors (AR) required at least 76
hours for complete NO3

− removal.
Carbon release from the OARs greatly exceeded that of the

ARs (Fig. 6B). After 125 hours, DOC concentrations in the
OARs exceeded 100 mg C/L compared to concentrations in
the ARs of approximately 30 mg C/L. Quantification of select
low molecular weight organic acids (LMWOAs) revealed the
dominant LMWOAs to be acetate and propionate. Butyrate
was detected but contributed a negligible amount to total

DOC. Acetate concentrations began to increase in the OAR
after 50 h, while in the AR acetate only began to increase in
the final sample, after NO3

− was fully depleted. Acetate
comprised ∼35% of the DOC in both the OARs and ARs in
later timepoints, while propionate never exceeded 20% of the
total DOC. SUVA analysis revealed a significantly lower
aromaticity of the DOC pool in the OARs compared to ARs
(Fig. 6C). In the OARs, SUVA declined by approximately 30%
from hour 53 to 126 and was lower than SUVA in the ARs in
all the measured samples. In the ARs, SUVA decreased by a
factor of nearly 3 in the same timeframe from 2.75 L mg C−1

m−1 to 0.96 L mg C−1 m−1.

4. Discussion
Effects of drying–rewetting cycles on carbon release and

nitrate removal rates

This study confirms that DRW conditions significantly
increase NO3

− removal rates in WBRs. While this had been
shown in some prior work,16,25,26,47 a recent study, using a 54
h dry period in bench top WBRs, did not observe an increase
in NO3

− removal rates following repeated bioreactor DRW
cycles.28 The lack of a response may have been due to the use
of relatively fresh woodchips and correspondingly high DOC
levels even in the absence of DRW, or to NO3

− limitation.
Here, we show that NO3

− removal rates were highest

Fig. 4 Profiles of dissolved inorganic carbon (DIC), dissolved organic carbon (DOC), and methane (CH4–C) from select sampling days in

continuously saturated (CS) and drying–rewetting (DRW) reactors. Each bar represents a discrete water sampling port, with mean residence time

(MRT) determined as length along the reactor/porewater velocity.
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Fig. 5 Porewater chemistry immediately following reactor rewetting during drying–rewetting (DRW) cycles 1, 3, 6, and 8. The x-axis represents

the time of sampling relative to the re-flooding of the DRW reactor. The first samples were collected at roughly 5 h post re-saturation because it

took 5 h for the water level to reach the sampling ports. Time 0 represents the start of rewetting. (A) Dissolved oxygen concentrations at upstream

and downstream sensors; (B) nitrate removal rates; (C) effective nitrous oxide yields; (D) change in dissolved inorganic carbon (ΔDIC) from

sampling location at 36 to 125 cm at each time point.

Fig. 6 Aqueous nitrate removal and carbon quantity and quality in woodchip batch reactors conditioned under anoxic or oxic–anoxic conditions.

At time 0, batch reactors were supplied with a fresh nutrient solution and all reactors were incubated anoxically. Symbols or bars show mean

values and error bars show the standard deviation of n = 3 reactors (A) nitrate removal; (B) mobilization of dissolved organic carbon and low

molecular weight organic acids into solution; (C) specific ultraviolet absorbance (SUVA) at three different time points.
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immediately after reactors were re-saturated and decreased
from a maximum value of 14.2 g N m−3 d−1 to 8.1–9.6 g N
m−3 d−1 four days after re-saturation. Mean NO3

− removal
rates in CS reactors were 4.8–7.2 g N m−3 d−1. These rates fall
within the range of previously reported values for woodchip
bioreactors.16,25 For example, Maxwell et al. observed mean
NO3

− removal rates of 12.3 and 8.9 g N m−3 d−1 for DRW and
CS reactors, respectively.25 Maxwell et al. used 8 h dry periods
and observed that NO3

− removal rates in DRW reactors
remained higher than rates in CS reactors up to 7 d after
reactor re-wetting.25 Our study produced mixed results on the
longevity of enhanced NO3

− removal rates following a longer
48 h drainage period. In experiment 1, NO3

− removal rates 4
d after the dry down were double the rates in the CS reactor,
while in experiment 2 the mean rates in DRW-4 and CS were
not significantly different. The lack of a significant difference
between CS and DRW-4 in experiment 2 was largely due to a
50% increase in NO3

− removal rates in the CS reactor between
experiments 1 and 2. It is possible that the homogenization
of woodchips between experiments contributed to this
change, since half of the woodchips in the experiment 2 CS
reactor had experienced DRW conditions in experiment 1,
and the effects of antecedent DRW conditions on enhancing
woodchip C release may have carried over into the
experiment 2 CS reactor. NO3

− profiles along the reactor in
Experiment 2 exhibited a “kink” at an MRT of approximately
10 hours, which coincided with an increase of DOC and DIC,
suggesting a potential role for C release processes in
observed increases in NO3

− removal rates in the latter portion
of the column.

There was no evidence for elevated DO concentrations in
the oxic–anoxic transition inhibiting NO3

− reduction. The
highest NO3

− removal rates, usually observed in the first
samples collected at roughly 5 h post re-saturation,
sometimes had DO levels up to roughly 0.5 mg L−1 at the
upstream DO sensor (Fig. 5A). While 0.2–0.3 mg L−1 is
generally considered to be the O2 concentration threshold for
the onset of denitrification,48 in some aquifer systems this
threshold could be as high as 2 mg L−1.49,50 It should be
recognized however that the measured O2 concentrations in
this system reflect the DO in the bulk porewater and more
anoxic conditions will occur in the denitrifying biofilms. The
highest NO3

− removal rates in the oxic–anoxic transition were
observed in week 6 (Fig. 5B), which corresponded to
anomalously high DO concentrations at both upstream and
downstream DO sensors. This DO anomaly is attributed to
the removal of caps on woodchip sampling ports (Fig. S1†),
for collecting woodchip samples for microbial analyses which
will be reported in a forthcoming study.

Our study supports the theory that DRW conditions lead
to faster NO3

− removal rates by increasing soluble C
mobilization from woodchips. Total carbon (TC)
concentrations in the CS bioreactor of 15–30 mg C/L were
similar to values reported elsewhere,25 but concentrations in
the DRW reactor effluent >60 mg C/L were greater than those
reported before. This may be due to the longer HRTs in our

systems (13–16 h) compared to HRTs in the prior study (8 ± 2
h).23 Increases in TC along the length of the DRW reactor
were primarily driven by changes in DIC, with only small
increases in DOC. This suggests that organic C mobilized
from woodchips was quickly oxidized to CO2. The increase in
ΔDIC with time after re-saturation observed during most
weeks (Fig. 5D) suggests that respiration increased as more
NO3

− – rich floodwater flowed through the woodchip media.
A notable result in this study was the observation of dissolved
CH4 in the DRW reactors, while concentrations in the CS
reactors were negligible. The presence of CH4 in the bulk
fluid one day after re-saturation, and in water samples
containing NO3

− (Fig. 2A), points to microbial activity in
deeply reducing microenvironments in woodchip-attached
biofilms or inside the woodchip51 in DRW conditions. The
lack of DIC and/or CH4 accumulation in the DRW reactors
before the final two water sample points may be due in part
to the presence of a headspace in woodchip sampling ports
upstream of the final water sample points that could harbor
a reservoir of CO2 or CH4 (Fig. S1 and S2†).

Batch experiments provided further support for links
between antecedent oxic conditions, greater organic C
mobilization from woodchips, and faster NO3

− removal rates.
Woodchips in the oxic–anoxic reactor released roughly three
times as much DOC as the woodchips in the anoxic reactor.
There was a notable difference in the aromaticity of the
soluble organic carbon pool between the oxic–anoxic and
anoxic reactors. Lignin is a phenolic heteropolymer, so the
aromatic dissolved C fraction in the bioreactors is most
probably derived from lignin. The lower aromaticity in the
oxic–anoxic reactor therefore reflects (a) greater oxidative
ring-opening of aromatic structures and/or (b) a greater
contribution of cellulose- or hemicellulose-derived carbon.
Both cases are consistent with the theory that antecedent oxic
conditions unlock labile fractions of woodchip carbon.

Effects of drying–rewetting cycles on nitrous oxide

We originally hypothesized that drying–rewetting cycles
would increase N2O production in WBRs, particularly in the
transition from oxic to anoxic conditions, due to O2

inhibition of NosZ enzymes. We recently showed that the
internal pores of woodchips harbor trapped gas phases after
water levels rise in woodchip bioreactors,52 suggesting that
O2 may persist inside woodchips after it is depleted in the
bulk fluid and underscoring the potential for drying–
rewetting events to lead to microaerophilic conditions inside
reactors. Interpretation of differences in N2O concentrations
within WBRs was complicated by non-zero levels of N2O in
the reactor influent (Fig. 3A and B). This may have resulted
from nitrification of NH4

+ in the reactor influent and was not
intentional, but it does represent field conditions, where N2O
produced in soils or in tile drains is introduced to
bioreactors.53 Because of this, we used effective N2O yields to
evaluate the effects of drying–rewetting treatments on N2O
dynamics, since this accounted for the change in N2O
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concentrations relative to the influent (eqn (3)). Results from
1 and 4 days post re-saturation showed that our original
hypothesis was not correct. N2O yields were either lower
(experiment 1) or not different (experiment 2) in DRW
reactors compared to CS reactors (Fig. 3C and D). One
explanation for lower N2O yields is that greater C availability
accelerated microbial N2O reduction along with faster NO3

−

reduction, as has been postulated by Feyereisen et al.23 While
our previous work suggested that water level draw-downs
could release N2O held in trapped gas phases,52 we did not
observe this here based on occasional measurements of
bioreactor air (data not shown).

Data from the oxic–anoxic transition showed that in weeks
1 and 3 there was a transient increase in N2O yields in the
first hours after re-saturation that decreased with time and
decreasing DO, consistent with our expectation. However, by
weeks 6 and 8 this pattern reversed, and the immediate post
re-saturation period was characterized by low N2O yields that
increased with time and decreasing DO. This difference
between early and late phases of the experiment was not
explained by differences in DO, since DO concentrations were
higher in weeks 6 and 8 than 1 and 3 (Fig. 5A). One plausible
explanation would be that greater C release in the immediate
post re-saturation phase of weeks 6 and 8 accelerated N2O
reduction despite higher DO, perhaps due to a cumulative
effect of bioreactor drainage events, but evidence for this is
mixed. Weeks 6 and 8 do not exhibit systematically higher
ΔDIC than weeks 1 and 3 in the post re-saturation phase
(Fig. 5D and S36†). However, week 8 does exhibit significantly
higher DOC than all other weeks and week 6 exhibits
significantly higher DOC concentrations than week 1 (Fig.
S35†). The difference in N2O yields in the immediate post re-
saturation between weeks 3 and 6 does not persist after 20 h
(Fig. S23†). While Fig. 5C does reveal that oxic–anoxic
transitions may at times lead to transient increases in N2O
yields, a Kruskal–Wallis rank sum test showed that the mean
N2O yields in the period up to 30 h after re-saturation in
weeks 1 and 3 were not significantly greater than the N2O
yields measured in the CS reactor (p = 0.092).

This is among the first studies to evaluate the impact of
drying–rewetting conditions on N2O dynamics in WBRs.
Manca et al. recently evaluated N2O dynamics in WBRs
experiencing drying–rewetting cycles and showed that
dissolved N2O concentrations in bench-top WBRs were higher
1 day after re-saturation compared to 3 and 5 days after re-
saturation.28 They did not compare their results in DRW
reactors to data in continuously saturated reactors, so the
overall effect of DRW cycles on N2O dynamics was difficult to
assess. Our study did not show that DRW cycling increased
N2O yields compared to CS reactors 1 or 4 days post re-
saturation, most probably due to greater carbon availability
in DRW reactors.

The lack of significant enhancement in N2O accumulation
in the transition from oxic to anoxic conditions indicates that
greater C availability outweighs inhibitory effects of O2 and/
or that O2 inhibition of N2O reduction was minor or short-

lived. DO concentrations as low as 0.6 mg L−1 have been
shown to significantly inhibit N2O reduction rates by up to
90% in numerous bacterial strains, with some strains unable
to reduce N2O until DO was completely depleted.54 DO
concentrations at the upstream sensor of the WBRs were in
this range up to 10 h after re-saturation in weeks 6 and 8,
and in week 6 the downstream sensor position was also
characterized by DO concentrations in this range (Fig. 5A).
Notably, weeks 6 and 8 were also characterized by the lowest
N2O yields, with reactors acting as an N2O sink (negative N2O
yields) in several cases (Fig. 5C). So, there was no clear
evidence of a link between microaerophilic O2 levels and
inhibited N2O reduction in the oxic–anoxic transition even
though DO levels observed in the bioreactor have been
associated with inhibited N2O reduction elsewhere. Prior
studies have shown that N2O-reducing microorganisms
recover most of their N2O reducing activity within 1–4 h after
O2 has been depleted,54,55 and this relatively fast recovery
may contribute to the lack of N2O accumulation during the
oxic–anoxic transition. While there have been investigations
into the microbial community of denitrifying woodchip
bioreactors in recent years,20,56–58 there has been little
focused study of the N2O-reducing community, so it is not
clear how well the results of pure culture studies translate to
the bioreactor community.

Implications for field operation of woodchip bioreactors

This study suggests that implementation of DRW cycles in
woodchip bioreactors has the potential to increase NO3

−

removal rates without increasing N2O production, and that
DRW cycles may, in fact, diminish N2O production compared
to traditional, continuously saturated conditions. With recent
innovations in “smart” water infrastructure,59–61 cost-effective
capabilities for automating drying and rewetting of woodchip
bioreactors based on sensor feedbacks or precipitation
forecasting are in reach. A key need for future research is to
determine the optimal duration of dry periods and
periodicity of drying–rewetting cycles so as to maximize NO3

−

removal rates while minimizing dry periods when water will
be discharged directly to surface waters without treatment.
The 8 h dry periods used in Maxwell et al.25 resulted in
comparable increases in NO3

− removal rate as the 48 h dry
periods tested in this study, suggesting that marginal
increases in carbon release with time may be small and that
shorter dry periods may be optimal.25 However, in a separate
study, Maxwell et al.16 found that increased durations of 2, 8,
and 24 hour drying periods during a weekly cycle produced
dramatically higher NO3

− removal rates with longer
unsaturated periods.16 The effect of the duration of
unsaturated periods on C release, and its interaction with
variables including woodchip age, temperature,45 and water
chemistry, thus remain unclear and merit further attention.
Effects of DRW management on N2O dynamics are also likely
to be temperature-dependent, since N2O reduction rates are
thought to be more temperature-sensitive than the reduction
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rates of upstream nitrogen oxide species.62 While evaluating
effects of HRT variability on N2O yields was beyond the scope
of this study, HRT is a critical determinant on WBR N
dynamics63–65 and other processes.67 N2O measurements
from experiment 1 in particular support a conceptual model
of net N2O production followed by net N2O consumption,66

so it is probable that shorter HRTs could lead to greater N2O
yields if the system effluent is shifted towards the net N2O
production regime.

Implementation of DRW management of WBRs will most
likely accelerate the depletion of the woodchip media and
reduce the effective lifetime of WBRs.13 Woodchip replacement
may significantly contribute to the life cycle cost of WBRs,68

though reports of woodchip replacement costs in the literature
are limited. More research is needed to determine the
economic trade-offs, from the perspective of life cycle cost per
unit NO3

− removed, incurred by woodchip media replacement.
Another concern associated with DRW practices is the direct
release of untreated tile drainage during drained periods, but
this could be addressed by building parallel bioreactors so that
one is always available for treatment.

Optimizing the benefits of DRW cycling for NO3
− removal

also requires further investigation into the biogeochemical
mechanisms driving faster C mobilization from woodchips in
DRW conditions. Our study produced novel results that
antecedent oxic periods lead to a water-soluble organic C pool
with lower aromaticity than a permanently anoxic reactor,
highlighting the importance of lignin breakdown and
liberation of cellulose and hemicellulose for WBR performance.
Fungi are the primary drivers of lignocellulose breakdown in
the environment, through oxygen-dependent enzymes or
production of reactive oxygen species via Fenton reactions.69

Both of these pathways would be enhanced by alternating oxic–
anoxic conditions in bioreactors. Fungal bioaugmentation
could therefore be an important strategy for optimizing WBR
performance under DRW cycling. Augmentation with
manganese (Mn) may also serve an important role, since Mn
has been shown to regulate rates of lignocellulose decay,70,71

presumably due to the role of manganese peroxidase enzymes
in lignin breakdown. These processes will require focused
study in the context of denitrifying woodchip bioreactors before
recommendations on how to optimize reactor biological and
chemical properties for enhanced breakdown of lignocellulosic
carbon can be made.
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