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Abstract

Woodchip bioreactors are extensively used to remove excess nitrate from subsurface drainage
waters. These systems, as are all natural treatment systems existing at the edge-of-field, are subject to
pulses of flow and nitrate concentrations following rainfall events. It is known that flow affects the mass
of nitrate removed, as it controls the time that water may reside in these systems. However, it is unclear
whether flow and concentration pulses affect removal rates, i.e., the mass of nitrate removed per unit
volume of bioreactor per unit residence time. While denitrification may be enhanced as increased flow
activates more pores where water would otherwise be stagnant, additional oxygen to the reactor may
inhibit denitrification. Increased concentration is expected to increase concentration gradients at the
microscale, hence increasing the overall removal rates. To determine the effects of increasing flow rate
and concentration independently as well as in combination, a 4-month lab experiment was designed and
performed on a 0.3 m by 0.3 m by 2.4 m-long lab bioreactor to obtain hourly nitrate and dissolved organic
carbon (DOC) concentrations at twelve locations along the bioreactor filled with woodchips. The results
demonstrate that the removal rates during pulses were up to four times greater than the removal rates
during baseline conditions. These results are important because they demonstrate a potential to
revolutionize the design, operation, and management of bioreactors and other edge-of-field subsurface

treatment systems in the field.



Introduction

Nitrate is the stable inorganic form of reactive nitrogen in aerobic conditions. The doubling of
nitrogen fixation from atmospheric N2 by anthropogenic activities (e.g., industrial production of fertilizer,
fixation by agricultural crops, and combustion of fossil fuels; Fowler et al., 2013) has rendered nitrate to
be the preponderant reactive nitrogen form in streams and groundwater. Excess nitrate can result in
environmental problems such as eutrophication and harmful algae blooms in coastal waters (e.g., National
Research Council, 2000; Anderson et al., 2002). Natural systems such as wetlands, existing or installed
near nitrate sources such as artificial drainage water, remove nitrate through denitrification which requires
anoxic conditions, the availability of nitrate as the electron acceptor, and an abundance of organic
material to act as the electron donor (Van Cleemput et al., 2007).

Engineered denitrifying bioreactors installed at the edge-of-field utilize the same basic processes
as wetlands; in saturated, anaerobic conditions, a carbon source such as woodchips serves as the energy
source or electron donor while nitrate provides the electron acceptor, allowing denitrification to occur and
reduce nitrate into nitrogen gases that escape the aquatic environment (Addy et al., 2016). Woodchips are
often used as a carbon source in denitrifying bioreactors as a cost-efficient, high carbon-to-nitrogen-ratio
material with slow carbon depletion (Healy et al., 2012). Woodchip bioreactors are used in numerous
applications such as treatment of water from livestock farms, crop fields, aquaculture and hydroponics
systems, as well as urban and stormwater applications (Maxwell et al., 2019a).

Research has shown that denitrification rates within woodchip bioreactors are variable and can be
affected by a variety of factors within the system including nitrate concentration, water temperature,
hydraulic retention time, wood chip age, and drying-rewetting cycles (Addy et al., 2016; David et al.,
2016; Maxwell et al., 2019a, 2019b). In most agricultural settings, nitrate is available in excess, and
denitrification is generally limited by accessible labile carbon within the bioreactor. When nitrate is
present in low enough concentrations to limit denitrification, increasing the amount of nitrate increases
nitrate removal rates (Schipper et al., 2010). Woodchip bioreactors demonstrate highest removal rates

when nitrate concentrations are above 30 mg N/L and show lowest removal rates with concentrations



below 10 mg N/L (Addy et al., 2016). Nitrate removal rates in bioreactors have been shown to decrease
with lower water temperatures (\VVolokita et al., 1996) with temperature acting as a particularly limiting
factor in older woodchip bioreactors (Addy et al., 2016; David et al. 2016; Maxwell et al., 2020).
Bioreactors require sufficient time for nitrate removal with decreased nitrate removal rates observed when
retention times are less than 6 hours (Addy et al., 2016).

Denitrifying woodchip bioreactors have demonstrated the ability for long-term nitrate removal
(Robertson et al., 2000). However, there have been mixed results surrounding the effects of woodchip
aging on nitrate removal rates. While denitrification rates in woodchip bioreactors often remain stable
after multiple years of use, there may be a significant decrease in nitrate removal efficiency after the first
year of operation with up to 50% of reactivity lost (Robertson, 2010; Addy et al. 2016). Increasing the
surface area available for denitrification by manually breaking down the carbon substrate has inconsistent
effects on nitrate removal in bioreactors (Greenan et al., 2006). This raises the question as to how
denitrification rates change within aged bioreactors as woodchips are broken down into smaller pieces. A
possibility is that denitrification is not limited to the outer surface area, as aged wood particles displaying
darkened rims indicate denitrification zones that penetrate the solid material (Robertson et al., 2000).

Drying-rewetting (DRW) cycles have been shown to enhance denitrification rates in woodchip
bioreactors and offer the possibility to offset decreased nitrate removal in aged bioreactors. DRW cycles
create intermittent aerobic conditions when water is drained from the bioreactor for several hours, leaving
the woodchips unsaturated but still moist, followed by re-saturation of the bioreactor. The period
following rewetting is accompanied with an increase in greater total carbon (TC) and dissolved organic
carbon (DOC), fueling denitrification by providing more carbon (Maxwell et al., 2019a; Maxwell et al.,
2019b; McGuire et al., 2021) and likely labile carbon of higher quality for microbial activity (Zarnetske et
al., 2011), as also observed during DRW cycles in normally unsaturated soils (Miller et al., 2005).
Increased duration of the unsaturated period may increase denitrification rates linearly with drying
periods of up to 48 hours (Maxwell et al., 2019a, 2019b; McGuire et al., 2021) with these increased rates

continuing up to four days after re-saturation (McGuire et al., 2021).



Finally, the impact of flow rates on denitrification is unclear. Increased nitrate reduction has been
observed with high retention times compared to low retention times, although the most efficient flow rate
for bioreactors is unclear (Chun et al., 2009). A laboratory study using small bioreactors to simulate
denitrification from tile drained fields in lowa concluded that NOs—N removal efficiency decreased with
increasing flow rate (Greenan et al., 2009).

This review of the literature reveals that limited research has been done on the impacts of the
pulsed nature of flow and pollutant loads in watersheds, although this is paramount in the functioning of
these systems. Following rainfall events, natural and man-made subsurface filter systems at the edge-of-
field (e.g., riparian zones, saturated buffers, woodchip bioreactors) undergo pulses of flow and
concentrations. In most climates suitable for agriculture, rainfall events are relatively rare: 30-50% of
watershed annual flow volumes transit through these systems in less than 10% of the time (e.g., Birgand
et al., 2011). For the edge-of-field subsurface filter systems to play their surmised nitrate removal role in
the annual nitrogen budget at the watershed scale (e.g., Burt et al., 2010), the volumetric removal rates of
the soil/substrate must dramatically increase during flow pulses to compensate for the rarity and the short
hydraulic residence time in these systems during these rare events. This has yet to be shown.

As a result, a research question was proposed to determine whether volumetric nitrate removal
rates in edge-of-field subsurface treatment systems increase during flow and concentration pulses, and if
S0, to what extent. We hypothesized that denitrification should be enhanced during these pulses, as
increased flow may activate additional pores where water would otherwise remain stagnant,
corresponding to increased DOC production. Additionally, the increased concentration is expected to
amplify concentration gradients at the microscale, thereby increasing overall removal rates.

To date, this question has remained unanswered due to the lack of suitable monitoring techniques
and instruments capable of accurately capturing the fate of nitrate during these infrequent yet significant
events. While this question pertains to all edge-of-field subsurface systems, a promising initial approach
is to investigate the impact of flow and concentration pulses on volumetric removal rates in a woodchip

bioreactor.



To address this question, a 4-month laboratory study was conducted in a horizontal woodchip
bioreactor with a constant saturated volume. High-frequency monitoring was conducted along the length
of the bioreactor to assess the effects of flow and nitrate concentration pulses, as well as their combined

effect, on nitrate and dissolved organic carbon (DOC) concentrations and volumetric removal rates.

Materials and Methods
Experimental Design

To determine the effects of concentration and flow pulses on nitrate volumetric removal rates, a
horizontal woodchip bioreactor system receiving nitrated water was used. The bioreactor consisted of an
open-top plexiglass tank with a length, width, and depth of 2.4 m by 0.3 m by 0.3 m containing 5-yr aged
woodchips with an effective volume of 148.2 L and a drainable porosity of 84 L or 57%.

The experimental setup is illustrated in Figure 1. Two 1135-L and one 150-L tank were utilized
for dosing tap water with KNOs and as sources to the bioreactor. One large tank was reserved for dosing
and was constantly aerated with an aquarium pump to degas chlorine from the tap water and supplied the
two other tanks used as source tanks for the bioreactor. The smaller tank was used during the
concentration pulse experiments. During experiments, water was pumped from the source tanks into an
overflow reservoir to provide a constant head, and the flow rate in the bioreactor was adjusted using a
valve. The water level in the bioreactor was adjusted with a control structure at the outlet. At the end of
each weekly experiment, the control structure was lowered to drain water from the bioreactor. At the
beginning of an experiment, the downstream control structure was raised, and the bioreactor was filled
directly from the pump within 10 min. The water level was maintained at 22.5 cm £2 mm above datum
for all experiments (flux surface area of 0.069 m?2). The bioreactor was fed via the overflow/valve system
at flow rates varying between 4 and 18 mL/s (water fluxes of 5 to 20 m/d). Flow rates were measured
manually at the outlet several times a day using a graduated cylinder and a stopwatch and automatically
using a rain gauge tipping bucket system from Texas Electronics Inc. and recorded using a Hobo®

pendant event logger from Onset® during low flow conditions.
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Figure 1: Layout of the experimental setup. KNOj3 solutions were prepared in water tanks using tap water
aerated with an aquarium pump to remove chlorine. Every 4-6 minutes, water was sequentially sampled
upstream, downstream, and along the flow path (at two different depths; 10 and 20 cm from bioreactor
bottom) from each of the 12 sampling ports using a 12-valve Microplexer automatic sampling system
(MPS) to a flow-through cuvette installed on the Spectro::lyser ™ from S::CAN™, Time resolution on
each port was ~50 min. Dissolved oxygen concentrations (blue triangles) and temperatures (red circles)
were measured at 10 points just downstream of sampling ports 2-11 every 2 minutes.

Five series of three experiments were conducted. Each experiment consisted of three- to five-day
flow periods, beginning after the woodchips had been exposed to aerobic conditions for 40-48 hours
following the previous experiment, providing the ‘drying’ period of DRW cycles to stimulate
denitrification. The results of one five-day period from each of the five series were chosen to be analyzed.
The selected periods were most representative of the experimental conditions described, e.g., constant
flow or constant NO5 ™~ inlet concentration with no system or equipment failures.

Flow and concentration pulses were implemented as step functions of low and high values. The
details of the targeted flow and concentration pulse values are summarized in Table 1. The first
experiment determined the baseline conditions of the woodchip bioreactor with a constant flow of

approximately 4.5 mL/sec (corresponding to a flux of 5.67 m/d and a theoretical hydraulic residence time



of approximately 5.2 hours) and constant concentration of 5 mg N/L of NO3". The second experiment
evaluated the effect of pulsed, increased flow rates while maintaining a constant concentration of 5 mg
N/L of NO5; ™. The baseline flowrate was approximately 5 mL/sec and elevated flow pulses of 10-15
mL/sec were applied to the bioreactor each day for several hours. The third experiment tested the impact
of elevated concentration pulses. A constant flow of 4-6 mL/sec was maintained with a baseline
concentration of 5 mg N/L and high concentration pulses of 10 mg N/L applied for 8 hours daily. The
fourth and fifth experiments examined the effects of applying combined high nitrate concentration and
high flow rate pulses to the system. The fourth experiment maintained baseline low flow and low
concentration conditions with short, 3-hour pulses of high flow and high concentration daily. The fifth
experiment maintained long pulses of high flow and high concentration for 14-16 hours with baseline low
flow and low concentration conditions for 8-10 hours. Low flow conditions and high flow conditions
were performed at flow rates of 5 mL/sec and 15 mL/sec, respectively. Low concentration conditions and

high concentration conditions consisted of nitrate-dosed water at 5 mg N/L and 10 mg N/L, respectively.

Sampling System

To capture the impacts of flow and concentration pulses, we used a high-frequency water quality
sensor coupled with a multiplexed sampling (MPS) system. The sensor was a Spectro::lyser™
spectrophotometer from S::CAN™ able to measure nitrate and DOC concentration at the minute scale.
The MPS (Maxwell et al., 2018) sequentially pumped water from 12 ports along the flow path to the
spectrophotometer fitted with a flow-through quartz cuvette (1-Q-10/SBTX2-8/10X20 from Starnacell®)
every 4-6 minutes (time varied among experiments) such that approximately 50 min data was acquired for
each port. To minimize sample volume, 0.9 mm inside diameter Teflon® tubing was used for a total of
approximately 25 ml per sample. A sampling sequence started at the outlet (Port 12) and ended at the
inlet (Port 1) to minimize the impact of sampling. Each port was fitted with a fine mesh screen (plankton

net) effectively filtering sizable particulate carbon out of the tubing system.



Table 1: Summary of the targeted flow and nitrate concentration values for the five experiments analyzed.
The water fluxes through the bioreactor (flow rate divided by the cross-sectional area), and the
theoretical hydraulic residence time (HRT - drainable porosity divided by the flow rate) are reported for
comparison purposes.

Experiments Low Flow rate High Flow rate Low nitrate High nitrate
(mL/sec) (mL/sec) concentration (mg  concentration (mg
Flux (m/d) Flux (m/d) N/L) N/L)
Theoretical Theoretical HRT
HRT (h) (h)
1 - Baseline conditions 45
5.67 - 5 -
5.2
2 - Flow pulses 5 10to 15
6.30 12.6t0 18.9 5 -
4.7 2.3to 1.6
3 - Concentration pulses 5
6.30 - 5 10
4.7
4 — Flow + Concentration 5 10
short pulses 6.30 12.6 5 10
4.7 2.3
5 - Flow + Concentration 5 10
| |
ong pulses 6.30 12.6 5 10
4.7 2.3

The twelve water sampling ports were placed in both the inlet and outlet in addition to five inner
pairs of sampling ports positioned approximately 50 cm apart (Figure 1). Each pair consisted of a shallow
port and deep port at depths of 10 cm and 20 cm from the surface, respectively. To monitor anoxic and
ambient conditions within the bioreactor, ten PreSense™ Oxy-10 SMA oxygen and temperature sensor
probes were placed adjacent to the water sampling ports (Figure 1).

Water samples were collected by hand in combusted amber bottles twice per week for each
experiment at the discharge of the cuvette following measurements by the Spectro::lyser™ directly from
dedicated port on the MPS during purging. Samples were acidified with sulfuric acid and refrigerated
after collection. Twelve samples from each experiment were analyzed at the Environmental Analysis
Laboratory (EAL) at NC State University for calibration of the Spectro::lyser™ concentrations. Nitrate

concentrations were analyzed using the EPA Method 410.4 with an Autoanalyzer System. DOC



concentrations were analyzed using Standard Methods 5310 B with a Teledyne Tekmar Apollo 9000

combustion TOC analyzer.

Data Analysis

To establish concentration time series for each sampling port, the date and time were used as a
unique identifier, and each sampling port (1-12) was allocated to nitrate and DOC concentrations of the
spectrophotometer concentration time series in RStudio (R Studio Team, 2020). To calibrate the nitrate
and DOC concentrations, measurements collected from the spectrophotometer were compared to the
samples analyzed in the EAL for each experiment. For DOC, concentrations were calculated from the
instrument absorbance spectra using a partial least square regression (PLSR) established between
laboratory values and absorbances measured on the manual samples following procedures established by
Etheridge et al. (2014). For nitrate, concentrations were calculated from a standard linear regression
established between concentrations calculated from S::CAN and those from the laboratory. The R-
squared values for the regressions varied between 0.97 and 1.00.

Each sampling port time series had approximately 50-min resolution, which were all shifted by
approximately 5 min corresponding to the spectrophotometer measurement resolution. For harmonization
purposes to calculate loads, 5-min synchronous concentration and flow time series were created using
linear interpolation between measured points. Instantaneous and cumulated nitrate and DOC loads were
calculated as follows:

i =C0Q; 1)
L(T) = Sizf “H i ag 2)

with [; and L(T), respectively, the instantaneous and cumulative loads over the experimental time T with
At the time series resolution, N = i, C; and Q;, instantaneous concentrations and flow rates.

Total volumetric nitrate removal (R,,(T)) and volumetric DOC production (B,(T)), over the

whole experimental times T, were calculated by subtracting the cumulated nitrate (Ly)(T)) and DOC



(L(¢y(T)) loads at the inlet (L;,) and outlet (L), divided by the volume of saturated woodchip in the

bioreactor (V) and by T to finally obtain values expressed in g/m®/day:

R ('I') — (L(N) T XL(N) ¢(T ) (3)
L out(j) Lc in(7)
P(’I')_(() v © ) (4)

The relationship between R,, and P, was investigated using the “cor” function in R to determine the
Pearson correlation coefficient between the two variables (RStudio, 2020).

When pulses are applied to the system, an integrative variable such as R,,(T') was not indicative
of the effects of the treatment within the pulses compared to the baseline conditions of the experiment
outside the pulses. Therefore, two methods were developed to quantify the nitrate removal rates during
pulse and baseline conditions and account for artificial removal rates. The percentage increase was
calculated for each method from the baseline conditions to the pulse conditions of each experiment.

Method 1 was devised to highlight the effect of pulses on the volumetric removal rates compared
to baseline conditions. Apparent instantaneous nitrate volumetric removal rates R,,; and instantaneous

carbon volumetric production rates P,; (i for instantaneous) were calculated as:

_ (Livyin— Linyout)

Rvi - VXT (5)
_ (Liwout= liccyin)

Pvi - VXT (6)

where ; vy and [;¢) are the instantaneous, respectively, nitrate and DOC loads at the inlet ({;;,) and
outlet (I,,). The formulae for R,; and P,,; assume that treatment is instantaneous, which it is not. The
time series of R,,; thus shows artificial peaks and troughs at the transition between baseline and pulse

conditions as shown in Figure 2, but also relatively stable values during the pulses.
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Figure 2: A comparison of volumetric nitrate removal rate during baseline and pulse conditions during
each experiment as calculated by Method 1 and Method 2. Method 1 calculated removal rates using
median values based on pulses in the volumetric nitrate removal. Method 2 calculated removal rates by
scaling total mass removed for baseline periods and pulse periods during each experiment.

In Method 1 (Figure 2), the median R,,; within each pulse and each baseline period for the
separate experiments was calculated by identifying the beginning and end of each pulse as demonstrated
by the time series of R,,; (Figure 2). Artificial negative values were removed, and the medians of each
pulse and baseline period were then averaged to determine an overall pulse R,,,; (p for pulse and 1 for
method 1) and baseline R,,;; (b for baseline and 1 for method 1) for each experiment. The average was
taken over the median to account for the true variation between pulses, as seen in Figure 2. As the first
experiment included exclusively baseline conditions, the median of all R,,; values throughout the
experiment was calculated to determine the overall R,,;.

In Method 2, we assumed that the overall cumulative R,,(T) calculated using equation 3 was also

the weighted summation of the average baseline and pulse R,,;, weighted by their relative occurrence



(equation 8). Depending on the pulse applied, i.e., flow or concentration, the beginning and end of the
pulses were determined based on the corresponding time series to calculate the duration of pulse and
baseline conditions. The median baseline R,,;,, (b for baseline and 2 for Method 2) was used for baseline
conditions except for the long pulses experiment, which exhibited short baseline conditions with artificial
negative values implying that the system did not have time to stabilize between pulses; instead, the
average of the final values for R,,; before each pulse was considered as most representative of stable
baseline conditions (equation 7). Pulse R,,,, for each experiment was determined from the difference
between total mass removed and baseline mass removed, scaled by the duration of the pulse period
(equation 8):

Rypz = median(R,p;) | max (Ryp;) (7

Ry(T) X T — Ryp XT
Rvpz = T, — (8)

where T}, and T,, are the durations of the baseline and pulse conditions such that T = T, + T,.

Results

For clarity purposes, results from the inlet and outlet sampling ports only are presented in this
manuscript. Typical data obtained are illustrated in Figure 3 below corresponding to experiment 5 (Table
1) with long pulses of flow and concentration. Water temperature in the bioreactor varied between 20.5°C
and 23.0°C. Dissolved oxygen results (data not shown) suggest that, even during flow pulses, there was
no measurable dissolved oxygen in porewater 30 cm from the inlet suggesting anaerobic conditions in

>90% of the bioreactor volume.
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Figure 3: Bioreactor temperature, flowrate, inlet and outlet concentration, and volumetric nitrate

removal rate during long pulses of increased concentration and flow.

Sudden temperature decreases corresponded to the change of source tanks, which for this
experiment was the large tank recently dosed using lower temperature tap water. Figure 3 illustrates the
step pulses of flow and concentration at the inlet. There was a very small delay (less than 15 min; data not
shown) in flow adjustment at the outlet, and inlet and outlet flows were considered equal in the analysis.
The steps of the inlet concentration pulses were not as ‘square’ at those of flow, as there was some mixing
between the consecutive solutions in the overflow box and the piping upstream the inlet. The nitrate
chemograph at the outlet was always lower than at the inlet, and it exhibited a lag and attenuation of the
step function (Figure 3) . Because of the lag, the apparent instantaneous R,,; showed artificial peaks after

the beginning of a pulse and artificial troughs after the end of the pulses (Figure 2 and 3).



Table 2: Volumetric removal rates expressed in g/m3/day between baseline conditions R,,;, and pulses
R,, calculated using two different methods, and the differences between the two AR,,; in absolute and

percentage values.

Method 1 Method 2
Experiment
AR.. ARy;

Rybs Ryp1 (0/(‘]’)11 Ryb2 Ryp2 (0/:32
1 — No pulse low flow

12.49 - - 13.31 - -
2 —Flow pulses -

13.35 13.24 _01'01/01 13.35 14.24 107'3/?
3 — Nitrate pulses +13.33 +9.14

10.35 23.68 +127% 10.34 19.48 +88%
4 — Short C+Q pulses +30.11 +15.5

9.72 39.83 +289% 9.79 25.29 +158%
5— Long C+Q pulses +9.2 +11.49

3.83 13.03 14006 5.72 17.21 +201%

All experiments demonstrated similar (flow pulses — experiment 2) or in most cases increased
apparent removal rates (R,;) during pulse conditions compared to baseline conditions. The removal rates
increased with the highest enhancement evident in the short pulses of high flow and high concentrations,
followed by long pulses of combined flow and concentrations, followed by concentration pulses alone
(Table 2 and Figure 4). Short, high concentration and flow pulse conditions resulted in the greatest AR;,
with increases of R, compared to R,,;, of +310% (4.1 times the baseline value) and +158% (3.0 times the
baseline value) as determined by Method 1 and Method 2, respectively (Table 2). The fifth experiment of
long pulses of increased concentration and flow also experienced an increase in Ry;, although of lower
amplitude (Figure 4). The nitrate pulses alone also largely increased the R,,; roughly by a factor of 2
(Table 2 and Figure 4).

The nitrate removal rates during baseline conditions were observed to diminish over the course of
the study (Figure 4), excluding the experiment of high flow pulses. The percent decrease in volumetric
removal rate in baseline conditions for Method 1 and Method 2 was -17% and -22% for the high
concentration experiment, -22% and -26% for the short pulses experiment, and -69% and -57% for the

long pulses experiment.
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Figure 4: A comparison of volumetric nitrate removal rate during baseline and pulse conditions
experiment as calculated by Method 1 and Method 2. Method 1 calculated removal rates using median
values of the apparent instantaneous rates Ry during baseline and pulsed conditions. Method 2 calculated
removal rates by scaling total mass removed Ry(T) for baseline Ruw,2 and pulse Ry, periods during each

experiment.

To unveil the possible mechanisms for the enhancement of the volumetric removal rates, the

apparent volumetric nitrate removal rates (R,,;) and the volumetric DOC production rates (P,,;) were

compared by calculating the Pearson correlation. At the beginning of all experiments, the DOC

concentrations were highest, yielding the highest P,; (Figure ). The P,; exhibited the same artificial peak

as those of R,,; at the beginning of pulses, but not the corresponding troughs at the end of the pulses.
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Figure 5: The correlation between volumetric nitrate removal and DOC production rates for each
experiment as determined by the Pearson Correlation Coefficient. The short pulses experiment had the

highest correlation of 0.77.

During all but the nitrate pulse experiment, the Pearson correlation coefficient demonstrated a
possible correlation between R,,; and P,,; (Figure 5). During the standard baseline conditions of the first
experiment, R,,; and P,; have a slight positive correlation of 0.48 (Figure 5). The correlation between R,,;
and P,; increased to 0.77 during the flow pulse experiment. conditions in the second experiment with no
positive correlation during high nitrate concentration pulses during the third experiment (Figure 5). Based
on the Pearson correlation coefficient, there was not a strong correlation between R,, and P, during the

combined increased flow and increased concentration pulse conditions (Figure 5). Despite low correlation



coefficients, the combined increased flow and concentration pulses share distinct patterns in the time
series with peaks of P, occurring with peaks of R,, (Figure 5). In the combined short pulse experiment,
there appears to be a strong correlation between the pulses of R,, and B, (Figure 5). The correlation
coefficient appears to be diminished by the lack of correlation at the beginning of the experiment; the
initial elevated P, is not represented in the R,, graph (Figure 5). A similar pattern is recognized in the long
pulses; however, the peaks in P, are less prominent (Figure 5). Correlation between DOC production and
nitrate removal in the combined long pulses may be limited by differences in magnitude of the peaks.

An increase in DOC production rate is evident at the beginning of each experiment represented
by a peak in the time series graph following the drying-rewetting cycles (Figure 5). There is a
corresponding increase in nitrate removal rate at the beginning of the increased flow experiment with the

highest correlation between R,, and P, which is not observed in the other experiments (Figure 5).

Discussion

The results provide evidence that pulses of increased flow and nitrate concentration,
independently and in combination, are accompanied by a large increase in nitrate volumetric removal
rates in edge-of-field subsurface treatment systems, and in our case in an aged woodchip bioreactor. The
two methods developed to quantify volumetric removal rates yield very similar results for baseline rates
Ryp, and pulse rates R,,, for all but the short combined pulses (experiment 4) where the first method
yielded much higher pulse values. This probably is an artefact of the method because during short pulses
the system does not reach equilibrium and some of the peak R,; are artificial. Method 2, which minimizes
these artefacts, still suggests that short pulses had the most relative effect on R, followed by long
combined pulses of flow and concentration, and nitrate concentration pulses. The effect of increased flow
offers the least stimulation of removal rates, possibly because denitrification was predominantly nitrate

limited at an inlet concentration of 5 mg N/L, as nitrate pulses suggest.



The high correlation between nitrate removal rates R,, and DOC B, during flow pulses, suggests,
however, that flow pulses rendered DOC more available and/or removed toxic phenolic substances, which
in the end benefitted anaerobic respiration (Fenner et al., 2005, 2011; Saraswati et al., 2016). The lack of
correlation for the nitrate pulses suggest that denitrification was clearly nitrate limited with inlet
concentrations at 5 mg N/L. Combining pulses of nitrate and flow appears to provide, especially for the
short pulses, more than the addition of the benefits of the nitrate and flow pulses taken separately.

These results provide, for the first time to our knowledge, firm evidence that the metabolic rates
in edge-of-field subsurface flow treatment systems increase during rainfall events which carry a large
proportion of flow volume and nitrate loads to streams and rivers. If volumetric removal rates stayed
constant regardless of flow, the significance of edge-of-field subsurface treatment would diminish
proportionally to flow increase and in fact flow volumes. Our results show that with flow multiplied by 3
and nitrate concentrations multiplied by 2, i.e., the loads multiplied by 6, the volumetric rates were
roughly multiplied by 3, suggesting that flow pulses may be accompanied with metabolic rates pulses or
‘hot moments’ (McClain et al., 2003).

Denitrification activity might have been stimulated in our woodchip bioreactor due to weekly 40-
48 hour aerobic conditions and relatively high temperatures compared to a field bioreactor. However,
drying-rewetting cycles are expected to naturally occur in other systems such as saturated buffers and
riparian zones. Using 5 mg N/L for baseline inlet concentration might have created nitrate limitation, but
these concentration levels are regularly observed in riparian systems (Jaynes and Isenhart, 2019; Burt et
al., 2010), although less so in woodchip bioreactors (Addy et al., 2016). Acquiring flow and concentration
data at the appropriate resolution in time were decisive in obtaining our results. However, these results
must be confirmed in additional laboratory and field settings to confirm and further quantify the

respiratory process stimulations during the essential, although rare, flow events.



Conclusion

Pulses of increased flow and nitrate concentration enhanced the volumetric nitrate removal rates
in a nitrate-limited, aged woodchip bioreactor following drying-rewetting cycles. The most effective
treatment for enhancing volumetric nitrate removal rate proved to be short duration pulses of increased
flow and increased nitrate concentration. These pulses enhanced the removal rates of the system by up to
2-4 times from the standard baseline conditions. It is hypothesized that pulses of high flow activated
additional pores in the woodchip bioreactor for increased denitrification, while nitrate pulses decreased
nitrate limitation of denitrification. The combined effect of increased activation of pores with high nitrate
concentration enhanced removal of nitrate more than the addition of the pulses of flow and nitrate taken
separately. Although they need to be confirmed, these results provide, for the first time, firm evidence that
the metabolic rates in edge-of-field subsurface flow treatment systems increase during rainfall events

which carry a large proportion of flow volume and nitrate loads to streams and rivers.
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