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• A robust method for accounting lag time
in bioreactors using high-frequency data
is introduced.

• Greater removal rates were calculated
using high-frequency data than with low-
frequency data.

• Nitrate loading and electron donor avail-
ability influenced variability in removal
processes within the bioreactor.

• Michaelis-Mentenkinetics can describe the
nitrate dynamics in woodchip bioreactor.

• Designing bioreactors needs to balance
volumetric efficiency and avoid strongly
reducing conditions.
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Woodchip bioreactors have gained popularity inmany countries as a conservation practice for reducing nitrate load to
freshwater. However, current methods for assessing their performance may be inadequate when nitrate removal rates
(RR) are determined from low-frequency (e.g., weekly) concurrent sampling at the inlet and outlet. We hypothesised
that high-frequency monitoring data at multiple locations can help improve the accuracy of quantifying nitrate re-
moval performance, enhance the understanding of processes occurring within a bioreactor, and therefore improve
the design practice for bioreactors. Accordingly, the objectives of this study were to compare RRs calculated using
high- and low-frequency sampling and assess the spatiotemporal variability of the nitrate removal within a bioreactor
to unravel the processes occurring within a bioreactor. For two drainage seasons, wemonitored nitrate concentrations
at 21 locations on an hourly or two-hourly basis within a pilot-scale woodchip bioreactor in Tatuanui, New Zealand. A
novel method was developed to account for the variable lag time between entry and exit of a parcel of sampled drain-
age water. Our results showed that this method not only enabled lag time to be accounted for but also helped quantify
volumetric inefficiencies (e.g., dead zone) within the bioreactor. The average RR calculated using this method was sig-
nificantly higher than the average RR calculated using conventional low-frequency methods. The average RRs of each
of the quarter sectionswithin the bioreactorwere found to be different. 1-D transportmodelling confirmed the effect of
nitrate loading on the removal process as nitrate reduction followed Michaelis-Menten (MM) kinetics. These results
vas).
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demonstrate that high-frequency temporal and spatial monitoring of nitrate concentrations in the field allows im-
proved description of bioreactor performance and better understanding of processes occurring within woodchip bio-
reactors. Thus, insights gained from this study can be used to optimise the design of future field bioreactors.
1. Introduction

Woodchip bioreactors have been gaining popularity in many countries
as a conservation practice for reducing nitrate load to receiving waters
due to their simplicity, low maintenance requirements and costs, and rea-
sonable efficiency of nitrate removal (Christianson et al., 2021). Woodchip
bioreactors have been shown to be effective in removing nitrate from arti-
ficial drainage, with reported removal efficiencies of between 12 and
99 % of the input load (Jaynes et al., 2008; Christianson et al., 2012;
Hassanpour et al., 2017). However, current methods for assessing perfor-
mance of field bioreactors may be inaccurate, as nitrate removal rates
(RR) and efficiencies (RE) are generally determined from low-frequency
concurrent sampling (e.g., weekly) at the inlet and outlet (Schipper et al.,
2010a; Rivas et al., 2020b). With inputs (flow and nitrate concentrations)
to the bioreactors being typically variable in response to changing weather
conditions, output concentrations do not necessarily correspond well with
input concentrations measured concurrently, i.e., at the same time. Such
input/output sampling methods also essentially treat bioreactors as “black
boxes” and cannot consider variation in RR within the bioreactors, in
time and space (Christianson et al., 2012; Hassanpour et al., 2017; Husk
et al., 2017). Obtaining a clearer understanding of how the attenuation
processes progress within bioreactors at varying flow rates and nitrate
concentrations would help to improve their design.

The common measures used to assess the performance of woodchip
bioreactors in the field are nitrate RE and RR. RE is the percentage of the
nitrate load that was removed from the drainage water being treated over
a defined period (Christianson et al., 2012), typically a drainage season.
RE varies substantially between periods, depending on the inflow and ni-
trate dynamics (Rivas et al., 2020b). Whereas RR, which is the focus of
this study, is the amount of nitrate removed per unit volume of the bioreac-
tor per unit time and is a design characteristic more attributable to the sub-
strate (and age) used in the bioreactor (Christianson et al., 2012; Rivas
et al., 2020b). There are two widely adopted methods for calculating RR:
1) cumulative RR over a relatively longer time period (e.g., three months
to seasonal), in which RR is computed from the difference between the ni-
trate load and the discharge (inflowmass – outflowmass) over the time pe-
riod divided by the saturated volume (Maxwell et al., 2020; Rivas et al.,
2020b) or the total volume of the bioreactor (Christianson et al., 2012);
and 2) concurrent RR (also called instantaneous RR; Maxwell et al.
(2020)), where the mass of nitrate removed is calculated from pairs of con-
currentlymeasured nitrate concentrations at the inlet and outlet, multiplied
by the instantaneous flow rate at the time of the measurement, and divided
by the saturated volume (Ghane et al., 2015; Maxwell et al., 2020; Manca
et al., 2021) or the total volume of the bioreactor (Schipper et al., 2010a;
Warneke et al., 2011a; Christianson et al., 2013; Lepine et al., 2016). The
limitations of cumulative RR method are: having only one averaged value
for the season (or more, but still limited values if the drainage season is sep-
arated into several periods), and inability to determine the temporal
changes in RR over the calculation period. The concurrent RR method dis-
regards that the water being sampled concurrently at the inlet and outlet
are not consistently related due to variation in flow rates and nitrate con-
centrations between when the sampled water enters and discharges. This
lag time between entry and exit is problematic for the calculation of RR
using the concurrent method, as drainage flow rates and nitrate concentra-
tions are temporally variable as observed in New Zealand and many other
temperate countries (Barkle et al., 2021).

Optical nitrate sensors provide an excellent opportunity for cost-effective
monitoring of nitrate at multiple locations and at high frequency (Etheridge
et al., 2014; Birgand et al., 2016; Maxwell et al., 2018; Liu et al., 2020b). A
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number of hydrological studies have demonstrated that high-frequency
monitoring of nitrate in tile drains and rivers improves the accuracy of
load estimates and can better reveal the dynamics (Liu et al., 2020b). For in-
stance, in a study on tile drained landscapes which found that nitrate con-
centrations should be determined every 3–18 days to keep load estimates
within 10 % of reference loads, Williams et al. (2015) used sub-daily
(2–4 h) intervals during storm events at some sites, and other siteswere sam-
pled daily and the daily concentrations were interpolated to estimate hourly
nitrate concentrations at other sites. A study comparing different sampling
frequencies for calculating nitrate loads from subsurface drains showed
weekly sampling provided load estimates within 15 % of ‘true’ load using
daily sampling (Wang et al., 2003). However, the study computed nitrate
loads at a single point only as compared to the two points necessary for de-
termining RR in woodchip bioreactors wherein accounting for lag time is
deemed essential, especially for highly dynamic drainage flows.

However, few field bioreactor studies have utilised high-frequency
monitoring. Maxwell et al. (2020) reported that hourly monitoring identi-
fied significant lag in nitrate concentrations between inlet and outlet, and
therefore concluded that inaccuracies will occur when estimating RR
using concurrent measurement methods. They also reported preferential
flows and dead spots within a bioreactor (Maxwell et al., 2020). Utilising
high-frequency sampling during storm events (2-h composites of four 30-
min samplings; sampling for 48 h. per storm), Pluer et al. (2019) found
that RR was higher during storm flow than during baseflow. In comparing
RR calculations that used lag time to match parcels (based on theoretical
hydraulic retention time using pore volume estimates) with concurrent
sampling (bi-weekly), they also found that the lag time-matched parcels
produced RR results that were significantly lower (Pluer et al., 2019).
These studies demonstrate the need to better understand the spatial and
temporal variability of nitrate removal within the bioreactor and the factors
affecting this variability. Information on the changes in nitrate along the
length of a bioreactor provides a better understanding of how bioreactors
work and can reveal opportunities for improving their design and perfor-
mance. We hypothesised that high-frequency monitoring at multiple loca-
tions within a bioreactor, especially for systems with highly dynamic
flows, can help improve the accuracy of quantifying the nitrate removal
performance of woodchip bioreactors and enhance our understanding of
processes occurring within a bioreactor. Therefore, the three main objec-
tives of this research were to: 1) introduce a robust approach to account
for the variable lag times between entry and exit when calculating nitrate
loads and RRs in woodchip bioreactors; 2) compare RRs obtained using
high-frequency and lower-frequency sampling; and 3) assess the spatiotem-
poral variability of the nitrate removal within a bioreactor.

2. Methods and materials

2.1. Study site

This research was conducted at a pilot-scale woodchip bioreactor
installed in 2017 on a pastoral dairy farm near Tatuanui in the Waikato re-
gion, New Zealand. The lined bioreactor is trapezoidal in shape and filled
with Pinus radiata (Monterey pine) woodchips (Fig. 1). It receives artificial
drainage from an area of approx. 0.65 ha. The bioreactor was sized to re-
move approximately 50%of estimated annual nitrate load based on limited
data of highly variable flow and nitrate concentrations. Using a flow dura-
tion curve, we determined the target flow rate for the corresponding 50 %
of the annual load. Then assuming an average nitrate concentration based
on our limited data, we determined the target load. Accordingly, using
this target load (in g-N day−1) and an assumed nitrate removal rate of



Fig. 1. Layout of the Tatuanui woodchip bioreactor showing themonitoringwells fromwhichwater was drawn for high-frequencymeasurements of nitrate. Flow direction is
from left to right.
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3.5 g-N m−3 day−1 (Cameron and Schipper, 2012), we calculated the re-
quired volume of the bioreactor. The bioreactor inlet has a perforated
pipe installed across the width of the bioreactor, perpendicular to the
flow direction at about 0.8 m above the floor of the bioreactor. The perfo-
rated pipe is a twin wall polyethylene pipe with smooth inner wall (Iplex
NexusFlo) and inside diameter of approx. 100 mm. The total area of
roughly rectangular perforations (1.5 mm by 14 mm) is around 6 % of
wall surface area. The outflow was collected from a similar perforated
drainage pipe on the bioreactor floor near the outlet as shown in Fig. 1.
The depth of the water table above the bioreactor floor was controlled by
the height of the outlet V-notchweir where the outflowwas also beingmea-
sured. Due to minor changes in the inflow and outflow configuration, the
saturated depth at no flow was 0.939 m and 0.834 during the 2018 and
2019 seasons, respectively. More detailed information about the Tatuanui
bioreactor is provided by Rivas et al. (2020b).

Tomonitor nitrate concentrations at different locations through the bio-
reactor, 19 wells were installedwithin the bioreactor in the later part of the
2018 drainage season (Fig. 1). Three fully screened wells over the entire
saturated depth were installed approximately at equidistance along the
centreline of the bioreactor, with four sets of paired shallow and deep
wells installed along both sides of the bioreactor. The shallow wells were
screened (0.10 m long) at 0.6–0.7 m above the bioreactor floor, while the
deep wells were screened at 0.3–0.4 m above the floor.

2.2. Multiplexer sampling and nitrate measurement with optical sensor

This study employed a multiplexer and a spectrophotometer (spectro::
lyser, s::can GmbH, Vienna, Austria) for each longitudinal half of the biore-
actor for a one-month sampling period in the later part of the 2018 drainage
season (8 Aug to 8 Sep 2018; late winter to early spring). Thus, the high-
frequency monitoring presented in this study covered a portion only of
the entire 2018 drainage season (25 May–11 Sep 2018; SF10a). This multi-
plex sampling system is described in detail byMaxwell et al. (2020). Briefly,
pore water samples were collected sequentially from all the wells including
3

the Inlet and Outlet on approximately a one-hour basis. Throughout the
2019 drainage season, high-frequency monitoring was carried out from 9
Aug to 26 Oct (late winter to mid-spring; SF10b). The monitoring data
from the later part of 2019 season (from noon of 3rd Oct 2019; SF10b)
were excluded as a preliminary investigation of supplemental carbon dos-
ing was conducted during this period. Due to the unavailability of the mul-
tiplexer and optical sensors used in the 2018 season, a slightly different
multiplex system sampled andmeasured nitrate‑nitrogen (NO3

−-N) concen-
trations at the Inlet, Outlet and all 19 wells using: a peristaltic pump (set at
approx. 60 mL/min); solenoid valves (12v 5.5W) and logger (CR1000,
Campbell Scientific) to control the opening of valves for selecting the spe-
cific location to be sampled; and an optical sensor (OPUS, TriOS, Rastede,
Germany). A custom-designed, 3D-printed silver-coated PVC insert was
fitted into the flow cell of the sensor to minimise the volume of water re-
quired to flush the system (from approx. 33 mL to 5–6 mL) at each sam-
pling. After each complete cycle of all locations, taking about 2 h, the
probe was flushed for 60 s with deionised water to ensure sufficient flush-
ing of the probe (Liu et al., 2020a). The probe was cleaned regularly
(approximately every two weeks or more frequently as required) based
on monitored absorbance readings.

For both 2018 and 2019 sampling campaigns, sensor readings were
post-calibrated with NO3

−-N concentrations measured in the laboratory.
Details on the probe calibration for the 2018 season have been reported
(Maxwell et al., 2020). In the 2019 season, two sampling campaigns were
conducted in September 2019 to obtain data for the post-calibration of
the optical sensor NO3

−-N data. Samples for laboratory analysis were col-
lected from the outflow of the optical sensor to ensure NO3

−-N concentra-
tion was measured on the same sampled water. A total of 20 samples
originating from various locations (from the Inlet to the Outlet) in the bio-
reactor were collected and transported in a cooler with ice pack and kept in
the fridge at <4 °C until submitted within 24 h to Analytica Laboratories
Ltd. in Hamilton, New Zealand for analysis. NO3

−-N in samples was mea-
sured colourimetrically by flow injection analysis (following APHA NO3-I.
Online edition). The range in NO3

−-N concentrations for this calibration
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campaign was ~1 to 15 mg-N L−1 with a very high correlation in NO3
−-N

measured by the optical sensor and the laboratory obtained (R2 =
0.998). Using the linear regression between the twomethods for measuring
NO3

−-N concentrations (Maxwell et al., 2020), NO3
−-N readings of the opti-

cal sensor were post-calibrated and used in the analysis.
In addition to the NO3

−-N sensor measurements, 500 mL of drainage
water was sampled at the Inlet and Outlet every 10 m3 of flow using an
autosampler (ISCO 3700, Teledyne ISCO, Lincoln NE, USA) during both
seasons. Water samples were also collected manually on a weekly to fort-
nightly basis from the Inlet, Outlet, and middle well C2 and analysed for
NO3

−-N and dissolved organic carbon (DOC). Details on the sampling
methods have been described (Rivas et al., 2020b). Samples were analysed
for NO3

−-N using a flow injection analyser following APHA 4500 at the
NIWA laboratory, Hamilton, NZ, whereas DOC was measured at the
Eurofins ELS Ltd. laboratory in Lower Hutt, NZ following APHA 5310 (B,
C) (Rice et al., 2012).

2.3. Novel approach to account for lag time in woodchip bioreactors

In this study, we developed a method for calculating nitrate removal
rate (RR) that considers the lag time required for a parcel of water to
move from the Inlet to the Outlet and to sampling points through the biore-
actor. Several studies (e.g., Pluer et al. (2019)) have accounted for this lag
assuming piston flow characteristics, in which the lag time was based on
theoretical values of hydraulic residence time (or theoretical HRT) using es-
timated or measured total pore volume and flow (Kadlec and Wallace,
2009; Ghane et al., 2019). However, other studies have concluded that
this assumption of using the theoretical HRT fails to account for non-
uniform flow and possible no flow or dead flow zones (Cameron and
Schipper, 2011; Christianson et al., 2013; Jaynes et al., 2016). Tracer stud-
ies can provide estimates of actual HRT (Ghane et al., 2019), which may be
calculated using drainable porosity (Ghane et al., 2016). However, tracer
studies were usually undertaken under steady flow conditions or with indi-
vidual pulse events (Christianson et al., 2013). In bioreactors with highly
variable flows, conducting multiple conservative tracer tests to determine
HRT covering the variable natural flow rates is extremely challenging.
The alternative is to use obvious break points in the NO3

−-N concentration
to determine the lag time, though this method had only been applied in a
limited manner (i.e., for verifying theoretical HRT) to monitoring data of
short duration (48-h) storm events (Pluer et al., 2019).

In this study, our method for accounting lag time was based on volumet-
ric efficiency. Volumetric efficiency is defined as the ratio of mean tracer
HRT (or actual HRT) to the theoretical HRT (Thackston et al., 1987;
Kadlec and Wallace, 2009; Cameron and Schipper, 2012; Christianson
et al., 2013), the latter being based on total pore volume estimates (Kadlec
and Wallace, 2009; Christianson et al., 2013; Ghane et al., 2019). This defi-
nition is applicable for tracer tests with a pulse of tracer and tracer recovery
is measured to estimate effective porosity (or drainable porosity). In the ap-
proach developed in this paper, wematched natural NO3

−-N peaks as a tracer
in the drainage flow through the bioreactor to estimate the effective pore
volumes between different measurement points through the bioreactor.
We then determined the volumetric efficiency based on the ratio of time be-
tween peaks to the theoretical HRT. This approach took inspiration from the
method developed by Persson et al. (1999) using the ratio of ‘time to peak’ in
tracers to theoretical HRT to understand flow dynamics in wetlands, and the
use of concentration break points for determiningHRT by Pluer et al. (2019).
We focused on discernible NO3

−-N concentration peaks travelling from the
Inlet to the Outlet along the length of the bioreactor as monitored by wells
within the bioreactor. The availability of high-frequency data is essential
for the feasibility of thismethod, due to the required confidence in determin-
ing the time for a NO3

−-N concentration peak to travel from one monitoring
location to the next (‘time between peaks’). This method would be unlikely
to be feasible with low-frequency measurements as the peak of NO3

−-N con-
centrations would be missed. We used a total porosity of 0.86 determined in
the laboratory using woodchips from the same supplier with similar
drainable porosity (0.49 in the lab vs 0.45–0.50 determined in the field).
4

This total porosity falls within the range of values (0.83–0.86) determined
from old and fresh woodchips by Ghane et al. (2014).

The detailed procedure for accounting the lag time (“Matched Parcels”
method) and calculating nitrate removal rate is presented in the Supple-
mentaryMaterials (SM1). This procedurewas applied toNO3

−-N concentra-
tion data collected from the Inlet, the wells in the centreline, and the Outlet
enabling the analysis to investigate the different quarter sections of the bio-
reactor, namely the first (Q1), middle (Q2+Q3) and last (Q4) quarter sec-
tions. As discussed below (Section 3.1.2), the NO3

−-N concentrations inwell
C2 were excluded, resulting in the middle section being Q2 + Q3. These
data were considered sufficient to investigate and demonstrate the benefits
of using high-frequency data in terms of improvement in the estimates of
nitrate removal compared with using low-frequency concurrent data, as
well as determine new insights on removal processes occurring in the biore-
actor. To additionally investigate the spatial variability in the nitrate re-
moval performance across all monitored locations, i.e., laterally across,
and at upper and lower depths of the bioreactor, as well as the centreline
wells, a reactive transport simulation model was applied, as described in
the following section.

2.4. Using reactive transport modelling to investigate the spatially variable nitrate
removal rate

Bioreactor designs frequently rely on uniform removal rates (RR) to pre-
dict performance and nitrate removal. Design RRs are often adjusted for
temperature (Sarris and Burbery, 2018 and references therein) or nitrate
limiting conditions (Kouanda and Hua, 2021). Here, we inverted a nitrate
transport model to derive a) the spatially distributed RRs at various biore-
actor sections that best fit the high-frequency monitoring data using zero-
order kinetics model, and b) the maximum nitrate removal rates (Vmax)
across the bioreactor, using aMichaelis-Menten (MM) kinetics model to ac-
count for nitrate limiting conditions (Ghane et al., 2015).

The transient fate and transport of nitrate in Fickian, porous mediawith
no internal sources and sinks can be expressed as (Zheng and Wang, 1999;
Sarris et al., 2018):

∂ θCð Þ
∂t

¼ ∇∙ θD∙∇Cð Þ � ∇∙ θviCð Þ þ ∑R (1)

where C is the NO3
−-N concentration; θ is the dimensionless porosity of the

bioreactor medium; D is the hydrodynamic dispersion coefficient tensor de-
fined as the sum of the mechanical dispersion coefficient tensor and molec-
ular diffusion coefficient; vi is the linear pore water velocity. ∑R is the
chemical reactions term used to include the effect of all biochemical and
geochemical reactions, which for zero-order reaction kinetics, reduces to
the nitrate removal rate of the bioreactor or the bioreactor section. Zero-
order kinetic model has been found appropriate for predicting removal
rate in woodchip bioreactors when NO3

−-N concentrations were above
2mg L−1 (Halaburka et al., 2017). Our NO3

−-N data at entries of sections in-
vestigated were generally above 2mg L−1, despite periods of nitrate limited
conditions. For one-dimensional flow along a flowline, and by ignoring dis-
persion effects, the explicit forwardfinite difference solution of (1) becomes:

Ci;t ¼ Ci;t−Δt þ vΔt Ci−Δx;t−Ci;t−Δt
Δx −

ki Δt
θ ð2Þ

In (2), Ci,t is the NO3
−-N concentration in point i and time t; Δx and Δt

are the space and time discretisation intervals. For zero-order kinetics, ki
is the uniform nitrate removal rate between i � Δx and i. For the
Michaelis-Menten kinetics model, ki becomes:

ki ¼ Vmax
Ci;t−Δt

Km þ Ci;t−Δt
ð3Þ

where Vmax is the uniformmaximum removal rate, and is Km is the uniform
half saturation constant (Kouanda and Hua, 2021). For the Tatuanui biore-
actor, the 1D nitrate transport model as shown in Eq. (2) was solved
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analytically for the period between 8 Aug 2018 to 8 Sept 2018 and between
15 Aug 2019 to 10 Sep 2019, avoiding periods of no and very low-flow. The
flow through the bioreactor was assumed to be represented by five parallel
one-dimensional flowlines along the bioreactor length (shallowwell lines 1
and 2, deepwell lines 1 and 2 and centreline) corresponding to themonitor-
ing arrays (Fig. 1). Shallow well lines 1 and 2 refer to the flowlines on the
left (S1–S4) and the right sides (S5–S8), respectively. Deep well lines 1
and 2 refer also to the flowlines on the left (D1–D4) and right edges (D5–
D8), respectively. Centreline refers to the flowline along C1–C3. The
transient travel distances between all sequential observation points were
estimated using MODPATH (Pollock, 1994), and were used for the calcula-
tion of residence times in each bioreactor section. The boundary inlet and
outlet NO3

−-N concentrations have been linearly interpolated between
two hourly measurement times to correspond to a five-minute model time
discretisation. The simulation method also permitted the 1D model to use
simulated NO3

−-N concentrations for the missing data at well C2 to deter-
mine k at middle sections Q2 and Q3 (Fig. 1), even though we discarded
the NO3

−-N data at well C2 (see Section 3.1.2). The spatially variable ki
and the uniform Vmax and Km, were calibrated in each flowline indepen-
dently, so that the normalised mean squared error (nRMSE) between simu-
lated and observed NO3

−-N concentrations along each flowline is
minimised. In recognition of the different flow and loading characteristics
between the two drainage years, ki and Vmax have been calibrated for
each year, while Km has been assumed constant in time and calibrated for
the nitrate limited 2018 season.

2.5. Statistical analysis

The results, e.g. removal rates, were assessed for normality using the
Shapiro-Wilk test (Helsel and Hirsch, 2002), the Kolmogorov-Smirnov
Fig. 2. Time series of nitrate concentrations at different locations along the length of the
outlet concentrations) during the latter part of the 2018 drainage season.

5

test (Daughney and Reeves, 2005), as well as Fisher's measure of skewness
(Ghasemi and Zahediasl, 2012) using IBM SPSS Statistics 29. The results
were considered to be normally distributed if at least one of the tests was
satisfied (Rivas et al., 2017). When required, the results were log-
transformed to achieve normal distribution. We used the Levene's test
using IBM SPSS Statistics 29 to assess the homogeneity of variance. Consid-
ering that we were dealing with time series data, we assessed the data for
autocorrelation before performing comparative analysis (Zwiers and von
Storch, 1995; O'Shaughnessy and Cavanaugh, 2015). To account for auto-
correlation, wefirst determined the equivalent sample size, then performed
t-test compensating for autocorrelation (Zwiers and von Storch, 1995;
O'Shaughnessy and Cavanaugh, 2015). In comparing three or more groups
of data (e.g., removal rates), we assessed first if at least one group signifi-
cantly differs from the others using t-test with the Holm-Bonferroni correc-
tion (Holm, 1979). The assessment for autocorrelation and comparative
analyses using t-test, along with regression analysis, were completed in
MS Excel.

3. Results

The Tatuanui bioreactor received highly variableflows andNO3
−-N con-

centrations in both monitored periods. Flows during the monitored part of
the 2018 season varied between 1.5 and 9.4 L min−1 (Fig. 2a, supplemen-
tary Table ST1); whereas NO3

−-N concentrations varied between 6.1 and
9.5 mg L−1 (Table 1, Fig. 2a). In the 2019 season lasting for approximately
three months, flow ranged between 0 and 18.7 L min−1 (Fig. 3a, supple-
mentary ST1), whereas NO3

−-N concentrations ranged between 10.5 and
36.4 mg L−1 (Table 2).

The effect of temperature on nitrate removal was not considered neces-
sary in this study given the relatively stable temperature of the inflow
Tatuanui bioreactor a) as measured by the sensor, and b) lag time-adjusted (except



Table 1
Descriptive statistics of nitrate-N concentrations (mg L−1) at different locations in
the Tatuanui bioreactor, a) as measured by the sensor and b) matched or lag time-
adjusted, during the partial 2018 drainage season. Frequency of measurements
was approximately 1 h.

a) Nitrate-N concentrations (mg L−1) as measured by the sensor

Statistic Inlet C1 C3 Outlet

Mean 7.78 5.86 2.48 1.88
Median 7.74 5.89 2.61 1.82
Max 9.52 7.73 5.38 4.53
Min 6.08 2.09 0.19 0.35
Stdev 0.76 1.18 1.27 1.19

b) Lag time-adjusted nitrate-N concentrations (mg L−1) (except outlet)

Statistic Matched Inlet Matched C1 Matched C3 Outlet

Mean 7.90 6.03 2.43 1.88
Median 7.91 6.07 2.57 1.82
Max 9.15 7.70 5.32 4.53
Min 6.73 2.12 0.29 0.35
Stdev 0.57 1.11 1.31 1.19

Table 2
Descriptive statistics of nitrate-N concentrations (mg L−1) at different locations in
the Tatuanui bioreactor, a) as measured by the sensor and b) matched or lag time-
adjusted, during the 2019 drainage season. Frequency of measurements was ap-
proximately 2 h.

a) Nitrate-N concentrations (mg L−1) as measured by the sensor

Statistic Inlet C1 C3 Outlet

Mean 19.01 16.16 14.51 13.75
Median 18.68 16.99 14.67 13.89
Max 36.39 33.10 30.68 25.27
Min 10.47 0.00 0.00 0.00
Stdev 5.82 7.97 7.54 6.65

b) Lag time-adjusted nitrate-N concentrations (mg L−1) (except outlet)

Statistic Matched inlet Matched C1 Matched C3 Outlet

Mean 21.36 19.93 15.48 13.75
Median 22.27 20.30 15.91 13.89
Max 36.13 33.07 30.66 25.27
Min 11.01 10.91 0.00 0.00
Stdev 5.58 5.64 6.82 6.65
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drainagewater during the study periods (mean± stdev): 12.3±0.8 °C and
12.6 ± 0.7 °C in the 2018 and 2019 periods, respectively (ST1). The re-
ported factor of increase in the nitrate RR with every 10 °C rise in temper-
ature (i.e., Q10) ranges between 1.2 and 3.8 for investigated temperatures
ranging from 5 to 27 °C (Elgood et al., 2010; Warneke et al., 2011b;
Warneke et al., 2011c; David et al., 2016). Thus, no substantial effect of
temperature is expected on nitrate removal performance of the Tatuanui
bioreactor due to the small difference in the inflow temperature between
and within seasons.
Fig. 3. Time series of nitrate concentrations at different locations along the length of the
outlet concentrations) during the 2019 drainage season.
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3.1. Matched NO3
−-N concentrations using the “Matched Parcels” method

3.1.1. Volumetric efficiency (eV) in the Tatuanui bioreactor
Using the 2019 season monitoring data, the volumetric efficiency

calculated for the Q1 and Q2 + Q3 sections were 0.82 (±0.08) and 0.56
(±0.05), respectively, and not effected by flow variation. The volumetric
efficiency in the Q4 section of the bioreactor varied linearly with flow
(eV = 0.04182*Q + 0.09135, where Q is flow in L min−1; R2 ≈ 1.00),
i.e. effective pore volume (Veff = eV × saturated pore volume) increases
Tatuanui bioreactor a) as measured by the sensor, and b) lag time-adjusted (except
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with increasing flow. The saturated pore volume was based on total
porosity (ɸt) and variable saturated volume. When considering only Inlet
and Outlet nitrate peaks, the overall bioreactor volumetric efficiency was
0.54 (±0.10). According to Persson et al. (1999), volumetric efficiency
can be categorised into three groups: good (eV > 0.75), satisfactory
(0.5 < eV ≤ 0.75), and poor (eV ≤ 0.5). The results show that the Tatuanui
bioreactor has at least a satisfactory volumetric efficiency, except in the last
quarter section (Q4) during low flows as discussed later (Section 4.1).

As the shortened 2018 season dataset did not allow for determining sep-
arate volumetric efficiencies due to lack of suitable discrete NO3

−-N peaks
travelling through the bioreactor, the 2019 volumetric efficiency values
were used for this 2018 period as well. This approach is reasonable given
the drainable porosities for the bioreactor measured at the end of these
two seasons were comparable, 0.45 in 2018 (Rivas et al., 2020b) and
0.50 in 2019 (data not shown).

Based on flow and volumetric efficiencies, the range of calculated
hydraulic residence times (HRTs) in the 2018 season (59–408 h) was
narrower compared to the range of HRTs in the 2019 season (27–510 h)
(Supplementary table ST1). This is probably because the high-frequency
monitoring was conducted in the later part of the 2018 season compared
to the full 2019 season monitoring. The ranges of HRTs in the various
sections along the length of the bioreactor are provided as a supplementary
material (SF1). Longest HRTs observed in the Q2 + Q3 section in both
seasons are attributed to the greater effective pore volume than the other
sections.

3.1.2. Lag time-adjusted NO3
−-N concentrations

The NO3
−-N concentrations along the centreline as measured by the op-

tical sensor and adjusted to account for the lag time are shown in Figs. 2 and
3 for the 2018 and 2019 seasons, respectively. The time series of NO3

−-N
concentrations at all monitored locations, including the wells near the
edge, in shallow and deep locations, within the bioreactor are provided as
supplementary materials (SF2 and SF3). This complete data set was used
in the transport modelling discussed in Section 3.3.2 below.

In both measurement campaigns, a decreasing trend in NO3
−-N concen-

trations was observed in the input tile drainage entering the bioreactor
through the drainage season. Figs. 2a and 3a show the time series of mea-
sured NO3

−-N concentrations at the Inlet, two wells along the centreline
of the bioreactor (C1 and C3), and Outlet during the two drainage seasons
(2018 and 2019). Data from the well C2 along the centreline were not in-
cluded in either year of this study due to unreliable NO3

−-N concentrations
resulting from rodent damage to sample tubing in 2019. Gaps in the 2018
data series were due to the fouling of the sensor cuvette resulting in data
being excluded; in 2019, NO3

−-N concentration data at no flow conditions
were also excluded. The overall trend of decreasing NO3

−-N input through
the drainage seasons indicates the gradual depletion of the soil NO3

−-N
pool that is contributing into the drainage waters during the season
(Barkle et al., 2021). This also explains the much higher NO3

−-N concentra-
tions at the beginning of the 2019 drainage season in early August, com-
pared to the beginning of the high-frequency monitoring in the 2018
season which started midway through the actual drainage season. Short-
duration NO3

−-N peaks were observed throughout the season, reflecting
the flushing out of nitrate generated in the most biologically active topsoil
with higher flows, due to rainfall events (Liu et al., 2020b).

Decreasing NO3
−-N concentrations along the length of the bioreactor

(i.e., from Inlet to Outlet) are also evident in both seasons (Figs. 2a and
3a), reflecting the nitrate reduction in the bioreactor. The decreasing aver-
age NO3

−-N concentrations at the Inlet, wells C1 and C3, and Outlet in the
2018 and 2019 seasons are provided in Tables 1 and 2, respectively. This
decrease in NO3

−-N concentrations along the length of the bioreactor is vi-
sually more evident when concentrations were adjusted for the lag time
(Figs. 2b and 3b; Tables 1 and 2). The importance of accounting for the
lag time between locations is particularly evident during periods with low
or intermittent flows, e.g. in September 2019. The lag-adjusted time series
consistently show a reduction in concentrations from Inlet to Outlet
(Tables 1 and 2).
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3.2. Comparison of RR computed for the whole bioreactor using high- and low-
frequency monitoring data

3.2.1. Comparison with using low-frequency NO3
−-N concentrations not

accounting for the time lag
Considering that the usual practice in measuring the performance of

bioreactors involves concurrent monitoring at inlet and outlet only,
our results focused on comparing RR for the whole bioreactor using
high-frequency NO3

−-N concentrations (2-hourly interval) and flows
(5-minute interval). Monitoring on this frequency allows the lag time
to be considered and RR determined on a high temporal basis and com-
pared with concurrent RR calculated only using NO3

−-N concentrations
and flow measured at low frequencies (e.g., only considering measure-
ments at 6-, 12-, 24-hourly intervals). We did not include in the compar-
ison the estimates of RR based on weekly frequency due to the relatively
short drainage monitoring periods resulting in few data points, which
would result in much lower equivalent sample sizes (ne) with autocorre-
lation compensation.

Using the high-frequency 2019 data, the RRs were determined using
NO3

−-N measurements only from 2-hourly and 6-, 12-, and 24-hourly in-
tervals for the same monitoring period. The resulting average RRs
(mean ± stdev) were 0.91 (±0.48), 0.62 (±0.83), 0.60 (±0.83), and
0.63 (±0.84) g-N m−3 day−1, respectively (Fig. 4a). The RRs at 2-
hourly interval, which accounted for the lag time, were significantly
higher (p < 0.05) than the concurrent RRs measured with low-
frequency data (i.e., NO3

−-N measurements at 6-, 12-, and 24-hourly
intervals) and not accounting for the lag time. However, no significant
difference (p > 0.05) was found among concurrent RRs obtained with
lower-frequency data.

3.2.2. Comparison with using low frequency, but matched concentrations
(i.e., accounting for lag time)

Interestingly, when lag time was accounted for in calculating RR even
with low-frequency monitoring, there was no significant difference
(p > 0.05) in RRs calculated with different sampling frequencies ranging
from 2-hourly to 24-hourly interval (Fig. 4b). Average RRs (mean ± stdev)
between Inlet and Outlet using matched concentrations at 2-, 6-, 12-, and
24-hourly intervals were 0.91 (±0.48), 0.92 (±0.48), 0.93 (±0.41), and
0.92 (±0.42) g-N m−3 day−1, respectively.

3.3. Spatiotemporal variability of nitrate removal rates (RR) in the Tatuanui
bioreactor

3.3.1. Variability along the centreline of the bioreactor
The variability in nitrate RRs with time in the 2018 and 2019 sea-

sons is shown in Figs. 5 and 6, whereas the spatial variability among sec-
tions is shown in Fig. 7. Early in the monitored 2018 season, RRs were
largely comparable among the different sections of the bioreactor
(Fig. 5). However, at the latter part of the monitoring period when
lower NO3

−-N concentrations were observed, differences in RR among
the sections were more apparent. During this latter part of the season,
higher RRs were observed in the Q2 + Q3 section, followed by essen-
tially similar RRs in the Q1 and Q4 sections. This is also generally
reflected in the range of RR among the three sections over the entire
monitoring period shown in Fig. 7a. With an average RR of 0.86 (±0.19)
g-N m−3 day−1, the Q2 + Q3 section had higher RRs than in sections Q1
and Q4 in 2018, with average RRs of 0.58 (±0.13) and 0.58 (±0.33) g-
N m−3 day−1, respectively. However, the differences in RR between sec-
tions were not statistically significant, which could be attributed to the
very low equivalent sample sizes (ne < 6, from original sample sizes of
n = 220–250) resulting from high autocorrelation (ρ > 0.95) in the RRs
in each section.

In the analysed period of the 2019 season, predominantly higher RRs in
the Q4 section were observed most of the season, except during low flows
when the highest RRs were generally observed in the Q1 or Q2 + Q3
section (Figs. 6 and 7b). With an average RR of 1.3 (±1.3) g-



Fig. 4. Comparison of RR computed at different frequencies for the whole bioreactor during the 2019 season. a) 2-hourly interval accounts for the lag time, whereas other
frequencies did not account for the lag time (xlag); b) all accounted for the lag time. Green triangles and the orange line in the box are the mean and median, respectively.
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N m−3 day−1, the Q4 section had higher RRs than the other sections,
followed by the Q2 + Q3 section and then the Q1 section with average
RRs of 0.90 (±0.54) and 0.81 (±0.57) g-N m−3 day−1, respectively.
While the differences in RR between Q1 and Q2 + Q3 and between
Q2 + Q3 and Q4 were not statistically significant, section Q4 had statisti-
cally higher RRs (p < 0.05) than section Q1. With a range of ρ =
0.60–0.88, autocorrelation coefficients in the 2019 RR time series in the
three sections were lower compared to the 2018 RRs and resulted in higher
equivalent sample sizes (ne = 30–112, from original sample sizes of n =
440–475).

In general, the average RR computed for the entire bioreactor (i.e., Inlet-
Outlet) in the 2019 season (0.91 ± 0.48 g-N m−3 day−1) was higher than
in the 2018 season (0.71 ± 0.09 g-N m−3 day−1) (Fig. 7), but the differ-
ence was not statistically significant. This could be attributed to the high
standard error in the 2019 data (Fig. 7) and the high autocorrelation
(ρ > 0.90) in the high-frequency data (frequency ≤ 2 h) resulting in
small equivalent sample sizes, especially in the short 2018 monitoring.
This result appears to indicate that in order to have meaningful statistical
results in comparing removal rates calculated from high-frequency data
(frequency≤ 2 h), a substantially larger sample size is essential to compen-
sate for the effect of the autocorrelation.
Fig. 5. Time series of nitrate removal rates based on one-hour sampling frequen
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3.3.2. Variability across the bioreactor using data from all monitoring wells

3.3.2.1. Spatially variable k. The variability in the estimated k (in g-
N m−3 day−1) between each section, along the five flowlines of the biore-
actor in 2018 and 2019 is shown in Fig. 8. The simple 1D transport model
fitted the high frequency data very well, with nRMSE between measured
and simulated NO3

−-N concentrations at 5.4 % and 4.9 % for years 2018
and 2019, respectively. There was a general pattern of decreasing k along
the flow path, but removal dynamics differed significantly between the
two drainage years. In 2018 k was always greater in P2, due to conditions
favourable to denitrification as compared to other sections (Fig. 8a).
While average DO concentrations at the Inlet were approx. 4 mg L−1, DO
concentrations at the beginning of P2 were low and on average
<1 mg L−1 (Rivas et al., 2020a) (SF4a) and NO3

−-N concentrations were
above 5 mg-N L−1 (SF2). On the other hand, nitrate limiting conditions
were observed in the second half of the bioreactor (SF2). In the 2019
season, however, k appeared to peak closer to the Inlet with secondary
peaks in the second part of the bioreactor (P3 & P4; Fig. 8b) potentially
due to low or no flow zones near the Outlet resulting, for instance, in
lower NO3

−-N concentrations at the exit end of section P4, as discussed
earlier.
cy at different sections of the bioreactor during the 2018 drainage season.



Fig. 6. Time series of nitrate removal rates based on two-hour sampling frequency at different sections of the bioreactor during the 2019 drainage season.
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3.3.2.2. Maximum nitrate removal rates. The calibrated parameters of the
model incorporating Michaelis-Menten kinetics are shown in Fig. 9. Km

was calibrated simultaneously with Vmax using the nitrate limited 2018
data and then used to calibrate Vmax for the 2019 season. The error term in-
creased very slightly to 6.2 % and 5.4 % (from 5.4 % and 4.9 %) for years
2018 and 2019, respectively. However, the absolute small error indicates
an excellent agreement between simulated and measured concentrations.
The small error increase was expected as the number of model adjustable
parameters decreased from 48 (Fig. 8) to 15 (Fig. 9).

For both years Vmax was consistent across the five flow lines, ranging
from 0.91 to 1.0 g-N m−3 day−1 and 0.71 to 0.75 g-N m−3 day−1 in
2018 and 2019, respectively.

4. Discussion

4.1. Hydrological dynamics in woodchip bioreactors

Estimates of volumetric efficiency (eV), and consequently effective pore
volumes (Veff), of each quarter section of the bioreactor using the 2019
season data revealed the effectiveness of the different sections of the
bioreactor.
Fig. 7. Distribution of nitrate removal rates at different sections of the Tatuanui bioreact
line in the box are the mean and median, respectively.
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Analysis for the Q1 section indicates that flow distribution in this sec-
tion was very good, likely due to the use of a distribution header. This is
supported by the apparent even distribution of flow between 0.5 m to
3.2 m (and even down to 5.9 m) from the Inlet header position in both sea-
sons (SF2 and SF3).

The volumetric efficiency in the Q2+Q3 section was 0.56, which indi-
cates that the flow was satisfactorily distributed (SF2, SF3) in this section.
The aspect ratio (length over width) of around 2 of the bioreactor could
have contributed to the satisfactory volumetric efficiency in this section.
This is because flows in bioreactors with higher aspect ratio were found
to approximate piston flow due to increased dispersion across the narrower
cross sections especially at higher velocities (Alcocer et al., 2012).

For the last section (Q4), the relationship between effective pore vol-
ume and flow indicates that the effective pore volume increased linearly
with flow. At low flows, the effective pore volume in this section was
smaller than the drainable pore volume, indicating non-uniform flow
through this section of the bioreactor. For instance, only 0.2 of the calcu-
lated drainable pore volume (or 0.12 of total pore volume) of Q4 seemed
active at a median flow of approx. 0.72 L min−1. This apparent dead flow
zone existing during low flows was likely occurring above the outlet collec-
tion pipe and could explain the unexpected low NO3

−-N concentrations in
or during the a) 2018 and b) 2019 drainage seasons. Green triangles and the orange



Fig. 8. Estimated zero-order nitrate treatment rates (k) at different sections of the Tatuanui bioreactor during the a) 2018 & b) 2019 seasons. P1–P5 are the five bioreactor
sections along flowlines 1 & 2. Q1–Q4 are the four bioreactor sections in the centre line (see Fig. 1).

Fig. 9. Estimated maximum nitrate removal rates (Vmax) and half saturation constants (Km) at the five monitored flowlines of the Tatuanui bioreactor.
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the shallow wells at row four (S4 and S8) (Fig. 1, SF2–SF3). Other studies
have also observed preferential flows especially at lower flows (Alcocer
et al., 2012).

The overall bioreactor eV of 0.54 indicates that lag time estimates for the
Tatuanui bioreactor based only on the total pore volumemay not provide a
reasonable approximation. Estimates using the drainable pore volumemay
provide a reasonable approximation of lag times. However, either of these
two approaches would not have revealed the important insights on flow dy-
namics occurring in the bioreactor, especially with the significant changes
in the active volume in the Q4 section of the bioreactor. Thus, for wide bio-
reactors (i.e., smaller length over width ratio) with elevated Inlet distribu-
tion header, larger dead volumes near the outlet may be expected at low
flows.

4.2. Improved RR estimates using lag time-adjusted NO3
−-N concentrations from

high-frequency monitoring

Our results demonstrate that, in drainage systems with highly dynamic
flows, reducing the field sampling interval from the typical weekly to daily
or even sub-daily intervals to calculate RR using the concurrent RRmethod
may not result in achieving the accuracy of RR calculated based on 2-hourly
measurements which take lag times into account. More measurements
(count = 479) capturing the dynamics in NO3

−-N concentrations were in-
volved in computing RR using the high-frequency data, in contrast to the
low-frequency sampling (count = 156, 77, and 36 for 6-, 12-, and 24-
hourly sampling interval, respectively).

Provided the lag time is accounted for, it appears that a daily (24-h) in-
terval seems sufficient for obtaining an accuratemeasure of nitrate removal
performance. However, highly accurate accounting for the lag time in the
analysis of low-frequency data is challenging without the high-frequency
data or alternatively multiple tracer tests covering the range of dynamic
flow rates. It is acknowledged that it is challenging to identify and track
NO3

−-N peaks in low-frequency data because a clear trend in NO3
−-N con-

centrations may not be apparent. Further analysis of the 2019 data (not
shown) shows that using different sampling times for the same frequency
interval (i.e., for the 6-, 12-, 24-hourly measurements) does not signifi-
cantly affect the computed RR and the comparison and conclusions are
still valid using different sampling times.

Using the high-frequency data and inverse 1D flow and transport
modelling using spatially variable reaction (i.e., removal) rates at various
sections of the bioreactor revealed that uniform reaction rates, often used
for design purposes, significantly underestimate nitrate transformations at
the first part of the bioreactor and significantly overestimate them near
the outlet. This can have considerable implications for parameter transfer-
ability and comparisons of different designs when the bioreactor geometry
and loading characteristics are not fully accounted for. Nitrate reduction
kinetics follows a Michaelis-Menten kinetics model, which if incorporated
in bioreactor design can better account for the transformation dynamics
along a bioreactor. The non-uniform calibrated Km values point out the
need for more high-frequency datasets to better understand the Km re-
sponses to highly dynamic loading conditions that are often expected in
field applications.

4.3. Insights on the variability in nitrate removal processes within the woodchip
bioreactor

The range and mean RR reported in this study are in the lower range of
published RR values of field bioreactors: 0.01 to 22 g-N m−3 day−1

(Schipper et al., 2010b; Addy et al., 2016; Griessmeier et al., 2019; Manca
et al., 2021). However, our results are generally comparable with RR in
other bioreactors using the same woodchip material, i.e. Pinus radiata
(Warneke et al., 2011c). There are several factors affecting RR including
temperature, NO3

−-N mass loading (i.e., NO3
−-N concentrations and flow),

hydraulic retention time, age of woodchips or electron donor source, and
microorganisms (Bruun et al., 2016). Identifying the factors responsible
for the relatively low RR compared with other studies is outside the scope
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of this study. Nevertheless, the most likely causes of this difference include
the available carbon supply from the substrate (woodchips), denitrifier
abundance and composition, and lower temperature (considering that
drainage season occurs only duringwinter and spring as opposed to systems
with generally year-round drainage). Soft wood materials, such as the pine
wood used in this study, were found to have lower RR compared to other
carbon sources (e.g., maize cobs, eucalyptus woodchips, saw dust, etc.)
(Warneke et al., 2011c). This low RR could be due to the inferior amount
of nitrite reductase genes (responsible for nitrite reduction) found in biore-
actor barrels with pine wood, with positive relationship observed between
RR and total nitrite reductase genes per unit of dry substrate (Warneke
et al., 2011c). Low nitrite reductase could indicate the potential accumula-
tion of nitrite in the bioreactor, which in turn could limit nitrate reduction
(Glass et al., 1997).Wewere not able to compare the role of DOC on nitrate
removal in our Tatuanui bioreactor with other studies due to the lack of
published DOC data in the assessment of other field-scale bioreactors
using other electron donor sources.

In terms of modelled nitrate removal rate, k, the trend of higher k near
the Inlet appears in contrast to Fig. 7bwhere the highest removal rates were
observed in the last quarter section of the bioreactor. The slight divergence
in results could reflect the different datasets and analyses employed. In in-
vestigating the variability of nitrate RRalong the centre line (Section 3.3.1),
we used a larger dataset of the measured NO3

−-N concentrations compared
to the 1D transport modelling which used the early part only of the
monitoring period.Moreover, in Section 3.3.1measuredNO3

−-N concentra-
tions were used between each section, whereas the modelling used the
simulated concentrations produced from optimisation for determining k.
This enabled determining k at sections Q2 and Q3, whereas Section 3.3.1
analysed the two quarters together as section Q2 + Q3, due to the
measured data being unreliable at well C2. Calibrated k values ranged be-
tween 0.35 and 1.25 g-N m−3 day−1 in 2018, and between 0.41 and
1.38 g-N m−3 day−1 in 2019, and were generally higher in the 2019 sea-
son, in accordance with the removal rates presented in Section 3.3.1
(Fig. 7). The implications for bioreactor design and nitrate removal predic-
tions are that loading and flow dynamics need to be carefully considered,
while the variable hydrochemistry resulting in limiting conditions along
the reactor need to be accounted for.

Moreover, the values of uniform maximum removal rate (Vmax) ob-
tained from modelling are lower than the limited available data reported
in the literature. For example, Kouanda and Hua (2021) reported Vmax of
the order of 16.8–25.2 g-N m−3 day−1 at 22 °C and 1.68–5.04 g-
N m−3 day−1 at 5 °C. The same reasons for the lower RR in the Tatuanui
bioreactor provided in Section 3.3.1 are relevant here with respect to
Vmax. Moreover, in 2019 average Vmax was 29 % lower than in 2018,
which is also consistentwithwoodchip ageing.Kmwasmore variable across
the flow lines, ranging between 0.12 and 0.47 g-Nm−3. Again these values
were lower than those reported by Kouanda and Hua (2021)
(1.19–2.60 g-Nm−3). Km values have been considered as providing indica-
tions of the threshold NO3

−-N concentrations between zero-order and first-
order reaction kinetics; meaning if concentrations are substantially higher
than Km, then the reaction is believed to be zero-order (Kouanda and
Hua, 2021). The Km values derived for the Tatuanui bioreactor agreed
with reported threshold concentrations of 1.0 to 1.5 g-N m−3 reported by
Bowman and Focht (1974). These results are also consistent with the ob-
served nitrate limiting conditions affecting RR in the Q4 section of the bio-
reactor in 2018 (Section 3.3.1). Our findings suggest that bioreactor nitrate
removal kinetics follow the MM model (Kouanda and Hua, 2021) and ni-
trate removal can be accurately quantified using Vmax and Km as substrate
parameters.

The range of the Inlet-Outlet RRs in both seasons fell within the range of
RRs in the three sections but does not reveal differences that occur between
the sections. The differences in RR between sections reflect the different
factors influencing nitrate removal. The following subsections discussed
the various factors affecting nitrate removal processes along the length of
the bioreactor, enhancing our understanding of these processes in
woodchip bioreactors of similar configurations.
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4.3.1. Partially oxic conditions near the Inlet causing lower nitrate removal
In both seasons, the average RRs observed in the first section (Q1) were

lowest despite having the highest average NO3
−-N load at the Inlet of 2.4

and 5.8 g-N h−1 in 2018 and 2019, respectively, compared to other sections
(Table 3). The low RR in this first section could be largely attributed to the
partly oxic conditions in this section constraining the denitrification process
(Rivett et al., 2008). Rivas et al. (2020a) reported average DO concentra-
tions during the high-frequency monitoring period at the Inlet of 4.0 and
6.3 mg L−1 in 2018 and 2019, respectively (SF4). Whereas the average
DO concentrations at about 35 % of the length of the bioreactor (second
row of shallow and deep wells; no DO measurements done at C1 well at
approx. 25 % of bioreactor length) during the same period were approxi-
mately 0.6 and 0.8 mg L−1 in 2018 and 2019, respectively. Several studies
have suggested 2 mg L−1 as the upper DO limit for denitrification to occur,
although denitrification has also been observed at higher concentrations up
to 4 mg L−1 (Rivett et al., 2008; Thayalakumaran et al., 2008).

4.3.2. Nitrate-limiting conditions affecting nitrate removal performance espe-
cially near the Outlet

While earlier studies have shown that inflow NO3
−-N concentrations in-

fluenced RR (Addy et al., 2016), we focused this discussion on the impact of
NO3

−-N loads (i.e., based on concentration and flow) on RR. Schmidt and
Clark (2013) reported that in flow-through systems, like in our Tatuanui
bioreactor, responses of denitrifiers appear to relatemore strongly to the ni-
trate loading rate rather than concentration alone.

In 2018, the lower RR in the Q4 section compared to the Q2+ Q3 sec-
tion (Section 3.3.1) could be attributed to nitrate limiting conditions in the
Q4 section. An average NO3

−-N concentration of 2.4 mg-N L−1 and load of
0.7 g-N h−1 entered the Q4 section (Tables 1 and 3), whereas the average
NO3

−-N load entering the Q2 + Q3 section was greater at 1.8 g-N h−1

(Table 3).
In the 2019 season, the average NO3

−-N load entering the Q4 section
was relatively greater at 4.6 g-N h−1 (Table 3). This appears that, generally,
the section was not nitrate limited resulting in greater average RR as com-
pared to other sections, especially the Q1 section. However, during low
flows in the second half of September to early October, RRs were very
low (0.47 g-Nm−3 day−1; Fig. 3b) which could be attributed to nitrate lim-
iting conditions with low NO3

−-N loads (0.45 g-N per 2-h parcels, or 0.22 g-
N h−1) entering this section (SF6). Moreover, the low flows also meant
higher HRT, which would further lower the RR value.

These results indicate that, in bioreactors with greater length overwidth
ratio (i.e., ‘long’ bioreactor) receiving highly dynamic drainage flows, it is
likely for the latter part of the bioreactor to have unused nitrate removal ca-
pacity during low flow conditions. Accordingly, there is greater risk of
Table 3
Descriptive statistics of nitrate-N load (g-N h−1) at different locations in the
Tatuanui bioreactor measured in a) 2018 partial drainage season, and b) 2019
drainage season.

a) 2018 (g-N h−1)

Statistic Matched Inlet Matched C1 Matched C3 Outlet

Mean 2.37 1.77 0.65 0.52
Median 2.16 1.33 0.52 0.38
Max 6.02 4.52 1.84 1.67
Min 0.95 0.68 0.10 0.04
Stdev 1.19 0.98 0.51 0.47
Cumulative (kg) 0.65 0.49 0.18 0.14

b) 2019 (g-N h−1)

Statistic Matched Inlet Matched C1 Matched C3 Outlet

Mean 5.75 5.36 4.57 4.17
Median 3.10 2.96 2.51 2.30
Max 28.73 26.85 24.59 19.06
Min 0.06 0.05 0.00 0.00
Stdev 6.33 5.99 5.37 4.83
Cumulative (kg) 5.52 5.16 4.40 4.03
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developing highly reducing conditions, which is not desirable due to the
production of greenhouse gases such as methane (Rivas et al., 2020b).

4.3.3. Availability of electron donor varies in the woodchip bioreactor limiting
nitrate removal

Our analysis of the variability of RR and NO3
−-N in the drainage water

shows that the nitrate removal performance of the Tatuanui bioreactor
was largely influenced, not just by nitrate limitations (Section 4.3.2), but
also by limitations in the availability of an electron donor (i.e. DOC).

For instance, in the 2018 season, the lower RR in the Q1 section – even
with higher NO3

−-N loads – could be partly due to the lower DOC present in
the first half of the bioreactor (in addition to the partially oxic conditions in
this section) (Rivas et al., 2020b). The average DOC at the Inlet during the
monitored period was 7.0 (±0.7) mg L−1, which was significantly lower
(p < 0.05) than the average DOC at the Outlet of 8.3 (±0.6) mg L−1

(Table 4).
Moreover, similar maximum RRs (approx. 1.4 g-N m−3 day−1) were

observed in the Q4 and Q2 + Q3 sections (SF7b) at different NO3
−-N

loads: between 15 and 20 g-N day−1 in Q4 and between 80 and 95 g-
N day−1 in Q2 + Q3 section. The comparable RR in the Q2 + Q3 section
to theQ4 section despite the significantly higher NO3

−-N loads in the former
could point to limitations in readily available electron donor (i.e., DOC).
While there were no DOC measurements within the bioreactor in 2018,
our measurements at C2 well in 2019 indicated increasing DOC along the
length of the bioreactor (Table 4). The mean DOC concentration during
the monitored period in the first half (i.e. average of DOC measured at
Inlet and well C2) of 9.3 (±1.0) mg L−1 was significantly lower
(p < 0.05) than average DOC of 12.4 (±2.4) mg L−1 in the second half
(well C2 and Outlet) (Table 4). Limited studies on the relationship between
RR and electron donor showed strong positive correlation between RR and
DOC (either total or bioavailable only) (Warneke et al., 2011c; David et al.,
2016). Thus, the nitrate removal performance of the Tatuanui bioreactor
could be enhanced by supplementing with readily available electron
donor, such as methanol or ethanol (Roser et al., 2018; Rivas et al.,
2020b), but carbon-dosing would need to take into account the risk of neg-
ative side effects of creating highly reduced conditions.

4.3.4. Influent hydrology and hydrochemistry dictates the nitrate removal
performance of field woodchip bioreactors

This study revealed the highly variable RRs, temporally and spatially, in
a field-scale bioreactor operating under natural environmental conditions.
As discussed above, several factors affect this variability but the importance
Table 4
Descriptive statistics of DOC concentrations (mg L−1) at the Inlet, Middle Well, and
Outlet in the Tatuanui bioreactor measured in a) 2018 partial drainage season, and
b) 2019 drainage season,measuredweekly to fortnightly. Inlet andOutlet data from
samples collected automatically by ISCO samplers.

a) 2018

Statistic Inlet Middle well Outlet

Mean 6.76 – 10.66
Median 6.45 – 8.80
Max 11.30 – 53.90
Min 4.50 – 7.00
Stdev 11.30 – 6.39
Count 84 – 84

b) 2019

Statistic Inlet Middle wella Outlet

Mean 8.95 10.64 15.54
Median 8.80 9.25 12.10
Max 11.10 18.00 67.70
Min 6.90 8.25 8.30
Stdev 1.22 3.42 10.78
Count 35 7 39

a Middle well data from manual samplings.
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of nitrate loading and DOC availability could not be overemphasised, par-
ticularly in bioreactors receiving drainage with highly dynamic flows and
chemistry. The dependency on nitrate loading is reflected in that the nitrate
removal dynamics in the bioreactor can be described by Michaelis-Menten
kinetics (Section 4.2).

The effect of influent loading on the performance of bioreactors is also
reflected in the greater RR in the 2019 season compared to the monitored
period in the 2018 season, although the difference was not statistically sig-
nificant due to very low 2018 equivalent sample size after compensating for
autocorrelation. This greater RR could be attributed to the generally higher
NO3

−-N concentrations and loads in the 2019 season (Tables 1–3) as NO3
−-N

concentrations and/or loads have been found to influence nitrate removal
rates (Schmidt and Clark, 2013; Addy et al., 2016). Consistent with this,
the RR reported in this study represent actual RR achieved in the field
and not the potential laboratory-based RR, where NO3

−-N concentration is
controlled and carbon (i.e., DOC) may not be limiting (especially with
fresh woodchips). For instance, our results showed that the Tatuanui biore-
actor has the potential to remove nitrate at a rate of about 10 g-
N m−3 day−1 (Figs. 6 and SF8). This was observed in the Q4 section of
the bioreactor during the early part of the 2019 season (13 Aug) when ni-
trate and available DOCwere apparently not limited (SF10b). The generally
high DOC concentrations observed at the Outlet at the start of each season,
with the bioreactor drained in between seasons, reflects the effect of drying
and rewetting cycles on DOC availability (Maxwell et al., 2019). However,
this apparent nitrate removal potential was rarely reached due to a combi-
nation of nitrate and/or C limiting conditions. The potential RR of approx.
10 g-N m−3 day−1 observed in 2019 was not reached in the partial 2018
season when high-frequency monitoring was undertaken with NO3

−-N con-
centrations at the Inlet below 10 mg L−1 (Figs. 2 and SF7b, Table 3), N
loads were around 6 g-N h−1 (Table 3, SF5) and DOC concentrations at
the Outlet (8.3 ± 0.6 mg L−1) were lower than earlier in the season
(SF10a).

These results underline the challenges of ascertaining, before a bioreac-
tor is built, howmuch nitrate removal (especially in terms of RR) can be ex-
pected from a bioreactor operating under field conditions. This uncertainty
may be reduced by collecting an increased amount offield flow and concen-
tration data or producing reasonable synthetic (say 5–10 years) NO3

−-N
loads that can be used in estimating the NO3

−-N loads to the bioreactor.
Moreover, information on DOCavailability fromwoodchip and supplemen-
tal sources is also important to have an idea of carbon limiting conditions.

4.4. Considerations for improving effectiveness of woodchip bioreactors

Our findings on volumetric efficiencies, e.g. concerning design charac-
teristics encouraging piston flow conditions andminimising the occurrence
of dead zones, seem to favour designs with greater aspect ratio (length over
width), especially in high flow conditions. However, this may result in
nitrate removal that is sub-optimal during low flows as our results showed
nitrate limiting conditions in the latter part of the bioreactor indicating
unused potential for removal. This greater aspect ratio may also result in
an increase in highly reduced conditions, which may have negative side
effects such as methane and/or hydrogen sulphide production (Rivas
et al., 2020b). On the other hand, bioreactors with short aspect ratio may
be more vulnerable to being affected by preferential flow paths, which
are high conductivity paths connecting the Inlet and the Outlet. Therefore,
a balance between volumetric efficiency and nitrate removal performance
needs to be considered when designing a bioreactor. This requires a good
understanding of the dynamics of the drainage flow and hydrochemistry,
as essential for understanding uncertainties in expected nitrate removal at
the design stage. For instance, the high nitrate loading at the beginning of
a drainage season and variable loads throughout the season, common in
NZ temperate pasture lands, may require that a larger bioreactor is
desirable early in the season and a smaller bioreactor in operation in the
latter part of the season or at low flows. This may be achieved by having
two smaller bioreactors installed in parallel with the second bioreactor
treating overflows from the Inlet of the first bioreactor. Ultimately, the
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decision for bioreactor design and sizing would be influenced by the costs
and desired benefits.

5. Conclusions

This work demonstrated the benefits of high-frequencymonitoring data
of nitrate concentrations at multiple locations in a bioreactor by improving
the quantification of nitrate removal performance and enhancing the un-
derstanding of removal processes. Using an approach which accounts for
the lag time through the bioreactor, we quantified the volumetric ineffi-
ciencies within the bioreactor, revealing the dynamics of dead zones within
the bioreactor.

Regardless of the monitoring interval, we showed that nitrate removal
rates cannot be reliably quantified without accounting for the lag time
and effective pore volume, especially in systems which experience highly
variable inflows. To evaluate the lag time correctly, high-frequency moni-
toring is essential.

The spatiotemporal variability in nitrate removal rates revealed the in-
fluence of flow and hydrochemistry on denitrification along the length of
the bioreactor. We showed that a Michaelis-Menten formulation can de-
scribe the RR kinetics in the Tatuanui bioreactor. Additionally, the study
showed that an optimal length over width ratio of the bioreactor is impor-
tant to maximise the bioreactor's performance.

Our assessment of nitrate removal performance with high-frequency
data were conducted for a single bioreactor. It would be useful to apply
these methodologies for monitoring and quantifying the nitrate removal
performance of other bioreactors in different environmental settings and
configurations to obtain more information on the benefits of high-
frequency monitoring. This study employed high-frequency time series
data which exhibited a strong autocorrelation, significantly reducing the
equivalent sample sizes. Thus, in order to maintain sufficient statistical re-
solving power, it is important to plan for an appropriately large sample size.

The authors contend that the insights gained from this study would be
helpful to inform future designs for more effective bioreactors.
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