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A B S T R A C T   

Woodchip bioreactors are increasingly used as tools to mitigate nitrogen (N) pollution from agricultural drainage 
water. They consist of a basin filled with woodchip material through which N contaminated drainage water can 
flow. During the water transport through the filter matrix, oxygen is rapidly depleted and denitrification removes 
a fraction of the nitrate N present in the water. However, the N removal efficiency of the bioreactors varies 
significantly both across systems and seasonally. Furthermore, denitrification can also produce nitrous oxide, 
which is a potent greenhouse gas. Here, we investigated how variation in hydraulic residence time influenced N 
removal efficiency and nitrous oxide emissions at eight woodchip bioreactors of different flow designs, moni-
tored for 2–4 years. We also characterised the relative abundance of genes involved in the N cycle at three of the 
bioreactors using metagenomics. Our results showed that total N removal was 17–73% of the yearly incoming N 
and that it was influenced by hydraulic residence time and water temperature. Nitrous oxide emissions were 
variable among the different bioreactors and were higher when the hydraulic residence time was less than 60 h. 
However, the yearly nitrous oxide release did not exceed 2.4% of the nitrate removal (on N atom basis) and the 
mean among the bioreactors was 0.6%. Although there were marked differences in nitrate removal and nitrous 
oxide emissions, there were no clear differences in the relative abundance of N-cycling genes among and within 
three tested bioreactors. Yet, denitrification genes greatly outnumbered genes related to dissimilatory nitrate 
reduction to ammonium. Overall, our study showed that all eight bioreactors were effective in removing N from 
agricultural drainage water and that nitrous oxide emissions were low, especially at hydraulic residence times of 
60 h or more.   

1. Introduction 

Agriculture is a major source of nitrogen (N) losses to the environ-
ment and contributes to the eutrophication of aquatic ecosystems 
worldwide (Fowler et al., 2013; Galloway et al., 2008; Smith et al., 
1999). To reduce the export of N from agricultural fields to surface 
waters, a number of mitigation measures have been developed to reduce 
the N load in drainage water from tile drains or ditches (Carstensen 
et al., 2020; Tournebize et al., 2017). Constructed wetlands, integrated 
buffer zones, controlled drainage and saturated buffer zones are all end- 
of-pipe solutions to mitigate N pollution (Jaynes and Isenhart, 2019; 
Mander et al., 2021; Zak et al., 2018). The aim is to temporarily retain 

the N-rich drainage water and provide suitable conditions for hetero-
trophic denitrification, which reduces nitrate (NO3

− ) to gaseous nitrous 
oxide (N2O) and dinitrogen (N2). This denitrification is mediated by 
microbial pathways and takes place under anoxic conditions in the 
presence of bio-available organic carbon (C) as an electron donor and C 
source (Tiedje, 1988). 

The mitigation measures targeting agricultural drainage waters have 
varying N removal efficiencies and need to be adapted to the local 
conditions (Carstensen et al., 2020; Goeller et al., 2020). Yet, a major 
challenge for their large-scale implementation is the trade-off between 
agricultural production and environmental protection because an area 
of farmland generally needs to be taken out of production to establish 
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the facility. Hence, it is important to develop mitigation measures that 
are efficient in removing N, while occupying only a small land area. This 
challenge has recently prompted the development and improvement of 
subsurface woodchip bioreactors (Christianson et al., 2012b; Jaynes 
et al., 2008; Robertson et al., 2000; Schipper et al., 2010). 

Subsurface woodchip bioreactors basically consist of ~1-m deep 
basins filled with woodchips through which drainage water flows before 
it is discharged to an aquatic recipient, e.g., a ditch or a stream. The 
woodchips provide an abundant organic C source for microbial meta-
bolism and water-saturated conditions limit oxygen diffusion, thereby 
facilitating denitrification. Furthermore, the woodchips constitute a 
porous matrix with high hydraulic conductivity and provide a large 
specific surface area where microorganisms and biofilms can attach. 
These characteristics of woodchip bioreactors allow high volumetric 
denitrification rates in a small surface area, and treatment facilities have 
already been successfully established in intensively cultivated regions 
such as the Midwest (USA), New Zealand and Denmark (Bruun et al., 
2016b; Christianson et al., 2012a; Goeller et al., 2019). There is, how-
ever, some environmental concerns regarding the potential emission of 

greenhouse gases (GHG) from woodchip bioreactors (Grießmeier et al., 
2019; Schipper et al., 2010), especially N2O that has a global warming 
potential 265–298 times stronger than that of carbon dioxide (Myhre 
et al., 2013). During complete denitrification, N2O is produced as an 
intermediate, which is reduced to N2 by N2O reductase. However, the 
N2O reductase activity is influenced by various environmental factors 
that may impede complete denitrification and lead to atmospheric N2O 
emission. Notably, high NO3

− availability may limit the reductase ac-
tivity and increase the N2O/N2 product ratio (Friedl et al., 2020; Weier 
et al., 1993). In woodchip bioreactors, NO3

− availability is controlled by 
both the NO3

− concentration in the drainage water and the hydraulic 
residence time (HRT), which is a well-known driver of N removal effi-
ciency and therefore a parameter that must be explicitly managed (e.g. 
David et al., 2016; Hoffmann et al., 2019). However, so far it is uncertain 
how management of HRT affects N2O emissions and whether substantial 
emissions of N2O might occur if woodchip bioreactors are overloaded by 
NO3

− . 
Here, we present results on N removal and N2O emissions from eight 

full-scale bioreactors that each was monitored for 2–4 years. We 

Fig. 1. Schematic representation of the bioreactors (BR) included in the present study.  
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supplement these results with microbial analyses of three of the bio-
reactors in order to identify the distribution of genes in N cycling that 
might influence the balance between N removal and N2O emissions. We 
hypothesised (i) that a decrease in HRT may lead to higher N2O emis-
sions because of higher NO3

− load and (ii) that differences in N removal 
efficiency and N2O emissions are reflected by differences in the abun-
dance of genes involved in the reductive N cycle, especially nosZ, which 
is the gene encoding for the N2O reductase. 

2. Material and methods 

2.1. Study sites and weather conditions 

This study investigated eight sub-surface flow bioreactors, desig-
nated as BR1 to BR8, which were all located in Jutland, Denmark. 
Bioreactors 1–6 were established at the same location near Gjern (lat. 
56.2144◦, long. 9.7434◦), while BR7 was located near Spjald (55.9876◦, 
10.0808◦) and BR8 near Odder (56.1048◦, 8.4771◦). The eight bio-
reactors had different flow design: BR1, 2, 7 and 8 had horizontal flow; 
BR3–4 had vertical upward flow and BR5–6 had vertical downward flow 
(Fig. 1). Bioreactors 1–6 had identical dimensions (10 × 10 m, 1 m deep) 
and received drainage water from a 78 ha agricultural catchment 
(Table 1). BR7–8 were larger (248 and 300 m3) and drained agricultural 
areas were 20 and 16 ha, respectively (Table 1). The drainage catch-
ments were all intensively cultivated, mostly with cereals under annual 
crop rotation. BR1–6 were lined with a 1-mm thick Junifol high-density 
polyethylene geotextile (Millag), while BR7–8 had a clay layer at the 
bottom. All bioreactors were filled with a ⁓1.2 m layer of filter matrix 
consisting of a mix of willow woodchips (size 2–32 mm) and mussel 
shells (size 2–5 mm; BR1–6) or willow woodchips only (BR7–8). This 
filter matrix was water saturated except the top ⁓0.2 m of the wood-
chips which remained unsaturated. The surface of the woodchip-filled 
basins were exposed to the air, i.e., the bioreactors were not covered 
by a layer of soil. A sedimentation pond was placed in front of BR7–8 to 
buffer surplus or shortage in drainage water discharge. At the time of 
establishment in 2012, BR1, 3 and 5 were planted with Phragmites aus-
tralis, while BR2, 4 and 6 were unplanted. However, vegetation rapidly 
developed in the unplanted bioreactors and the following species 
evolved: P. australis, Typha latifolia, Bidens tripartita, Epilobium hirsutum 
and Salix spp. BR7–8 were unplanted and the vegetation cover on the 
bioreactors remained very sparse. Additional details on the design of 
BR1–6 can be elsewhere (Bruun et al., 2016b; Carstensen et al., 2019; 
Hoffmann et al., 2019). The present study includes results from 2016 to 
2019 for BR7 and from 2018 to 19 for the other bioreactors. 

Data on air temperature, precipitation, potential evapotranspiration 
and relative humidity were obtained from the Danish Meteorological 
Institute (DMI). The mean air temperature was relatively similar across 
years and bioreactors, ranging from 8.7 to 9.3 ◦C (Table 2). In contrast, 
the yearly precipitation and potential evapotranspiration were more 
variable (586–1095 mm and 585–677 mm, respectively), and especially 
2018 was much drier than the other years (Table 2). Yearly mean 
relative humidity was relatively constant around 83% (Table 2). 

2.2. Instrumentation and sampling procedures 

The outlets of BR1–6 were equipped with electromagnetic flowme-
ters (Waterflux 3070, Krohne, Germany) connected to a data logger 
(Campbell CR10X, Logan, USA) that recorded the mean flow velocity 
every 10 min. At BR7–8, electromagnetic flowmeters (Waterflux 3070) 
were placed at the inlet of the sedimentation pond and at the outlet of 
the bioreactor. It was assumed that the flow measured at the outlet of 
BR1–6 was equal to the flow at the inlet as direct net precipitation is of 
minor importance considering the small area of the bioreactors relative 
to the drained area (Hoffmann et al., 2019). Temperature loggers (UA- 
002-08, HOBO, Bourne, Massachusetts, USA) were placed at the outlets 
and recorded water temperature every 60 min. 

At all bioreactors, water samples (100 mL) were taken automatically 
at the inlet and outlet every third hour and mixed into daily composite 
samples using a time-proportional sampler (ISCO 6700FR Sampler, 
ISCO, Lincoln, USA). The samples were kept cold at 4 ◦C and transported 
to the lab for analyses when the sites were visited at 3-week intervals. 

At every visit, water samples for N2O analysis were collected at the 
inlets and outlets of the bioreactors using a 20-mL syringe and gas tight 
tubing. Each sample was transferred into 12-mL glass vial (Exetainer, 
Labco, Lampeter, UK) that was allowed to overflow. Before closing the 
vial with a butyl septum lid, 400 μL of bactericide (ZnCl2, 50% weight: 
volume) was added for preservation. The samples were stored in the 
dark at ~20 ◦C for gas chromatographic (GC) analysis of N2O (generally 
within 3 weeks) using the headspace technique after creating a 3 mL 
helium headspace in the vials (McAuliffe, 1971). 

In situ fluxes of N2O were measured from the surface of the bio-
reactors every third week at BR1–2 (May 2018 to December 2020) and 
BR7 (January 2018 to December 2020) using a two-part static chamber 
technique (Audet et al., 2014). At each bioreactor, three spots spaced 
along the flow line between inlet and outlet were monitored (Fig. S1). 
Thus, at BR1–2, the spots were placed 2.5, 5, and 7.5 m from the inlet, 
while at BR7, they were placed 8.5, 14.5 and 22.5 m from the inlet. At 
each spot, a PVC collar (55 × 55 cm) with horizontal flanges to support 

Table 1 
Characteristics of the eight woodchip bioreactors (BR).  

Site BR 
no. 

Year of 
construction 

Dimensions Volume Design Matrix type Drained 
area 

Ratio BR: 
drained area 

Sedimentation 
pond 

(W × L × D 
m) 

m3 (ha) (%) (m3) 

Gjern 1 2012 10 × 10 × 1 100 Horizontal flow Woodchip + mussel shells 
(50:50 v:v) 

78a 0.077b None 

2 2012 10 × 10 × 1 100 Horizontal flow Woodchip + mussel shells 
(75:25 v:v) 

0.077b 

3 2012 10 × 10 × 1 100 Vertical upward 
flow 

Woodchip + mussel shells 
(50:50 v:v) 

0.077 

4 2012 10 × 10 × 1 100 Vertical upward 
flow 

Woodchip + mussel shells 
(75:25 v:v) 

0.077 

5 2012 10 × 10 × 1 100 Vertical downward 
flow 

Woodchip + mussel shells 
(50:50 v:v) 

0.077 

6 2012 10 × 10 × 1 100 Vertical downward 
flow 

Woodchip + mussel shells 
(75:25 v:v) 

0.077 

Odder 7 2015 8 × 31 × 1 248 Horizontal flow Woodchip 20 0.12 250 
Spjald 8 2017 10 × 30 × 1 300 Horizontal flow Woodchip 16 0.18 350  

a Runoff from the catchment is equally divided among the six bioreactors. 
b The ratio decreased to 0.025% in summer when BR3–6 were closed. 
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the removable top chambers was inserted into the woodchip matrix to a 
depth of 10 cm. The chambers were made of opaque PVC (60 × 60 × 40 
cm) and equipped with a fan, vent tube, closed-cell rubber profile, 
temperature sensor, digital thermometer and rubber septum for gas 
sampling (Petersen et al., 2012). The total height of the chamber 
including the collar was about 45 cm above ground. If the vegetation 
was too tall to fit in the chamber, PVC intersections (40 cm high) were 
placed between the collars and the chambers. Wooden boardwalks were 
installed in front of the collars to minimize disturbance of gas profiles in 
the woodchip matrix during chamber deployment and gas sampling. 
N2O fluxes were monitored by placing the chambers on the flanges of the 
collars and taking headspace gas samples after a deployment time of 0, 
15, 30, 45 and 60 min. At each sampling event, a 20-mL gas sample was 
withdrawn in a syringe mounted with a hypodermic needle and stored at 
overpressure in a 12-mL pre-evacuated Exetainer vial. 

To study diurnal variations in N removal and dissolved N2O con-
centrations, an intensive sampling campaign was conducted on 2019- 
09-02. Over 24 h, 22 samples for NO3

− and N2O analyses were taken at 
the inlets and outlets of BR1–2, while the discharge and consequently 
the HRT was kept constant. 

Woodchip samples were collected at BR1, 2 and 7 on 2019-09-03 (i. 
e., just after the intensive sampling camping) in order to determine the 
abundance of genes involved in the microbial N cycling. The woodchip 
samples were collected at three spots for each bioreactor, close to the 
spots used for monitoring of gaseous emission of N2O. The samples were 
collected in the water-saturated zone of the woodchip layer at a depth 
between 0 and 30 cm (i.e., at 20–50 cm below the bioreactor surface). 
Upon collection, the samples were placed in a sealed bag and immedi-
ately transferred to a cooling box. The samples were stored at − 20 ◦C 
upon arrival at the laboratory and processed for metagenomic analyses 
within 3 days. 

2.3. Water chemistry 

Portions of the time-proportional water samples were filtered 
through a 0.45-μm membrane filter (Advantec, Frisenette ApS, Knebel, 
Denmark) immediately upon arrival to the laboratory. Filtered and 
unfiltered portions were stored at 4 ◦C in the dark until analysis, usually 
within 24 h. The filtered samples were used for NO3

− , ammonium (NH4
+) 

and nitrite (NO2
− ) analysis, while the unfiltered samples were used for 

total N (TN) analysis. Ammonium was measured colorimetrically on a 
Shimadzu 1700 spectrophotometer (Shimadzu Corp., Kyoto, Japan) 
according to a standard method (DS/EN ISO 11732, 2005). Nitrate and 
NO2

− were measured on an ion chromatograph (Dionex, Thermo Fisher 
Scientific, Waltham, Massachusetts, USA) using a standard method (DS/ 
EN ISO 10304-1, 2007) after filtration through a double-layered 0.22- 
μm nylon + glass fiber pre-filter (Q-MAX GPF syringe filters, Frisenette 
ApS, Denmark). Total N concentrations in the unfiltered samples were 
measured on a TOC-L analyzer equipped with a TNM-L module (Shi-
madzu, Kyoto, Japan) using standard methods (DS/EN ISO 12260, 
2003). 

2.4. Nitrous oxide analyses and fluxes 

Concentrations of N2O in vials prepared from water samples and flux 
chambers were measured using a dual-inlet Agilent 7890 GC system 
interfaced with a CTC CombiPal autosampler (Agilent, Nærum, 
Denmark) that was configured and calibrated with standard gases as 
described in detail by Petersen et al. (2012). For water samples, where a 
helium headspace was introduced, the headspace N2O concentrations 
obtained after GC analysis were converted into dissolved N2O concen-
trations using the N2O solubility function by Weiss and Price (1980), 
taking into account temperature and atmospheric pressure. For flux 
chambers, the in situ N2O fluxes were calculated as described in Audet 
et al. (2014). Briefly, the time course data (N2O concentration versus 
chamber deployment time) were fitted by linear regression using the 
add-on package HMR (Pedersen, 2020) available in the R software 
(version 3.4.4; R Development Core Team, 2020). A non-linear increase 
in N2O concentrations over time can be observed when using non-steady 
state chambers (Davidson et al., 2002), but this was not the case in the 
present dataset that mostly contained low fluxes. Yearly cumulative 
fluxes were calculated using linear interpolation between successive 
sampling dates. 

2.5. Metagenomics 

Metagenomics analyses were performed with woodchip samples 
collected at BR1, 2 and 7. Each woodchip sample was mixed thoroughly 
and woodchip pieces were then randomly picked to form a 20 g sub-
sample for the DNA extraction. The subsample was placed in a 50 mL 
falcon tube with 35 mL of milliQ water, and the tubes were placed on a 
shaker at room temperature overnight (150 rev min− 1; 20 ◦C). The 
liquid phase was recovered and centrifuged (10 min, 14,000 g), and the 
pellets were recovered and pre-treated with an enzyme mix to facilitate 
cell lysis (Lysozyme, Sigma Aldrich, USA). Then, DNA was extracted 
using a QIAamp kit for QIACUBE (QIAGEN, Germany, cat n◦51,126), 
following the instructions of the manufacturer, and a DNA library was 
prepared with a Hamilton NGS STAR system and KapaHyper Plus kit 
(ROCHE Diagnostics) using 100 ng DNA diluted in 12.5 μL of 10 mM Tris 
(pH 7.5–8.5). Fragmentation time was 5 min and ligation was followed 
by 0.8× double size selection with NucleoMag beads (Macherey Nagel). 
Seven PCR cycles were performed and 1× bead cleanup was used post 
amplification. The library was quantified on a plate reader using Quantit 
dsDNA reagent (Thermo Fisher Scientific). The metagenomes were 
sequenced using an Illumina MiSeq system with a 600-cycles sequencing 
kit (v3) and 2 × 300 base pair (bp) paired end reads with dual TruSeq 8 
bp indexes. The sequencing depth ranged between 44 and 514 Mbp. The 
fastq sequences of the metagenomes were uploaded on MG-RAST 
(Meyer et al., 2008) and analysed with a minimum alignment length 
of 15 bp (reference IDs available in Supplementary Table S1). The 
treated sequences were compared with the databases RefSeq (O'Leary 
et al., 2015) and KEGG (Kyoto Encyclopedia of Genes and Genomes) 
Orthology (KO) identifiers (Kanehisa et al., 2007), enabling a tax-
onomical and functional characterisation of the microbial communities. 

Table 2 
Air temperature (annual mean), precipitation (annual sum), potential evapotranspiration (annual sum), and relative humidity (annual mean) at the bioreactors (BR) 
during the study period.  

Site BR no. Year Air Temperature Precipitation Potential evapotranspiration Relative humidity 

Mean (◦C) Sum (mm) Sum (mm) Mean (%) 

Gjern 1–6 2018 9.3 586 667 80  
2019 9.0 919 589 82 

Odder 7 2016 8.8 791 613 85  
2017 8.7 737 585 84  
2018 9.3 561 691 80  
2019 9.2 818 615 84 

Spjald 8 2018 9.3 726 677 82  
2019 9.4 1095 615 85  
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The functional gene analysis targeted the genes commonly associated 
with the microbial N cycle as available in the KO database (Supple-
mentary Table S2). To counter the challenge of different sequencing 
depths, the results obtained with each database were normalised ac-
cording to the total number of hits per sequence. Then, the relative 
abundance of each selected gene within the pool of selected genes was 
calculated. 

2.6. Hydraulic residence time and mass balance calculations 

The HRT was calculated as: 

HRT = VBR × θ/Q (1)  

where VBR is the water-saturated volume of the bioreactor (in m3), θ (m3 

m− 3)is the porosity of the bioreactor, and Q is the discharge of water in 
the bioreactor (in m3 per time unit) over a selected period of time (i.e., 
day or year in the present study). To calculate the yearly mean HRT and 
retention or release of chemical species, only periods with flow rates 
>0.6 L min− 1 were included. The porosity of the bioreactor matrix was 
estimated to θ = 0.79 as determined by Bruun et al. (2016a) using the 
pressure plate method. 

Removal or release (Rs) of water solutes (e.g., NO3
− or N2O) in the 

bioreactors was estimated using a mass balance approach: 

Rs = Cs,inlet ×Qinlet − Cs,outlet ×Qoutlet (2) 

where Cs is the concentration of a solute at the bioreactor inlet or 
outlet, and Q is the water discharge at the bioreactor inlet or outlet. A 
positive R indicates removal of the solute, and a negative R indicates a 
release. 

2.7. Data analysis 

Data analysis was performed using the R software (R Development 
Core Team, 2020). Concentrations of dissolved N2O data between two 
sampling dates were estimated using linear interpolation. Univariate 
regressions were used to explore relationships between NO3

− removal 
efficiency and HRT or water temperature. Significance of the regression 
was assessed using F-test. Measures of central tendencies and dispersion 

are presented as mean ± standard deviation (SD) unless otherwise 
indicated. The level of significance for all analyses was set to p < 0.05. 

3. Results 

3.1. Hydraulic load and hydraulic residence time 

The annual hydraulic load to the bioreactors ranged from 35 m3 m− 3 

at BR7 in 2019 to 238 m3 m− 3 at BR1 in 2019 (Table 3). This reflected 
differences in the ratios between bioreactor volume and drainage area as 
well as site-specific conditions; thus, BR 1–6 received drainage discharge 
all year round except in summer if a pause in the drainage water flow led 
to their closure (Supplementary Fig. S2). The discharge at BR7–8 was 
much more seasonally dynamic, with most of the discharge occurring in 
late summer to spring and periods of drought alternating with peak flow 
events (Supplementary Fig. S3, S4). At BR7, the discharge decreased 
considerably over time possibly due to the activation of an alternative 
drainage pathway that bypassed the bioreactor. Consistent with the 
differences in water discharge and bioreactor dimensions, also the 
yearly mean HRT varied among the bioreactors, from 23 h at BR1 in 
2019 to 153 h at BR7 in 2018. 

3.2. Nitrogen removal 

Total N concentrations at the water inlet of the bioreactors were 
7.8–14.8 mg N L− 1 (flow-weighted mean concentration per year) 
(Table S3), and NO3

− constituted the dominant fraction of the TN (mean, 
82–92%). Nitrite concentrations were generally below detection limit 
(<0.01 mg NO2

− –N L− 1) and NH4
+ concentrations did not exceed 0.2 mg 

NH4
+–N L− 1 (flow-weighted mean concentration per year) at the inlets 

and outlets of the bioreactors (data not shown). There was usually a 
clear drop in NO3

− concentrations between the inlets and outlets of the 
bioreactors during all seasons, especially in the summer months (Fig. 2). 
Nitrate concentrations at the inlets were relatively constant over the 
seasons, indicating that the major control of the NO3

− load was the 
variation in the water discharge. The sedimentation ponds at BR7–8 had 
only a minor effect on the NO3

− concentrations during periods of high 
discharge (typically from early autumn until spring), but during the 
summer months they contributed to the marked decrease in NO3

−

Table 3 
Water discharge in the bioreactors, hydraulic residence time (HRT), loads of total nitrogen (TN), NO3

− and dissolved N2O at the inlet and outlet of the bioreactors (BR). 
Negative removal indicates release of solute to the environment. Gaseous N2O emissions are the N2O emissions measured at the surface of the bioreactors. NA, data not 
available.  

Site BR 
no 

Year Water 
discharge 

HRT TN NO3
− N2O (dissolved) N2O 

(gaseous) 
N2O (total) 

Inlet Outlet Removal Inlet Outlet Removal Inlet Outlet Removal Gaseous 
emissions 

Net dissolved 
+ gaseous 

m3 m− 3 y− 1 hours g N m− 3 BR y− 1 % g N m− 3 BR y− 1 % g N m− 3 BR 
y− 1 

% g N m− 2 BR 
y− 1 

g N m− 2 BR 
y− 1 

Gjern 1 2018 187 30 2129 1457 32 1944 1324 32 0.58 15.24 − 2517 0.16 14.82 
2019 238 23 2648 2024 24 2405 1859 23 0.99 1.62 − 63 0.30 0.93 

2 2018 181 31 2062 1420 31 1884 1295 31 0.57 3.54 − 524 0.07 3.04 
2019 223 24 2608 1933 26 2372 1777 25 0.92 1.76 − 91 0.12 0.96 

3 2018 111 24 1304 1085 17 1200 993 17 0.28 1.86 − 561 NA NA 
2019 160 28 1812 1461 19 1639 1304 20 0.66 2.63 − 300 NA NA 

4 2018 106 25 1213 972 20 1115 892 20 0.28 1.75 − 530 NA NA 
2019 131 27 1620 1301 20 1460 1205 17 0.50 1.16 − 133 NA NA 

5 2018 168 33 1944 1166 40 1773 1061 40 0.53 2.82 − 429 NA NA 
2019 140 25 1738 1292 26 1567 1207 23 0.53 1.21 − 127 NA NA 

6 2018 171 33 1958 1321 33 1788 1206 33 0.54 2.32 − 327 NA NA 
2019 129 35 1592 1157 27 1439 1075 25 0.50 1.67 − 235 NA NA 

Odder 7 2016 58 99 694 236 66 566 161 72 NA NA NA NA NA 
2017 56 119 469 125 73 410 72 82 0.80 0.42 47 NA NA 
2018 35 153 272 87 68 236 56 76 0.25 0.19 23 0.02 − 0.04 
2019 43 117 438 246 44 382 182 52 0.17 0.01 93 0.01 − 0.15 

Spjald 8 2018 64 53 940 362 62 860 332 61 3.43 1.92 44 NA NA 
2019 158 36 1447 936 35 1317 828 37 5.45 8.78 − 61 NA NA  
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concentrations due to the reduced discharge of water to the bioreactors 
caused by low precipitation and high evapotranspiration. Measurements 
of the effect of the sedimentation pond in front of BR7 showed that it 
contributed to <10% of the yearly NO3

− removal. Collectively, our re-
sults show that N was removed in all bioreactors and all years with 
removal efficiencies ranging from 17 to 73% for TN and from 17 to 82% 
for NO3

− (Table 3). The vertical upward flow BR3–4 had the lowest NO3
−

removal efficiencies of 17–20%; the vertical downward flow BR5–6 had 
NO3

− removal efficiencies of 23–40%, which was similar to the effi-
ciencies of 23–32% for the horizontal flow BR1–2 at the same location. 
The highest NO3

− removal efficiencies of 52–82% were recorded for the 
horizontal flow reactor BR7. For all bioreactors, there was a significant 
positive relationship between yearly mean HRT and yearly NO3

− removal 
efficiencies (Fig. 3). Based on this relationship, it was calculated that a 
yearly NO3

− removal >50% was reached at HRT >60 h. In addition, NO3
−

removal efficiencies were positively correlated with water temperature 
(Fig. S5 and Table S4). 

3.3. Gaseous and waterborne nitrous oxide emissions 

The eight bioreactors showed different signs and strengths of dis-
solved N2O fluxes. Thus, on a yearly basis BR1–6 were sources of dis-
solved N2O to the environment, while BR7 acted as a sink. Bioreactor 8 
was a N2O sink in 2018 but a source in 2019 (Table 3). The dissolved 
N2O concentration at the outlet of the bioreactors showed high temporal 
variability, and no clear seasonal trend could be identified. Nitrous 
oxide concentrations at the joint inlet of BR1–2 was 3.8 ± 1.3 μg N2O-N 
L− 1 during 2018–2019 (n = 32), while outlet concentrations were 
generally higher (Fig. 4). The N2O concentrations were especially high 
at the outlet of BR1 in 2018 (87.4 ± 56.8 μg N2O–N L− 1, n = 15) but 
dropped markedly in 2019 (7.4 ± 3.6 μg N2O–N L− 1, n = 17). Inlet N2O 

concentrations at BR7 and BR8 over the study period were 8.3 ± 4.8 (n 
= 33) and 20.4 ± 11.2 μg N2O–N L− 1 (n = 23), respectively, while the 
outlet concentrations were generally lower, except at BR8 in late 2018 
and early 2019 (Fig. 4). 

The in situ gaseous N2O emissions, measured with closed chambers 

Fig. 2. Nitrate concentration at the inlet and outlet of the bioreactors (BR). At BR7 and BR8, there was a sedimentation (sed.) pond in front of the woodchip biofilter. 
Note the different x-axes. Sampling was interrupted when the water discharge ceased during dry periods. 

Fig. 3. Relationship between yearly nitrate (NO3
− ) removal efficiency and 

yearly mean hydraulic residence time (HRT) at bioreactors (BR) 1–8. The 
different colours indicate different years. The orange dashed line indicates the 
threshold of 60 h HRT at which 50% NO3

− removal is achieved. 
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at the surface of BR1, 2 and 7, were usually low (<10 μg N2O-N m− 2 

h− 1), but higher emissions (>50 μg N2O-N m− 2 h− 1) were recurrently 
measured at BR1 and occasionally at BR2 (Supplementary Fig. S6). 
Similar to the dissolved N2O, the gaseous emissions did not exhibit any 
clear seasonal trend (Supplementary Fig. S6). Dissolved N2O emissions 
per unit of BR volume (g N2O-N m− 3 yr− 1) can be directly compared to 
gaseous emission per surface area (g N2O-N m− 2 yr− 1) because the depth 
in the bioreactors is one meter. Overall, taking both the dissolved and 
gaseous pathways into account, BR1–2 were net sources of N2O, while 
BR7 was a sink (Table 3). On a yearly basis, when the reactors acted as 
dissolved N2O sources, the net dissolved N2O emissions (as N2O–N) 
represented 0.56 ± 0.64% (n = 13) of the NO3

− removal (as NO3
− -N), a 

maximum of 2.36% being recorded at BR1 in 2018 (2.39% including 
gaseous emission). 

A relationship seemed to exist between HRT and the net release of 
dissolved N2O (i.e., outlet N2O load minus inlet N2O load) from the 
bioreactors; thus, the release was markedly lower when the HRT was 
longer than ⁓60 h (Fig. 5a). At shorter HRT (<60 h), not only the net 
release of N2O in the bioreactors but also the emission factor of N2O 
were higher (Fig. 5b). 

Next to their outlets, all bioreactors were equipped with a re‑ox-
ygenation system (a vertical fall) to ensure that the water discharged 
from the bioreactors was not anoxic when it reached the proximal 
recipient. This induced degassing of a fraction of the dissolved N2O 

released from the bioreactors and, thereby, a reduction of the dissolved 
N2O concentration from BR1–6 by 21–71% and an overall increase in 
the gaseous emissions from the facilities. 

3.4. Diurnal pattern of nitrate and nitrous oxide emissions 

The concentrations of NO3
− and dissolved N2O were monitored at 

hourly intervals during 24 h at BR1–2 in September 2019 where the 
discharge was kept constant at 0.58 ± 0.02 and 0.54 ± 0.02 L s− 1 at BR1 
and BR2, respectively, corresponding to a HRT of approximately 31 and 
33 h (Table 4). The results did not show any clear diurnal variation in 
NO3

− or N2O concentrations. However, BR2 was more efficient than BR1 
in removing NO3

− (66% vs 49%, respectively) (Table 4). Dissolved N2O 
increased between the inlet and the outlet at BR1 but decreased at BR2 
(Table 4 and Supplementary Fig. S7). Hence, during the 24-h campaign, 
BR1 was a source of N2O and BR2 was a sink. 

3.5. Abundance of genes involved in nitrogen cycling 

Metagenomic analyses (BR1, 2 and 7) showed that genes linked with 
NO3

− reduction (e.g., narG, napA) had the highest relative abundance 
among the functional N cycling genes in all three bioreactors (Fig. 6). In 
contrast, there were consistently low abundances of genes involved in 
dissimilatory nitrate reduction to ammonium (DNRA) and nitrification. 

Fig. 4. Concentration of N2O dissolved in the inlet (in) and outlet (out) water at bioreactors (BR) 1–8 over the study period. Water compostion was identical at the 
BR1–6 inlets. At BR7–8, the drain water discharged into a sedimentation pond before entering the woodchip bioreactor. Note the logarithmic scales. 
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The abundance of nosZ and the ratios of nir/nosZ did not show distinct 
variation among and within the three bioreactors. Ratios of nir/nosZ 
were 0.8–2.8, i.e., indicating the same magnitude of gene copy numbers 
coding for enzymes contributing to production and consumption of N2O. 
Hence, overall, in spite of marked differences in NO3

− removal and N2O 
emissions, there were no clear differences in the relative abundance of 
N-cycling genes among and within the three bioreactors. 

4. Discussion 

4.1. Nitrogen removal in bioreactors and controlling factors 

Our results confirmed that woodchip bioreactors are suitable for 
removing NO3

− from agricultural drainage water, but also showed that 
NO3

− removal efficiencies may vary among bioreactors. The present 

annual removal efficiencies varied from 17 to 82% corresponding to the 
range for woodchip bioreactors (6–79%) as presented in the review by 
Carstensen et al. (2020). Furthermore, the fact that a relatively high N 
removal efficiency was achieved in facilities having a relatively small 
areal footprint (only 0.077–0.19% of the drained area) demonstrates the 
potential of woodchip bioreactors to treat drainage water in agricultural 
areas where the loss of productive land should be minimised. Thus, as 
observed in the review by Carstensen et al. (2020), woodchip bio-
reactors and free water surface constructed wetlands may have similar 
NO3

− removal rates (around 40%), but bioreactors have the advantage 
that they occupy less than 10% of the surface area of free water surface 
constructed wetlands. 

Our study investigated bioreactors having different designs for the 
flow of the drainage water through the bioreactor. Although the lack of 
replication prevents firm conclusions, the vertical upward flow systems 
(BR3–4) had a consistently lower N removal than the other systems 
receiving a comparable hydraulic load (i.e., BR1, 2, 5, 6). The horizontal 
flow (BR1–2) and vertical downward flow (BR5–6) systems had com-
parable N removal efficiencies in 2018–19. The N removal efficiency at 
BR7–8 (horizontal flow) was generally higher than at BR1–6, but the 
former also had lower hydraulic load. Indeed, differences in yearly mean 
HRT at the bioreactors explained a large share of the variation in yearly 
N removal as a longer HRT lead to higher removal efficiency (Fig. 3). 
This was expected as similar relationships between N removal efficiency 
and HRT have been identified in previous studies of bioreactors 
(Christianson et al., 2011; Lepine et al., 2016; Rivas et al., 2020). We 
found that, generally, a yearly mean HRT of >60 h is needed to create 
yearly NO3

− removal efficiencies >50%. This threshold is almost two 
times lower than that of Rivas et al. (2020), who found an efficiency of 
>50% at HRT >100 h. However, the mean NO3

− concentration at the 
inlet of the bioreactors studied by Rivas et al. (2020) was almost half of 
that recorded at our bioreactor inlets. Nevertheless, only one of our 
bioreactors had a yearly mean HRT >60 h (BR7) which indicate that 
more studies are needed to confirm this threshold. Yet, other factors 
besides HRT may be important for controlling N removal rates such as 
time of the year and more specifically the water temperature. For 
example, at BR1–6, both the discharge and the NO3

− load were higher in 
2019 than in 2018. Still, the removal efficiency was consistently higher 
in 2019, probably because the main part of the discharge occurred in 
late summer when the temperature was still relatively high, which may 
stimulate the denitrification processes (e.g. Cameron and Schipper, 
2010; Hoffmann et al., 2019; Robertson et al., 2008). In contrast, at BR7, 
the efficiency was lower in 2019 than in 2018 despite a longer yearly 
HRT. At the same time, the drainage discharge was more dynamic in 

Fig. 5. a) Net dissolved N2O release from the bioreactors (i.e., outlet N2O load 
minus inlet N2O load) plotted against the daily hydraulic residence time (HRT). 
b) Molar ratio between net N2O-N release and NO3

− -N removal at the bio-
reactors (BR) relative to daily mean HRT. The dashed line indicates the 
threshold of 60 h HRT. 

Table 4 
High resolution monitoring of NO3

− and N2O concentrations measured for 24 h 
(n = 22) at the inlet and outlet of bioreactor (BR) 1 and 2. All results are pre-
sented as mean ± standard deviation with min–max values in parentheses.  

Site BR 
no. 

Dissolved NO3
− Dissolved N2O 

Inlet Outlet Inlet Outlet 

mg N L− 1 mg N L− 1 μg N L− 1 μg N L− 1 

Gjern 1 6.8 ± 0.9 
(5.0–8.1) 

3.5 ± 0.5 
(2.9–4.3) 

4.7 ± 0.6 
(3.7–5.7) 

7.8 ± 1.0 
(5.5–9.1) 

2 7.3 ± 0.4 
(6.8–8.2) 

2.5 ± 0.3 
(1.9–3.2) 

4.6 ± 0.7 
(3.2–5.9) 

3.3 ± 0.7 
(1.8–4.5)  

Fig. 6. Heat map showing the relative abundance of selected genes involved in 
the N cycle at three woodchip bioreactors (BR1, 2 and 7). The woodchip 
samples (30 cm depth in the saturated zone) were collected close to the inlet 
(in), middle (mid) and outlet (out) of the bioreactors. Right: gene name, left: 
function. DNRA, dissimilatory nitrate reduction to ammonium. 
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2019 than in 2018 with a few peaks in discharge accounting for a large 
share of the total yearly discharge. These sudden increases in discharge 
reduced the HRT and consequently lowered the N removal efficiency. 
Overall, the discharge was more stable at BR1–6 that at BR7–8, which is 
an advantage to avoid a shorter HRT provoked by a rapid increase in 
discharge. We suspect that without the presence of sedimentation ponds 
to buffer peak flow events at BR7–8, the removal efficiencies would have 
been lower. Our results confirmed the importance of HRT on NO3

−

removal efficiency (Hoffmann et al., 2019; Schipper et al., 2010). In 
order to optimise the NO3

− removal efficiency, a longer HRT might be 
required, but an increase in HRT should be balanced with the risk for 
increased sulphate reduction and concomitant hydrogen sulphide pro-
duction, phosphorus release and methane emissions (Carstensen et al., 
2019; Christianson et al., 2017; Rivas et al., 2020). In addition, a longer 
HRT requires a larger areal footprint, which might not always be 
economically feasible. As expected, a positive effect of temperature on 
NO3

− removal rates was found but the actual effect of temperature is 
difficult to disentangle from that of HRT because these two parameters 
are usually negatively correlated (Hoffmann et al., 2020). 

The effect of the operational age of the woodchip matrix on NO3
−

removal and N2O dynamics is difficult to assess based on the data 
available in the present study. The BR1–6 bioreactors were 7 years old in 
2019 and still relatively efficient. However, when comparing our results 
of NO3

− removal efficiency at BR1 and BR2 in 2019 with those from 2013 
to 2017 published in Carstensen et al. (2019), a decrease in efficiency 
over time can be spotted. However, inter-annual differences in hydraulic 
load make it difficult to compare the NO3

− removal performance over 
time. It is unclear how the compaction of the woodchips and a potential 
decrease in hydraulic conductivity affect the long-term N-removal effi-
ciency. Especially the development of preferential flow paths in the 
matrix and sedimentation from the drainage system may reduce the 
effective volume and the overall N-removal efficiency over time 
(Christianson et al., 2020; Maxwell et al., 2020). Also, the supply of 
bioavailable organic C may decrease as the woodchips gets older. Yet, a 
batch experiment showed that woodchips collected at a 9 year-old 
bioreactor still effectively sustained denitrification (Christianson et al., 
2020). Consequently, a decrease in organic C availability over time may 
not impair the removal efficiency at our sites, and a decline in N removal 
performance over time is more likely a result of changes in the physical 
properties of the filter matrix and the subsequent consequences for the 
hydraulic conductivity. 

4.2. Nitrous oxide emissions 

Some studies have expressed concern about the risk of “pollution 
swapping”, i.e., that use of bioreactors to remove NO3

− and improve 
water quality might increase the atmospheric emissions of N2O (Schip-
per et al., 2010; Woli et al., 2010). We found relatively low gaseous N2O 
release at the surface of the woodchip bioreactors, which substantiates 
the results from previous studies (Bruun et al., 2017; Moorman et al., 
2010). Nitrous oxide concentrations measured at the outlet of the bio-
reactors showed significant temporal variations as well as differences 
among bioreactors. Specifically, relatively high peak values of dissolved 
N2O concentrations of approx. 200 μg N L− 1 were recorded at the outlet 
of BR1 and BR8; this is higher than the N2O concentrations measured by 
Elgood et al. (2010), which did not exceed 40 μg N L− 1. In spite of these 
occasionally high concentrations, the net release of N2O-N from the 
bioreactors did not exceed 2.4% of the NO3

− -N removal, and the mean 
value found in our study (0.6%) is actually lower than the Tier 1 IPCC 
emission factor (EF5) of 1.1% for N2O emissions derived from leached 
NO3

− (IPCC, 2019). Hence, we found no evidence that use of woodchip 
bioreactors is a risk of excessive N2O emissions. In fact, some of the 
bioreactors occasionally acted as N2O sinks, which strongly suggests that 
the woodchip microbiome facilitated complete denitrification, at least at 
a HRT of >60 h. At shorter HRT (<60 h) and therefore higher NO3

− loads, 
the yield of N2O seemed to increase, meaning that more units of N2O 

were produced per units of NO3
− removed. Therefore, longer HRT (and 

consequently lower NO3
− load) seems preferable for minimising N2O 

emissions even further, as also recommended by Rivas et al. (2020). 
Still, differences in HRT could only explain part of the variability in N2O 
emissions. For example, the 24-h monitoring campaign showed that BR1 
acted as a source of N2O and BR2 as a sink despite similar HRT (⁓32 h). 
Another interesting result was that, at BR1, N2O concentrations were 
much higher in 2018 than in 2019. These findings are difficult to explain 
and illustrate the complexity of N2O emission processes. For example, 
both fungi and bacteria may contribute to denitrification and N2O pro-
duction but the role of fungal denitrification in woodchip bioreactors is 
largely unknown (Maeda et al., 2015). The fate of the N2O produced in 
our bioreactors is not clear as some of the N2O might be further deni-
trified in the recipient waterbody. However, a large share of dissolved 
N2O is emitted to the atmosphere as the effluent water passes through 
the re‑oxygenation system. It can thus be assumed that most of the N2O 
leaving the bioreactors in dissolved form will be emitted to the atmo-
sphere before reaching the downstream recipients. 

4.3. Functional genes in nitrogen cycling 

Metagenomic analyses of woodchip samples performed a few days 
after the 24-h monitoring campaign did not show marked differences in 
functional gene abundances between BR1, 2 and 7. In particular, in spite 
of the differences in net N2O emission measured at BR1–2, no clear link 
between the abundance of nosZ or the nir/nosZ ratio and the net emis-
sion of N2O could be identified. Studies from grassland and lake eco-
systems have indicated that nir/nosZ ratios may correlate positively with 
N2O emissions (Kong et al., 2017; Saarenheimo et al., 2015), although 
gene copy numbers may not scale directly with mRNA transcription and 
protein numbers (Conthe et al., 2019). Overall, and contradicting our 
hypothesis, the abundance of genes involved in the N cycle, both within 
and among bioreactors in the present study, did not seem to demonstrate 
a distinct pattern that could be linked to differences in N removal effi-
ciency or N2O emissions. However, such absence of spatial difference in 
denitrifying bacteria in a woodchip bioreactor was also observed by 
Andrus et al. (2014). Studies of denitrification beds using various 
different carbon sources (e.g., pine woodchip, wheat straw, maize cobs) 
and different incubation temperatures showed that different treatments 
resulted in differences in the copy number of selected denitrification 
genes (nirS, nirK and nosZ) (Warneke et al., 2011). The fact that all our 
bioreactors used willow woodchips of similar age as filter matrix might 
partially explain the relatively small spatial differences found in the 
functional genes in nitrogen cycling. Nevertheless, our analyses showed 
clear dominance of genes involved in denitrification, substantiating that 
this process dominates the NO3

− removal pathways in woodchip bio-
reactors, even though the dynamics of N2O emissions were not clearly 
reflected by the gene distributions observed at the sampling time. 

5. Conclusions 

The establishment of woodchip bioreactors has been presented as a 
tool to mitigate N pollution from drainage water in agricultural areas. 
The present multi-year study of eight woodchip bioreactors sub-
stantiates that woodchip bioreactors are an effective way to remove N, 
but may show seasonal patterns in removal efficiency. The risk of 
emissions of dissolved and gaseous N2O from the bioreactors was low, 
especially compared with the quantity of NO3

− removed. Notably, HRT 
longer than 60 h favoured both efficient NO3

− removal (>50%) and low 
N2O emissions. Gene analyses supported that denitrification rather than 
DNRA was the dominating process of nitrate removal. However, no 
pattern could be identified linking abundance in N-cycling genes and 
variation in N removal efficiency or N2O emission. 
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Petersen, S.O., Hoffmann, C.C., Schäfer, C.M., Blicher-Mathiesen, G., Elsgaard, L., 
Kristensen, K., Larsen, S.E., Torp, S.B., Greve, M.H., 2012. Annual emissions of CH4 
and N2O, and ecosystem respiration, from eight organic soils in Western Denmark 
managed by agriculture. Biogeosciences. 9, 403–422. https://doi.org/10.5194/bg-9- 
403-2012. 

R Development Core Team, 2020. R: A Language and Environment for Statistical 
Computing. R Foundation for Statistical Computing, Vienna, Austria. http://www. 
R-project.org/.  

Rivas, A., Barkle, G., Stenger, R., Moorhead, B., Clague, J., 2020. Nitrate removal and 
secondary effects of a woodchip bioreactor for the treatment of subsurface drainage 
with dynamic flows under pastoral agriculture. Ecol. Eng. 148, 105786. https://doi. 
org/10.1016/j.ecoleng.2020.105786. 

Robertson, W., Blowes, D., Ptacek, C., Cherry, J., 2000. Long-term performance of in situ 
reactive barriers for nitrate remediation. Ground Water 38, 689–695. 

Robertson, W.D., Vogan, J.L., Lombardo, P.S., 2008. Nitrate removal rates in a 15-year- 
old permeable reactive barrier treating septic system nitrate. Ground Water Monit. 
Remediat. 28, 65–72. https://doi.org/10.1111/j.1745-6592.2008.00205.x. 

Saarenheimo, J., Rissanen, A.J., Arvola, L., Nykänen, H., Lehmann, M.F., Tiirola, M., 
2015. Genetic and environmental controls on nitrous oxide accumulation in lakes. 
PLoS One 10, e0121201. https://doi.org/10.1371/journal.pone.0121201. 

Schipper, L.A., Robertson, W.D., Gold, A.J., Jaynes, D.B., Cameron, S.C., 2010. 
Denitrifying bioreactors—An approach for reducing nitrate loads to receiving 
waters. Ecol. Eng. 36, 1532–1543. 

Smith, V.H., Tilman, G.D., Nekola, J.C., 1999. Eutrophication: impacts of excess nutrient 
inputs on freshwater, marine, and terrestrial ecosystems. Environ. Pollut. 100, 
179–196. https://doi.org/10.1016/s0269-7491(99)00091-3. 

Tiedje, J.M., 1988. Ecology of denitrification and dissimilatory nitrate reduction to 
ammonium. In: Ajb, Z. (Ed.), Biology of Anaerobic Microorganisms. John Wiley and 
Sons, New York, NY.  

Tournebize, J., Chaumont, C., Mander, Ü., 2017. Implications for constructed wetlands 
to mitigate nitrate and pesticide pollution in agricultural drained watersheds. Ecol. 
Eng. 103, 415–425. https://doi.org/10.1016/j.ecoleng.2016.02.014. 

Warneke, S., Schipper, L.A., Matiasek, M.G., Scow, K.M., Cameron, S., Bruesewitz, D.A., 
McDonald, I.R., 2011. Nitrate removal, communities of denitrifiers and adverse 
effects in different carbon substrates for use in denitrification beds. Water Res. 45, 
5463–5475. https://doi.org/10.1016/j.watres.2011.08.007. 

Weier, K.L., Doran, J.W., Power, J.F., Walters, D.T., 1993. Denitrification and the 
Dinitrogen Nitrous-Oxide Ratio as Affected by Soil-Water, Available Carbon, and 
Nitrate. Soil Sci. Soc. Am. J. 57, 66–72. 

Weiss, R.F., Price, B.A., 1980. Nitrous-oxide solubility in water and seawater. Mar. Chem. 
8, 347–359. https://doi.org/10.1016/0304-4203(80)90024-9. 

Woli, K.P., David, M.B., Cooke, R.A., McIsaac, G.F., Mitchell, C.A., 2010. Nitrogen 
balance in and export from agricultural fields associated with controlled drainage 
systems and denitrifying bioreactors. Ecol. Eng. 36, 1558–1566. https://doi.org/ 
10.1016/j.ecoleng.2010.04.024. 

Zak, D., Kronvang, B., Carstensen, M.V., Hoffmann, C.C., Kjeldgaard, A., Larsen, S.E., 
Audet, J., Egemose, S., Jorgensen, C.A., Feuerbach, P., Gertz, F., Jensen, H.S., 2018. 
Nitrogen and Phosphorus Removal from Agricultural Runoff in Integrated Buffer 
zones. Environ. Sci. Technol. 52, 6508–6517. https://doi.org/10.1021/acs. 
est.8b01036. 

J. Audet et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.ecoleng.2010.03.012
http://refhub.elsevier.com/S0925-8574(21)00183-X/rf0205
http://refhub.elsevier.com/S0925-8574(21)00183-X/rf0205
http://refhub.elsevier.com/S0925-8574(21)00183-X/rf0205
http://refhub.elsevier.com/S0925-8574(21)00183-X/rf0205
http://refhub.elsevier.com/S0925-8574(21)00183-X/rf0205
http://refhub.elsevier.com/S0925-8574(21)00183-X/rf0205
https://doi.org/10.1093/nar/gkv1189
https://doi.org/10.1093/nar/gkv1189
http://CRAN.R-project.org/package=HMR
http://CRAN.R-project.org/package=HMR
https://doi.org/10.5194/bg-9-403-2012
https://doi.org/10.5194/bg-9-403-2012
http://www.R-project.org/
http://www.R-project.org/
https://doi.org/10.1016/j.ecoleng.2020.105786
https://doi.org/10.1016/j.ecoleng.2020.105786
http://refhub.elsevier.com/S0925-8574(21)00183-X/rf0235
http://refhub.elsevier.com/S0925-8574(21)00183-X/rf0235
https://doi.org/10.1111/j.1745-6592.2008.00205.x
https://doi.org/10.1371/journal.pone.0121201
http://refhub.elsevier.com/S0925-8574(21)00183-X/rf0250
http://refhub.elsevier.com/S0925-8574(21)00183-X/rf0250
http://refhub.elsevier.com/S0925-8574(21)00183-X/rf0250
https://doi.org/10.1016/s0269-7491(99)00091-3
http://refhub.elsevier.com/S0925-8574(21)00183-X/rf0260
http://refhub.elsevier.com/S0925-8574(21)00183-X/rf0260
http://refhub.elsevier.com/S0925-8574(21)00183-X/rf0260
https://doi.org/10.1016/j.ecoleng.2016.02.014
https://doi.org/10.1016/j.watres.2011.08.007
http://refhub.elsevier.com/S0925-8574(21)00183-X/rf0275
http://refhub.elsevier.com/S0925-8574(21)00183-X/rf0275
http://refhub.elsevier.com/S0925-8574(21)00183-X/rf0275
https://doi.org/10.1016/0304-4203(80)90024-9
https://doi.org/10.1016/j.ecoleng.2010.04.024
https://doi.org/10.1016/j.ecoleng.2010.04.024
https://doi.org/10.1021/acs.est.8b01036
https://doi.org/10.1021/acs.est.8b01036

	Nitrogen removal and nitrous oxide emissions from woodchip bioreactors treating agricultural drainage waters
	1 Introduction
	2 Material and methods
	2.1 Study sites and weather conditions
	2.2 Instrumentation and sampling procedures
	2.3 Water chemistry
	2.4 Nitrous oxide analyses and fluxes
	2.5 Metagenomics
	2.6 Hydraulic residence time and mass balance calculations
	2.7 Data analysis

	3 Results
	3.1 Hydraulic load and hydraulic residence time
	3.2 Nitrogen removal
	3.3 Gaseous and waterborne nitrous oxide emissions
	3.4 Diurnal pattern of nitrate and nitrous oxide emissions
	3.5 Abundance of genes involved in nitrogen cycling

	4 Discussion
	4.1 Nitrogen removal in bioreactors and controlling factors
	4.2 Nitrous oxide emissions
	4.3 Functional genes in nitrogen cycling

	5 Conclusions
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


