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Reactive nitrogen leaving agricultural fields through subsurface drainage systems enters

aquatic systems and contributes to eutrophication, habitat degradation and loss of

biodiversity. Denitrification bioreactors, in combination with controlled drainage, are

proposed as a means of reducing nitrogen emitted through subsurface agricultural

drainage systems, but their suitability in colder climates where soils and drainage

systems freeze during winter is poorly understood. This study presents the first field-

scale evaluation of denitrification bioreactors under cold climate conditions during a

three-year period in Quebec, Canada. Under a three-year crop rotation, about 55% of the

total annual subsurface drainage water passed through bioreactors, which significantly

lowered the total-nitrogen (72%) and nitrate-nitrogen (99%) median concentrations in the

subsurface drainage outflows. Loadings of nitrate-nitrogen from the test fields to surface

drainage ditches were reduced by 99%, equivalent to about 11 kg nitrate-nitrogen ha�1

year�1 removal in the test area and approximately 7 g nitrate-nitrogen removal m�3

bioreactor volume d�1. Aquatic environmental criteria non-compliance events declined

by 96% for nitrate-nitrogen and by 50% for total-nitrogen during the three-year

study. This study demonstrates that denitrification bioreactors, combined with

controlled drainage, are an effective in-field technology for nitrogen removal from agri-

cultural subsurface drainage water that will improve water quality under cold climate

conditions.

© 2016 IAgrE. Published by Elsevier Ltd. All rights reserved.
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Nomenclature

N Nitrogen

NO3-N Nitrate-nitrogen

NO2-N Nitrite-nitrogen

TKN Total Kjeldahl Nitrogen

N2 Dinitrogen gas

s Second

m Minute

h Hour

d Day

m Metre

mm Millimetre

ha Hectare

HDPE High Density Polyethylene

NPK NitrogenePhosphorusePotassium

MDL Method Detection Level
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1. Introduction

Human activities now add more nitrogen (N) to the environ-

ment than is supplied by all the Earth's natural terrestrial

processes. Anthropogenic interference with the natural N

cycle, one of nine planetary life-support systems essential for

human survival, exceeds the planetary boundary for sus-

tainable development and human survival (Gruber &

Galloway, 2008). Consequently, reactive-N is contaminating

aquatic environments, causing eutrophication, hypoxia, toxic

algal blooms, loss of biodiversity and habitat degradation in

coastal ecosystems and is considered the most important

pollutant affecting coastal waters worldwide. In addition,

reactive-N is associated with harmful human health effects

related to drinking water contamination (Doering et al., 2011;

Howarth et al., 2011; Rabalais, 2002).

Agriculture is responsible for more reactive-N losses to the

environment than any other economic sector, mostly in the

form of nitrate-N (NO3-N) because this soluble compound is

readily lost in surface runoff and leached through the soil

profile. Approximately 60% of the N input from fertilisers that

are applied to reach yield targets of grain and other non-

leguminous crops is lost to the environment rather than

taken up by crops (Cassman, Dobermann, & Walters, 2002;

Conant, Berdanier, & Grace, 2013; Drinkwater & Snapp,

2007). In humid regions, subsurface drainage systems (“tile

drains”) are effective in removing excess water from agricul-

tural fields and were installed on more than 20 million hect-

ares of cropland in the United States and 2.5 million hectares

of cropland in Canada (Canadian National Committee of the

International Commission on Irrigation and Drainage, 1999;

Fausey, Brown, Belcher, & Kanwar, 1995). Hence, the subsur-

face drainage system becomes the primary factor controlling

watershed discharge and N export, especially nitrate-N, from

fields across watersheds where agriculture is the dominant

land use. Nitrogen transfers to the aquatic environment

through subsurface drainage systems frequently exceed crit-

ical environmental thresholds and public health criteria

(Blann, Anderson, Sands, & Vondracek, 2009; Deelstra et al.,
2014). For example, a nine-year study of nitrate-N loss from

subsurface drains in two sub-basins of a watershed in Iowa,

USA (Jaynes et al., 2004), showed flow-weighted average

annual nitrate-N concentrations of 8.2e16.7 mg NO3-N l�1.

Those concentrations are close to, or exceed, the public health

criteria of 10.0 mg NO3-N l�1 (Health Canada, 2015; United

States Environmental Protection Agency, 2014) and exceed

the proposed environmental threshold of 1.10 mg total-N l�1

(Chambers et al., 2012) and the critical environmental

threshold of 3.0 mg NO3-N l�1 for Canadian surface waters

(Canadian Council of Ministers of the Environment, 2012).

Clearly, subsurface drainage systems are a primary pathway

for nitrate-N movement from agricultural fields to surface

waters, with profound implications for water quality and

health of aquatic ecosystems.

Reducing the nitrate-N concentration of agricultural sub-

surface drainage water can be achieved by stimulating

denitrification, the biological reduction of nitrate-N to non-

reactive dinitrogen gas (N2), before the water exits the field.

Woodchip denitrification bioreactors combined with

controlled drainage are proposed as a cost-effective practice

for nitrate-N removal from agricultural tile drainage flow

(Christianson, Bhandari, & Helmers, 2012; Schipper,

Robertson, Gold, Jaynes, & Cameron, 2010). Denitrification

bioreactors installed in agricultural fields in Illinois and Iowa,

USA, lowered the annual nitrate-N loads in agricultural

drainage water by 33%e55% (Jaynes, Kaspar, Moorman, &

Parkin, 2008; Verma, Bhattarai, Cooke, Chun, & Goodwin,

2010; Woli, David, Cooke, McIsaac, & Mitchell, 2010). Howev-

er, the functioning and efficiency of nitrate-N removal by

denitrification bioreactors with controlled drainage in colder

climates is incompletely known.

In the cold humid regions of Ontario and Quebec, Canada

where agriculture is practiced, more than 1100 mm of pre-

cipitation is received each year and about 2million hectares of

agricultural land has subsurface drainage systems (Helwig,

Jannasch, Samson, DeMaio, & Caumartin, 2002). This high

annual precipitation, combined with the extensive land area

having subsurface drainage, results in significant loading of

agricultural nitrate-N in aquatic environments. High nitrate-N

concentrations in surface waters are linked to accelerated

eutrophication, the increasing presence of potentially toxic

cyanobacteria (Galvez-Cloutier & Sanchez, 2007; Winter et al.,

2011) and hypoxia in the St. Lawrence River estuary (Lefort,

Gratton, Mucci, Dadou, & Gilbert, 2012). Although denitrifica-

tion bioreactors might intercept and treat the nitrate-N out-

flows from agricultural fields in this region, the low

temperatures during the winter cause freezing in the soil

profile and interrupt subsurface drainage flows, which is ex-

pected to reduce the functioning and efficiency of denitrifi-

cation bioreactors (Jin, Sands, Kandel, Wiersma, & Hansen,

2008). This remains to be confirmed under field conditions in

the cold humid regions of Canada.

The purpose of this study was to design and implement

four in-field denitrification bioreactors combined with

controlled drainage, and to monitor their performance during

a three-year period, for a total of twelve “bioreactor years”.

The research was conducted in agricultural fields under the

crop rotation of a conventional working dairy farm situated in

south-central Quebec, Canada, within the watershed of the
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hyper-eutrophic Petit-lac-Saint-François. In addition to the

cold climate aspect, the number of bioreactors, duration of the

project, and variety of crops contribute to the novelty of this

project. Specific research objectives were to determine (1) if

the total-N and nitrate-N concentrations in the untreated

agricultural subsurface drainage water exceeded environ-

mental thresholds; (2) whether woodchip denitrifying

bioreactors combined with controlled drainage can reduce

total-N and nitrate-N concentrations below environmental

thresholds and (3) if reductions in total-N and nitrate-N con-

centrations in subsurface drainage water can be maintained

during multiple seasons and with various crops. We conclude

by discussing whether woodchip denitrifying bioreactors

combined with controlled drainage could be considered an

agri-environmental Beneficial Management Practice in the

cold humid regions of Ontario and Quebec, Canada.
2. Methods

2.1. Experimental site

The study site is located on a working dairy farm located in

south-central Quebec, Canada (45.5� N, 72.0� W, 240 m above

mean sea level), within the hyper-eutrophic Petit-lac-St-

François drainage basin, north of Sherbrooke, Quebec. This

watershed, of predominantly agricultural land use, is part of

the St. Francis River basin and of the greater St. Lawrence

River basin of southern Quebec, Canada. Farm fields selected

for experimental installations are located within a first-order

stream sub-watershed (Fig. 1). The four separate fields with

subsurface drain outlets chosen for this study are within the

same reach of the first-order stream.

The stream reach running through the experimental site

extends for approximately 500 linear metres and is a low-

gradient, intermittent flow, first-order headwater stream,

running in a north-westerly direction. At the lowest point

within this reach, the mean autumn peak flow rate is 7.3 l s�1

(631 m3 d�1) and the mean autumn base flow is 2.0 l s�1
Fig. 1 eMap of the study site, located within the Petit-lac-St-Fran

locations.
(171 m3 d�1). The area drained by this stream reach covers

34 ha, its land use being 20% forested (7 ha) and the remaining

80% (27 ha) is under agricultural production. The entire arable

area within this stream reach has a subsurface drainage sys-

tem with 6 drain outlets exiting into the stream reach. Field

drains are situated 700e1000mm below the field surface, with

15.3 m lateral spacing perpendicular to the slope, and were

installed in three stages in 1980, 1986 and 1994. Drainage pipe

material is high density polyethylene (HDPE), corrugated sin-

gle wall, 80e100 mm diameter.

In the past 30 years, the climatic norms for the region

indicate a mean annual temperature of 5.6 �C, a frost-free

period of 120 days and a plant hardiness zone classification

of 4b (Natural Resources Canada, 2013). Average annual pre-

cipitation is 940mmyr�1 of rain and 2070mmyr�1 of snowfall,

for a total average precipitation of 1147mmyr�1 (Environment

Canada, 2015).

Soils in the studied fields are part of the Brompton stony

loam series, a glacial till with drainage classified as a poorly

drained Podzol (Lamontagne & Nolin, 1997; Minist�ere de

l'Agriculture, Pêcheries et Alimentation du Qu�ebec, 2015;

Sanborn, Lamontagne, & Hendershot, 2011). Specific soil

texture categories and hydraulic properties for each field

where denitrification bioreactors were installed (identified as

BR-1 to BR-4) are provided in Table 1.
2.2. Woodchip denitrification bioreactor design and
installation

The denitrification bioreactors designed for this study

considered the hydraulic retention time and flow rate of water

moving through the subsurface drainage system, seeking to

optimize performance by treating a significant portion of

annual drainage volume and ensuring sufficient bioreactor

retention time to reduce nitrate-N to inert N2 gas. A hydraulic

retention time of at least 4 h was selected and the denitrifi-

cation bioreactor was designed to handle 20% of the peak

drainage flow, according to the design of Christianson,

Bhandari, and Helmers (2011) for subsurface drainage water
çois watershed, showing farm fields, stream and bioreactor
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Table 1 e Bioreactor and study site parameters.

Bioreactor and site parameters Units BR-1 BR-2 BR-3 BR-4

length m 19.83 12.20 27.45 19.83

width m 1.83 0.91 0.91 1.83

depth m 0.91 0.91 0.91 0.91

surface area m2 36.3 11.1 25.0 36.3

volume m3 33.0 10.1 22.7 33.0

drainage area ha 0.61 0.69 0.93 1.28

bioreactor area as % of drainage area % 0.6 0.2 0.3 0.3

slope of drainage area % 1.38 2.00 1.04 0.50

soil texture e clay loam silt loam clay loam silt loam

soil bulk density g ml�1 1.28 1.50 1.32 1.36

saturated hydraulic conductivity m h�1 0.0027 0.0379 0.0050 0.0096

soil field capacity m3 m�3 0.0036 0.0030 0.0032 0.0030

Table 2 e Crops grown in the fields for each bioreactor, by
year, also showing N-fertiliser application rates.

Bioreactor Year Crop N-fertiliser applied
(kg ha�1 yr�1)

Organic Inorganic Total

BR-1 2013 Soybean 0 27 27

2014 Wheat 105 212 318

2015 Corn 123 273 396

BR-2 2013 Forage 108 169 277

2014 Forage 88 52 141

2015 Forage 185 44 228

BR-3 2013 Forage 108 169 277

2014 Forage 88 52 141

2015 Forage 185 44 228

BR-4 2013 Forage 108 169 277

2014 Forage 88 52 141

2015 Forage 185 56 241
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treatment in the U.S. Midwest. This design considers site pa-

rameters such as the subsurface drainage system (drainage

pipe diameter, slope, material), hydraulic conductivity of the

bioreactor media according to Darcy's Equation for fluid flow

through porous media, and percentage of peak drainage flow

that can pass through the bioreactor, according to Manning's
Equation for gravity-driven flow velocity (Maidment, 1992). A

rectangular cross-section design was selected for the field

installation of four bioreactors, which were installed during

July 2012. Bioreactor design characteristics and site parame-

ters are described in Table 1.

The woodchip media placed in the four denitrification

bioreactors was composed of maple (Acer sp. L.) woodchips

obtained from a local supplier. A high percentage of the

woodchips were rectangular in shape. Results of static head

permeameter tests indicated hydraulic conductivity values of

0.0129 m s�1 for fresh woodchips, declining to 0.0083 m s�1

after the woodchips were saturated in water for 24 h. The

porosity ratio, or volumetric water content ((volume of water)/

(volume of woodchips)), was 70% for fresh woodchips and 68%

after 24 h saturation in water (Gordon Balch, Sir Sandford

Fleming College, Centre for Alternative Wastewater Treat-

ment; Lindsay, ON, Canada; personal communication).

Denitrification bioreactors were installed as follows:

existing field drainage pipes were located, bioreactor di-

mensions were traced at the soil surface, and then the inlet

and outlet ends of the bioreactor were mechanically exca-

vated to install the drainage flow control structures (Agri

Drain Corporation, Adair, IA, USA). Denitrification bioreactor

trenches were excavated according to the specific design di-

mensions (Table 1) and longitudinal slopes were established

through the use of laser levelling. Inlet and outlet control

structures were installed and connected to the bioreactor

trench with high density polyethylene (HDPE) flexible corru-

gated pipe. Anti-seep collars (Agri Drain Corporation, Adair,

IA, USA) were installed on the field drain upstream from the

inlet control structures. A 2 mm thick plastic sheet liner

(UltraPlus®, Duchesne et Fils Ltd., Yamachiche, QC, Canada)

was laid in the bottom of the trenches and smoothed against

the sides of the trench. Then woodchips were added to the

specified depth, the plastic sheet liner was wrapped over the

woodchips and a geotextile material (TEX-700®, Texel/ADS

Inc., Sainte-Elz�ear-de-Beauce, QC, Canada) was laid on top.

The trench was then backfilled with the excavated material,

ensuring that the woodchip denitrification bioreactor was
covered with approximately 300 mm of soil so the farmer

could cultivate and seed the surface using conventional farm

machinery.

2.3. Crop and field management practices and inputs

The working dairy farm practices conventional, non-organic

agriculture. Crop rotations in the studied fields included

corn (Zea mays L.), soybean (Glycine max L.) and wheat (Triticum

spp.), as well as a mixed forage hay crop blend of 42%

bromegrass (Bromus sp.), 37% alfalfa (Medicago sativa), 13%

timothy-grass (Phelum pratense) and 8% fescue (Festuca sp.).

The crops grown by bioreactor field in each study year

(2013e2015, inclusive) are indicated in Table 2.

Throughout the three-year study period, the farm operators

made decisions about tillage and cultivation practices, the crop

rotation, and fertiliser and pesticide inputs using their normal

farming practices. Conventional tillage and seeding methods

were used. Fields were chisel ploughed and disk harrowed as

required during the study period. Fertilisation included appli-

cations of dairy cow manure slurry in early May (prior to

planting) and late September (following harvest), as well as

following successive cuts of forage crops during the growing

season. Applications of inorganic fertiliser (NPK of varying

proportions) were also made, with application rates varying

from160 kgha�1 of a 31-0-6 fertiliser to 273 kgha�1 of a 15-15-10

http://dx.doi.org/10.1016/j.biosystemseng.2016.10.021
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fertiliser, generally split to provide multiple fertiliser applica-

tions during the growing season. Details of the crop rotations

and N-fertiliser applications are summarised in Table 2.

The drainage control structure stop logs were adjusted on

four separate occasions during the year and to heights indi-

cated as follows: (i) lowered after snow melt, prior to seeding,

to 900 mm (ii) raised after seeding, to 1200 mm (iii) lowered

prior to fall harvest, to 900 mm (iv) raised after fall harvest, to

1500 mm. The purpose of these adjustments was primarily to

allow soils to dry prior to any machinery traffic required for

planting and harvesting operations.
2.4. On-site measurements, sampling procedures
and laboratory analysis

Drainage water sampling occurred weekly at the four field

installations during the spring to fall period (mid-March to

end-December), as well as within the 24 h period after rain

events exceeding 10 mm. All precipitation measurements

were as determined by Environment Canada at a weather

station located within 10 km of the study site. During the

winter period (end-December to mid-March) when the field

soils were frozen, drain flows were non-existent or ephem-

eral. The bioreactor and control structure layout, indicating

the location of sampling stations, are illustrated in Fig. 2.

Sampling of each bioreactor involved collecting water from 3

stations, working upstream ‒ first from the main subsurface

field drain outlet (point C), followed within 20 min in the

bioreactor outlet control structure (point B), then within 5min

in the bioreactor inlet control structure (point A). The sam-

pling location for bioreactor effluent water collection (point B)

was assumed to represent the change in water chemistry

occurring in the denitrification bioreactor during the hydraulic

retention time.
Fig. 2 e Schematic of bioreactor installation, top view,

showing inlet and outlet control structures, as well as

sampling points A, B and C. (Not to scale.)
Samples of 500ml were collected in HDPE bottles. A siphon

was used to withdraw water from the control structures,

taking the sample from mid-depth of the water column.

Samples were placed on ice in the field and transported to the

lab overnight. All individual, discrete samples collected during

115 field sampling dates (n ¼ 59 in 2012-13, n ¼ 36 in 2014 and

n ¼ 20 in 2015) over the 37-month period underwent N anal-

ysis according to United States Environmental Protection

Agency standard test methods (Canadian Council of Ministers

of the Environment, 2011) in a certified laboratory (Sir Sand-

ford Fleming College, Centre for Alternative Wastewater

Treatment, Lindsay, ON, Canada). Total-N (in mg total-N l�1)

was the sum of nitrate-N, nitrite-N and Total-Kjeldahl-N

(TKN). Laboratory method detection limits were as follows:

NO3-N 0.020 mg l�1, NO2-N 0.006 mg l�1, TKN 0.180 mg l�1 and

NH3 0.020 mg l�1. Nitrate-N was determined separately from

nitrite-N and they were not combined.

Bioreactor flow rates (BFR) were determined for each

sampling date and each bioreactor using stop log adjust-

ments, flow depth and hydraulic gradients. Main drain

flow rates (in l s�1) were determined as water samples

were collected by capturing outflow from the field drain

outlet in a graduated cylinder for a defined period. Industry

standard formulae were used for all calculations, but with

four formulae developed for the purposes of this study, as

follows:

1. Water through the bioreactor (WTB):

if Tf >BFR;WTB ¼ BFR
or if Tf <BFR;WTB ¼ Tf

whereWTB is water through the bioreactor (m3 s�1), Tf is total

flow (measured on themain,m3 s�1) and BFR is bioreactor flow

rate (m3 s�1).

2. Water through the main field drain (WTM):

WTM ¼ WTB� Tf
where WTM is water through the main field drain (m3 s�1).

3. Volume of equivalent precipitation passing through the

bioreactor (VEPTBr):

VEPTBr ¼ ðVEP� PEPTD�WTBÞ

where VEPTBr is volume of equivalent precipitation falling on

drainage area and passing through the bioreactor (l), VEP is

volume of equivalent precipitation falling on drainage area (l)

and PEPTD is the portion of equivalent precipitation passing

through drainage (%).

4. Removal rate (Rr-kg):

Rr� kg ¼ �
MaRr� VEPTBr=106

�
=Sad
where Rr-kg is median annual removal rate (kg ha�1 yr�1) and

MaRr is median annual removal rate (mg l�1 yr�1) and VEPTBr

is volume (l) of equivalent precipitation falling on drainage

area and passing through the bioreactor. Sad ¼ Surface area

drained (ha).

http://dx.doi.org/10.1016/j.biosystemseng.2016.10.021
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2.5. Data analysis

Total-N and nitrate-N concentrations were compared in paired

samples of influent water and effluent water leaving the

denitrification bioreactor at discrete temporal sampling events

at the four field sites. Data were non-normally distributed,

using the ShapiroeWilks normality test (p < 0.01), histogram,

kurtosis and skewness evaluations. Consequently, Wilcoxon

signed-rank nonparametric hypothesis tests were used to

determine differences and p-value significance levels, the null

hypothesis being that there was no median difference in the

total-N and nitrate-N concentrations of paired influent and

effluent water samples. When the nitrate-N concentration was

less than the method detection level (MDL), the nitrate-N

concentration was estimated as follows: (i) when fewer than

10% of all measured nitrate-N concentrations in water samples

from a field site during one year were <MDL, they were

expressed as one half MDL, and (ii) when more than 10% of the

nitrate-N concentrations in water samples from a field site

during one year were <MDL, the KaplaneMeier nonparametric

estimator method was used (Helsel, 2011).

Correlation coefficients were used to detect strength of

relationships between bioreactor performance and a variety

of environmental parameters related to temperatures and

moisture levels. They were calculated using the Pearson

product moment correlation or the Spearman rank-order

correlation methods, depending on whether the data were

normally distributed or not.
3. Results and discussion

3.1. Removal of Nitrate-N and Total-N

Nitrate-N was the dominant fraction in subsurface drainage

water, representing 84% of the total-N in drainage water

influent (n ¼ 136) in the fields studied. After three years of
Table 3eDescriptive statistics of nitrate-N and total-N concentr
exiting, woodchip denitrification bioreactors during three year
mean concentrations of nitrate-N and total-N between influen
percentage reduction in environmental non-compliance event

Parameter Nitrate-N

Influent

Paired observations (n) 136

Minimum value 0.01

Maximum value 21.59

Median value 2.99

Coefficient of variation 1.03

% reduction in median value 99%

p-Value <0.001
Mean 5.31

Standard deviation 5.46

% reduction in mean value 90%

Environmental criteria (maximum) 3.0 mg l�1 a

Non-compliance events (n) 72

% non-compliance events 53%

% reduction in non-compliance events 96%

a Canadian Council of Ministers of the Environment, 2012.
b Chambers et al., 2012.
denitrification bioreactor operation, there was a significant

reduction (p¼ <0.001) in the nitrate-N concentration (by 99%)

and total-N concentration (by 72%) in the effluent water that

exited the bioreactors (Table 3). Environmental non-

compliance events due to elevated nitrate-N concentration

declined by 96% and those based on the total-N concentration

were reduced by 50%, based on a comparison of the number of

non-compliance events using the influent water chemistry

and effluent water exiting the denitrification bioreactors

(Table 3). On a flow-weighted basis, the nitrate-N load was

reduced by 99% when drainage water passed through deni-

trification bioreactors during a three-year period (Table 4),

when median nitrate-N loads entering the bioreactors were

above or below the maximum environmental compliance

threshold (Fig. 3).

It is necessary to install controlled drainage structureswith

denitrification bioreactors associated with subsurface

drainage systems in agricultural fields to control the water

flow in and out of the woodchip bioreactors. A significant

reduction in nitrate-N loads can be expected with the use of

controlled subsurface drainage alone, without the use of

woodchip bioreactors (Skaggs, Fausey, & Evans, 2012). This

implies that the >90% reduction of nitrate-N load from sub-

surface field drainage achieved by these combined systems is,

in part, a result of reduced drainage flow volumes, and deni-

trification in the soil profile due to a higher water table (Kalita

& Kanwar, 1993) in addition to denitrification within the

woodchip bioreactor. Further study of the in-field perfor-

mance of controlled drainage, with and without a denitrifi-

cation bioreactor, is necessary to quantify the gains that can

be attributed to each of these two components of the in-field

installation.

The median nitrate-N removal rates for bioreactor volume

of 6.84 g NO3-N m�3 d�1 and surface area of 2.99 g NO3-N m�2

d�1 (Table 4) are within the higher range of reported nitrate-N

removal rates of 0.38e7.76 g NO3-N m�3 d�1 for woodchip

denitrification bioreactors (Addy et al., 2016; Christianson
ations in the influentwater entering, and the effluentwater
s of operation. The percent reduction in the median and
t and effluent water in denitrification bioreactors and the
s are reported.

(mg l�1) Total-N (mg l�1)

Effluent Influent Effluent

135

0.01 0.54 0.36

21.11 22.16 21.66

0.03 3.60 0.96

4.41 0.92 1.61

73%

<0.001
0.51 5.90 1.51

2.25 5.40 2.43

74%

1.1 mg l�1 b

3 127 64

2% 94% 47%

50%
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Table 4 e Flow-weighted nitrate-N load in the influent
water entering, and effluent water exiting, woodchip
denitrification bioreactors during three years of
operation. The percent reduction in the median and
mean nitrate-N loads in subsurface drainage, from the
drainage area and from bioreactors (by volume and
surface area) are described.

Parameter Nitrate-N (mg s�1)

Influent Effluent

Paired observations (n) 112

Minimum value 0.000025 0.000008

Maximum value 5.166 0.697

Median value 0.172 0.001

Coefficient of variation 1.794 2.701

% reduction in median value 99.3%

p-Value <0.001
Mean 0.498 0.032

Standard deviation 0.894 0.087

% reduction in the mean value 93.5%

Load removed

From drainage area (kg ha�1 yr�1) 10.76

By bioreactor volume (g m�3 d�1) 6.84

By bioreactor surface area (g m�2 d�1) 2.99
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et al., 2012). Since the median nitrate-N removal rates were

compiled during three seasons, the temporal variability in

nitrate-N concentration of the influent and effluent water

provides more information about the effectiveness of deni-

trification bioreactors under field conditions. An analysis of

BR-1 results, under the agricultural field that received the

highest N inputs, found nitrate-N concentration in the

influent water was related to the soil moisture content

(r¼ 0.64, p < 0.05, n¼ 12)measured at 150mmsoil depth at the

same time as water sampling. This is likely a physical phe-

nomenon, since a greater volume of water passing through

the soil profilewill transportmore nitrate-N present in the soil

pore water. Nitrate reduction within the denitrification

bioreactor was significantly correlated with one-day lagged

ambient temperature (r¼ 0.58, p < 0.05, n¼ 19), indicating that

denitrification increased as ambient temperatures increased.

As illustrated for BR-1, the influent nitrate-N concentrations

generally increased during the growing season (Fig. 4) and

were negatively correlated with the drainage flow rates

(r ¼ �0.53, p < 0.05, n ¼ 19). The lower drainage flow rates

during the growing season are probably related to water use

by crops. Drainage of a smaller water volume with a constant

mass of nitrate-N implies an increase in the nitrate-N con-

centration. However, the higher nitrate-N concentration

observed in drainage water during the summer and fall sea-

sons (Fig. 4) can be due to two other factors: (1) the N inputs

from fertiliser and manure applied in spring and as split-

applications to growing crops are a source of nitrate-N in

drainage water, and (2) the microbially-mediated processes of

decomposition and nitrification of soil organic matter

(including crop residues, microbial biomass and humified

organic materials) produce nitrate-N, which is subject to loss

in drainage water. The biological reactions of decomposition

and nitrification increase with temperature according to a Q10

relationship (Ellert& Bettany, 1992) andmay be amajor source

of the nitrate-N transferred from soil pore water to drainage
water in these agricultural fields. The evidence to support this

claim is that the nitrate-N concentration in influent water was

positively correlated with the mean ambient temperature of

the previous day (r ¼ 0.67, p < 0.01, n ¼ 19), which is indicative

of the response time needed for microbially-mediated re-

actions to occur (e.g. ammonia oxidation and nitrification re-

actions catalysed by soil bacteria and archaea that produce

nitrate-N).

The reduction in nitrate-N concentration within the deni-

trification bioreactor was significantly correlated with the

influent concentration (r ¼ 0.71, p < 0.001, n ¼ 19), and the

nitrate-N removal generally increased as influent concentra-

tion increased, such that a reduction of up to 21 mg l�1 in

nitrate-N concentration was achieved (Fig. 4). There was no

apparent relationship with the hydraulic retention time and

the percentage removal of nitrate-N from the influent water,

as a consistent decrease in the nitrate-N concentration of

effluent water was observed, even at lower hydraulic reten-

tion times (Fig. 4).

3.2. Variability in bioreactor performance related to
agricultural practice

Performance of individual bioreactors was impacted by dif-

ferences in the nitrate-N concentration of influent water. For

instance, the denitrification bioreactor BR-1 lowered the

nitrate-N concentration below the maximum environmental

criterion on all but 3 of the sampling events during the study

period (Fig. 4). This bioreactor receivedwater draining from an

agricultural field under annual crop production, soybeans,

wheat and corn, hence the BR-1 influent was affected by the

concomitantly higher application rates of N-fertiliser for these

crops, compared to the three agricultural fields cultivatedwith

forage crops where bioreactors BR-2, BR-3 and BR-4 were

installed (Table 2). The reliable performance of BR-1 while

subjected to a range of temperatures throughout the drain

flow period suggests that the technology is effective, including

during the colder spring and fall periods, and could be pri-

oritised on annually-cropped agricultural fields that receive

high N-fertiliser inputs.

In this study, the woodchip denitrification bioreactors did

not affect the farming activities or crop yields in the treated

area, nor require significant intervention or maintenance by

the farm owners (personal communication with farm

owners). Terrain layout allowed cultivating on top of the

bioreactor in two out of four instances and no visual differ-

ences in yield were detected on crops in these areas. This in-

dicates that the technology is compatible with farming

practices for annual and perennial crop production. This

should be verifiedwithmore on-farm installations designed to

reduce nitrate-N losses through subsurface drainage, thereby

confirming that bioreactors combined with controlled

drainage are an effective technology to mitigate nitrate-N loss

to surface waters in Quebec and Ontario, Canada. Bioreactors

for this study were designed to have a minimum 4 h of hy-

draulic retention time and can treat 20% of the estimated peak

flow. The design criteria for hydraulic retention time was met

in all four bioreactors (Table 5), and although percentage

treatment of peak flow was below design criteria, all four

bioreactors still achieved nitrate-N reduction targets and met

http://dx.doi.org/10.1016/j.biosystemseng.2016.10.021
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Fig. 3 e Nitrate-N flow-weighted mean concentrations, by individual bioreactor for 3 years combined, showing water

influent (left, n ¼ 112) and water effluent (right, n ¼ 112) results. The boxplots indicate the mean and median, as well as

quartile values and outliers. The dashed line indicates the maximum environmental criterion (set at 3.0 mg nitrate-N l¡1;

Canadian Council of Ministers of the Environment, 2012).
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the critical environmental thresholds for surfacewater (Fig. 3).

Specifically, the hydraulic performance of BR-3 was inhibited

by the presence of iron ochre and iron oxidising bacteria

growth, visually apparent at the drain outlet. Further
investigation determined this to have caused partial clogging

in this tile drain, which reduced effluent flow rates. Despite

this, flow-weighted mean nitrate-N concentration reduction

remained excellent in this bioreactor, as illustrated in Fig. 3.

http://dx.doi.org/10.1016/j.biosystemseng.2016.10.021
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Fig. 4 e Nitrate-N (NO3-N) concentrations in the influent water entering, and the effluent water exiting, woodchip Bioreactor-1

(BR-1) in two years of operation (2014e2015). The hydraulic retention time, in hours, is shown for each sampling date and the

maximum environmental criterion for nitrate-N is also indicated by the dotted line (set at 3.0 mg nitrate-N l¡1; Canadian

Council of Ministers of the Environment, 2012).
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These results are interpreted to mean that these bioreactor

design guidelines provide for sufficient capacity, and perhaps

surplus capacity, for nitrate-N removal via denitrification in a

cold humid climate. It is notable that measurements indicate

55% of subsurface drainage water flowed through bioreactors

each year (Table 5). It was originally estimated that 40% of the

annual mean precipitation draining through the soil profile

would pass through subsurface drainage tile, based on data

reported in the scientific literature (Hatfield, Prueger,& Jaynes,

1998; Hatfield et al., 1999). We conclude that treatment of

greater water volumes at relatively lower bioreactor efficiency

could perhaps provide better overall N mass removal, but this

should be examined in future studies that aim to optimise

bioreactor performance.

3.3. Economic costs and agri-environmental benefits
from denitrification bioreactors

Future implementation of denitrification bioreactors on a

commercial scale will, of necessity, require a detailed exami-

nation of costs, as well as anticipated agri-environmental

benefits. However, as a pilot project designed primarily to

evaluate bioreactor performance, an in-depth analysis of

these aspects is beyond the scope of this study. For example,
Table 5 e Bioreactor performance to design objectives, includi
flow and the proportion of subsurface drainage flowing throug
through subsurface drainage system (annual basis).

Parameters Units Target BR

Hydraulic retention time h 4.00 14

% treatment of peak flow % 20.0 8.

% of all subsurface drainage water flowing through bioreactors (per year

% of precipitation going through subsurface drainage (per year)
being a pilot study, field work and set-up of project in-

stallations necessarily required more time and incurred more

cost than would normally be expected of a contractor expe-

rienced in this type of work. This study has, however, allowed

the identification of several factors in bioreactor costing

which could vary significantly by geographic region and

jurisdiction, and over time, including: (1) equipment import

and distribution costs; (2) regional differences in installed

costs due to variation in transport and other charges; (3) cur-

rency exchange rates for any imported equipment purchased

in foreign currency; (4) inflationary pressure on all costs over

time; (5) mark-ups (gross profit margins) on costs by installa-

tion contractors and what total prices they would charge to

agricultural producers; and (6), business accounting treatment

of expenses incurred by farm producers for such installations

as regards asset depreciation, taxation and other fiscal im-

plications, which may vary by jurisdiction. The economic

costs of installing awoodchip denitrifying bioreactor would be

offset by the value of water quality protection for aquatic

ecosystem services and drinking water sources, which needs

to be quantified. In view of the potential benefits to water

quality, cost-sharing programs for farm producers would

facilitate acceptance and advance the implementation of such

units.
ng hydraulic retention time, percentage treatment of peak
h bioreactors (annual basis) and precipitation flowing

-1 BR-2 BR-3 BR-4 Overall

.1 5.3 27.0 14.1 14.1

5 5.8 3.5 14.1 5.8

) 55.0

40.0
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Denitrifying bioreactors together with controlled drainage

will have additional value if they are shown to be effective in

treating other potential contaminants of surface water

emanating from agricultural land, for example phosphorus,

faecal coliform bacteria (Rambags, Tanner, Stott, & Schipper,

2016), pesticides (Ilhan, Ong, & Moorman, 2012; Rambags

et al., 2016) and agrochemicals. A future publication will

discuss the potential of these in-field installations for the

attenuation of phosphorus in subsurface drainage water.

Slowing the subsurface flow through drains and passing it

through the denitrification bioreactor could filter the sus-

pended solids and dissolved colloids in the drainage water,

thereby reducing stream turbidity, but the suitability of doing

this needs to be evaluated due to the potential for clogging.

Finally, controlled drainage structures provide the farmer

with a means of controlling the rate at which subsurface

drainage water leaves their fields. One application of this

technology is to subsurface irrigate crops, particularly in dry

periods and seasons, and is documented from long-term field

sites in southern Quebec and Ontario (Madramootoo, Dodds,

& Papadopoulos, 1993; Tan et al., 2007). The second applica-

tion is to control water release from agricultural fields and

thus to mitigate downstream flooding for the benefit of the

people who live in communities that would be potentially

affected by flooding, as well as animals and plants that inhabit

aquatic ecosystems which are vulnerable to flooding.

3.4. Other aspects of study significance

Conducting this study in a Plant Hardiness Zone 4, with its

latitude, climatic conditions and soils, adds to the existing

literature on similar bioreactor studies which have been

conducted primarily in zones classified 5 to 7. As a first full-

scale, multiple unit, agricultural field evaluation of this tech-

nology in Canada, building on the earlier work of Blowes et al

(Blowes, Robertson, Ptacek, & Merkley, 1994). and Robertson

et al (Robertson, Blowes, Ptacek, & Cherry, 2000), it will be of

interest to Canadian-based and other cold-region researchers,

as well as to Canadian government and agri-environmental

agencies in regards to policy development, similar to that

which has already been conducted by U.S. agricultural

agencies.

In terms of responding to bioreactor research needs,

Christianson et al. (2012) conclude: “More field-scale biore-

actor data are urgently needed to evaluate design methods,

quantify potential deleterious effects, and develop better

management procedures for optimized performance as this

technology begins to move quickly from the research to

demonstration phase.” Considering that need, this study

contributes to the body of literature on the management and

monitoring of agricultural drainage bioreactors, the optimi-

zation of their performance and their potential agri-

environmental contribution, particularly in colder climate

conditions.
4. Conclusions

This study demonstrates that woodchip denitrification bio-

reactors operating in combination with controlled subsurface
drainage are effective in reducing total-N and nitrate-N con-

centrations and the nitrate-N load from subsurface-drained

agricultural fields in Quebec, Canada, a cold climate region.

In agricultural fields where the subsurface drainage water

emits total-N and nitrate-N concentrations exceeding the

environmental criteria for surface water, an operating wood-

chip denitrification reactor with controlled drainage can lower

the total-N concentration to meet the environmental criteria

more than 50% of the time, and reduce the nitrate-N con-

centration and nitrate-N load to levels that meet the envi-

ronmental criteria more than 95% of the time.

The efficiency of this in-field subsurface water treatment

systemwas sustained over three calendar years that included

soil freezing and negligible drainage during the winter

months, variable subsurface flows during spring thaw, and

periodic and heavy rainfall events (>10 mm within 24 h) dur-

ing the growing season.

The effectiveness of denitrification bioreactors in treating

nitrogen outflows from subsurface agricultural drainage sup-

ports their consideration as a Beneficial Management Practice

for water quality improvement in cold climate agricultural

regions.
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