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1 Project background and aim of the report 

 

The Wet Tropics Major Integrated Project (WTMIP) is a 4-year project (2017-2021) funded 

by the Queensland Government to trial catchment repair systems including denitrifying 

bioreactors. The aim of WTMIP is to improve the reef water quality and accelerate 

progress towards the Reef 2050 targets (COM-AUS, 2018). The WTMIP is 

coordinated by Terrain NRM in partnership with Canegrowers, Australian 

Banana Growers’ Council, Local Government, community groups, 

traditional owners, consultants, investors, and researchers. 

The staff of WTMIP and their partners performed the design and installation 

of seven bioreactors between August 2018 and November 2019 in the Wet 

Tropics Region of North Queensland. Changes in water quality as a consequence of the seven 

bioreactors (characterized by different designs to treat both groundwater 

and surface water) was monitored from January 2019 until March 2021.  

In June 2020, QUT performed an initial data analysis with respect to the 

nitrate removal performance of the seven bioreactors, concluding that the 

bioreactors effectively removed nitrate and recommending further monitoring of specific 

bioreactors during the wet season.  

In April 2021, WTMIP provided QUT with additional data regarding five 

bioreactors that were monitored during the 2020-2021 wet season, to assess 

the long-term nitrate removal performance. 

This report summarizes the results of the data collected until March 2021 and aims to assess 

whether the bioreactors continued to be effective in removing nitrate. The methods used for the 

data analysis follow the instructions included in the guidelines developed by the Queensland 

Department of Agriculture and Fisheries and QUT (Wegscheidl et al., 2021) for using 

denitrifying bioreactors to improve water quality on Queensland farms. 
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2 Introduction 

 

2.1 DENITRIFYING BIOREACTORS 

Denitrifying bioreactors consist of permeable trenches filled with a carbon (C) substrate 

(generally woodchip) and are capable of intercepting nitrate (NO3
-) polluted water. Bioreactors 

catalyse the biochemical process of denitrification, in which microbes perform their respiration 

under anaerobic or anoxic conditions, using C as an electron donor. Denitrification 

progressively reduces NO3
- to nitrite (NO2

-) and successively to atmospheric nitrogen (N) 

forms, such as nitric oxide (NO), nitrous oxide (N2O), and finally dinitrogen (N2), via reductase 

enzymes (Robertson and Groffman, 2015):  

𝑁𝑂3
−
𝑛𝑖𝑡𝑟𝑎𝑡𝑒 𝑟𝑒𝑑𝑢𝑐𝑡.
→           𝑁𝑂2

−
𝑛𝑖𝑡𝑟𝑖𝑡𝑒 𝑟𝑒𝑑𝑢𝑐𝑡.
→          𝑁𝑂

𝑛𝑖𝑡𝑟𝑖𝑐 𝑜𝑥𝑖𝑑𝑒 𝑟𝑒𝑑𝑢𝑐𝑡.
→              𝑁2𝑂

𝑛𝑖𝑡𝑟𝑜𝑢𝑠 𝑜𝑥𝑖𝑑𝑒 𝑟𝑒𝑑𝑢𝑐𝑡.
→                𝑁2 

Eq. 1 

Denitrifying bioreactors can intercept either groundwater (denitrification walls) or surface 

water (denitrification beds). Denitrification walls are trenches penetrating 1-3 m into the soil 

profile, filled with woodchip, and constructed perpendicular to groundwater flow direction 

(Robertson and Cherry, 1995; Schipper et al., 2004; Schmidt and Clark, 2012). Denitrification 

beds are ditches filled with woodchip that can treat either effluent groundwater from tile-

drainage discharge (Christianson et al., 2011; Jaynes et al., 2008; Rosen and Christianson, 

2017; Schipper et al., 2010a; Woli et al., 2010), or surface water (Elgood et al., 2010). 

Denitrification beds treating surface water can be either in-line, meaning that they are installed 

within a drain, or off-line, meaning that the water is diverted into the bioreactor via an offtake 

(QGOV, 2018; Wegscheidl et al., 2021). 

 

2.2 NITRATE REMOVAL PERFORMANCE 

The performance of bioreactors is normally determined through the calculation of NO3
- 

removal. Nitrate removal can be calculated in different ways, which include NO3
- removal 

efficiency (NRE), NO3
- removal rate (NRR), and NO3

- load reduction (NLR). 

The NRE (%) is calculated according to Greenan et al. (2009) as: 

𝑁𝑅𝐸 =
 (𝑁𝑂3𝑖𝑛

− ) − (𝑁𝑂3𝑜𝑢𝑡
− )

(𝑁𝑂3𝑖𝑛
− )

∗ 100 Eq. 2 
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Where NO3
-
in and NO3

-
out (mg N L-1) are the influent and effluent NO3

- concentrations, 

respectively. However, the NRE is not ideal, as it does not provide a coefficient when 

comparing the performance of different bioreactors; for that the calculation of NRR is 

preferred. 

The calculation of NRR (g N m-3 d-1) normalizes the performance of a bioreactor as mass of 

NO3
- removed per unit volume of bioreactor substrate (woodchip) per unit of time, according 

to Addy et al. (2016) and Schipper et al. (2010b). The NRR calculation differs between 

denitrification walls and denitrification beds. For a denitrification wall the NRR is calculated 

similar to Schipper and Vojvodić-Vuković (2000) as: 

𝑁𝑅𝑅 =
 (𝑁𝑂3𝑇1

− ) − (𝑁𝑂3𝑇2
− ) ∗  𝑣 ∗  𝐴 ∗  𝜑𝑐
𝑉𝑠𝑎𝑡

 Eq. 3 

Where NO3
-
T1 and NO3

-
T2 (g N m-3) are the average concentrations (n = 3) measured in T1 and 

T2 of the denitrification wall, v (m d-1) is the groundwater velocity, A (m2) is the saturated C 

substrate section transmitting groundwater, φc (L L-1) is the macro porosity of the C substrate, 

and Vsat (m
3) is the saturated C substrate volume.  

The calculation of NRR in a denitrification bed is similar to Warneke et al. (2011a) as: 

𝑁𝑅𝑅 =
 (𝑁𝑂3𝑖𝑛

− ) − (𝑁𝑂3𝑜𝑢𝑡
− )

𝑉𝑠𝑎𝑡
∗ 𝑄 Eq. 4 

Where NO3
-
in and NO3

-
out (g N m-3) are the influent and effluent NO3

- concentrations of the 

denitrification bed, respectively, Q (m3 d-1) is the flow rate measured at the outlet of a 

denitrification bed, and Vsat (m
3) is the saturated C substrate volume. 

The NLR (kg N) calculation quantifies the mass of N that is removed in a bioreactor, as it is 

related to the amount of water that flows through a bioreactor:  

 𝑁𝐿𝑅 = (𝑁𝑂3𝑖𝑛
− − 𝑁𝑂3𝑜𝑢𝑡

− ) ∗ 𝑄 ∗ 𝑡𝑓𝑙𝑜𝑤 Eq. 5 

Where NO3
-
in and NO3

-
out (g N m-3) are the average influent and effluent NO3

- concentrations, 

respectively, Q (m3 d-1) is the bioreactor flow rate, and tflow (d) is the duration of flow.  

 

2.3 AMMONIUM REMOVAL PERFORMANCE 

Ammonium removal rate (ARR) for a denitrification wall can be calculated similar to NRR 

(Eq. 3) as: 
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𝐴𝑅𝑅 =
 (𝑁𝐻4𝑇1

+ ) − (𝑁𝐻4𝑇2
+ ) ∗  𝑣 ∗  𝐴 ∗  𝜑𝑐
𝑉𝑠𝑎𝑡

 Eq. 6 

Where NH4
+

T1 and NH4
+

T2 (g N m-3) are the average NH4
+ concentrations (n = 3) measured in 

T1 and T2 of the denitrification wall, v (m d-1) is the groundwater velocity, A (m2) is the 

saturated C substrate section transmitting groundwater, φc (L L-1) is the macro porosity of the 

C substrate, and Vsat (m
3) is the saturated C substrate volume.  

The calculation of ARR in a denitrification bed can be calculated similar to NRR (Eq. 4) as: 

𝑁𝑅𝑅 =
 (𝑁𝐻4𝑖𝑛

+ ) − (𝑁𝐻4𝑜𝑢𝑡
+ )

𝑉𝑠𝑎𝑡
∗ 𝑄 Eq. 7 

Where NH4
+

in and NH4
+

out (g N m-3) are the average influent and effluent NO3
- concentrations, 

respectively, Q (m3 d-1) is the flow rate measured at the outlet of a denitrification bed, and Vsat 

(m3) is the saturated C substrate volume.  

 

2.4 DISSOLVED INORGANIC NITROGEN REMOVAL 

The DIN removal rate (DINRR) was calculated as the algebraic sum of NRR and ARR: 

𝐷𝐼𝑁𝑅𝑅 = 𝑁𝑅𝑅 + 𝐴𝑅𝑅 Eq. 8 

The dissolved inorganic N load reduction (DINLR, kg N) calculation quantifies the total mass 

of DIN (NO3
- + NH4

+) that is removed in a bioreactor, as is related to the amount of water that 

flows through a bioreactor:  

 𝐷𝐼𝑁𝐿𝑅 = [(𝑁𝑂3𝑖𝑛
− − 𝑁𝑂3𝑜𝑢𝑡

− ) + (𝑁𝐻4𝑖𝑛
+ − 𝑁𝐻4𝑜𝑢𝑡

+ )] ∗ 𝑄 ∗ 𝑡𝑓𝑙𝑜𝑤 Eq. 9 

Where NO3
-
in and NO3

-
out (g N m-3) are the average influent and effluent NO3

- concentrations, 

respectively, NH4
+

in and NH4
+

out (g N m-3) are the average influent and effluent NH4
+ 

concentrations, respectively, Q (m3 d-1) is the bioreactor flow rate, and tflow (d) is the duration 

of flow.  

 

2.5 PARAMETERS AFFECTING NITRATE REMOVAL PERFORMANCE 

An important parameter that affects NO3
- removal is the hydraulic residence time (HRT), 

defined as the measure of the average length of time that water remains in a bioreactor. The 

HRT (h or d) can be calculated according to Christianson et al. (2011) and Hoover et al. (2017): 

https://en.wikipedia.org/wiki/Time
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𝐻𝑅𝑇 =
𝑉𝑠𝑎𝑡 ∗ 𝜑𝑐
𝑄

 Eq. 10 

where Vsat (m
3) is the saturated C substrate volume, φc (L L-1) is the macro porosity of the C 

substrate, and Q (m3 d-1) is the bioreactor flow rate. In general, the cumulative NRR in 

bioreactors with HRT <6 h is significantly lower than that in bioreactors characterized by a 

HRT from 6 to 20 h and >20 h (Addy et al., 2016). 

The NO3
- removal capacity of a bioreactor also depends on the suitability of a series of internal 

parameters such as the availability of dissolved organic C (DOC) , the presence of anaerobic 

conditions, pH, and temperature (Schipper et al., 2010b). 

The type of C substrate plays a major role in denitrification because it acts as an electron donor 

(Partheeban et al., 2014). Generally, C substrates rich in cellulose (e.g. corn cobs, corn stover) 

release a higher amount of DOC (Feyereisen et al., 2016). However, the longevity  of cellulose-

rich materials is shorter than lignin-rich materials such as wood products, and for this reason 

woodchip is generally used in field-scale bioreactors (Robertson et al., 2009).  

Low dissolved oxygen (DO) at concentrations <2 mg L-1 is critical for denitrification to occur 

(Rivett et al., 2008). Generally, anaerobic conditions in a bioreactor are achieved due to the 

presence of high concentrations of DOC (Cameron and Schipper, 2010; Hoover et al., 2016), 

and depletion of high DO concentrations can be achieved with a HRT of only 1 h (Robertson, 

2010). 

Another important parameter affecting denitrification is pH. A pH range between 5.5 and 8.0 

is optimal for denitrifying microorganisms (Rivett et al., 2008). However, the pH in a 

bioreactor is not constant over time and can be influenced by the type of C substrate 

(Partheeban et al., 2014). A field experiment performed on two denitrification walls filled with 

contrasting woodchips (softwood vs hardwood) in southeast Queensland (Manca et al., 2020), 

confirmed that hardwood produces a lower pH compared to softwood. The lowest pH in a 

bioreactor is generally observed during the start-up operations following installation, with pH 

values of 2.5 and 4.3 for hardwood and softwood, respectively (Cameron and Schipper, 2010). 

The initial release of DOC from hardwood can be more than 20-fold higher than softwood  and 

might be responsible for the low pH in a bioreactor (Manca et al., 2020). 

Microbial activity is strictly related to temperature because it controls multiple components of 

microbial metabolism (Blagodatskaya et al., 2016), and laboratory and field studies have shown 
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that the higher the temperatures within the bioreactor, the higher the NO3
- removal (Cameron 

and Schipper, 2010; Hoover et al., 2016; van Driel et al., 2006). 

 

2.6 POLLUTION SWAPPING 

Potential side effects of denitrifying bioreactors are known as pollution swapping, defined as 

the increase in one pollutant as a result of a measure introduced to reduce a different pollutant 

(Stevens and Quinton, 2009). In woodchip bioreactors, pollution swapping can occur with the 

release of pollutants both in the dissolved and gaseous form. An example of pollution swapping 

in the dissolved form is the production of ammonium (NH4
+) due to dissimilatory nitrate 

reduction to ammonium (DNRA) (Robertson et al., 2007; Warneke et al., 2011b). The 

occurrence of DNRA is due to NO3
- ammonifying bacteria, which have competitive advantages 

over denitrifying bacteria in environments characterized by NO3
- limited conditions and high 

DOC (Lam and Kuypers, 2011). Production of NH4
+ can also occur due to ammonification of 

organic N compounds in the woodchip (Fenton et al., 2016). Ammonification requires organic 

nitrogen and enough DO for bacteria to perform the degradation (Chang et al., 2019). Excessive 

release of NH4
+ from a bioreactor is potentially harmful for the environment, as NH4

+ along 

with NO3
- is a nutrient for phytoplankton growth (Domingues et al., 2011), and can trigger 

eutrophication. 

  



  

14 

 

3 Materials and methods 

 

3.1 STUDY AREA 

This report focuses on the data analysis and performance of five bioreactors (BR1, BR2, BR4, 

BR5, and BR6) installed to treat both groundwater and surface water on sugar cane farms in 

the Tully and Johnstone agricultural catchments, located in the Wet Tropics Region of North 

Queensland (Fig. 1). The Tully and Johnstone catchments cover respectively the 8 and 11% of 

the Wet Tropics Region (BOM, 2020a, b), and are subject to a tropical rainforest climate 

according to the Köppen climate classification (Peel et al., 2007). The wet season occurs from 

November to April inclusive, as a consequence of the north-west monsoon (BoM, 2019) and 

determines an average annual rainfall of 2763 and 3152 mm in the Tully and Johnstone 

catchments, respectively (BOM, 2020a, b). Monthly average rainfall is less than 50 mm from 

May to October, with September being the driest month (McInnes et al., 2015) (Fig. 2). 

Generally, the Wet Tropics Region exhibits a clear seasonal cycle in temperature, with daily 

average temperatures ranging from about 26 °C in summer (January) to about 22 °C in winter 

(July). Maximum and minimum temperature of about 33 °C and 16 °C occur in November and 

July respectively (McInnes et al., 2015) (Fig. 2). 

The Tully and Johnstone agricultural catchments are characterised by intensive agricultural 

activities, which include sugarcane, grazing, banana, horticulture, dairy, and irrigated crop 

farming (QGOV, 2019). Sugarcane and banana farming have been identified as the dominant 

activities contributing to increased loads of anthropogenic dissolved inorganic nitrogen (DIN, 

which include NO3
- and NH4

+), to the Great Barrier Reef (Faithful and Finlayson, 2005; 

QGOV, 2019). These catchments are characterized by soil types that originated on a wide range 

of substrates which include peats, mangroves, basalts, granites, metamorphic rocks, alluvium, 

and beach ridges (Murtha, 1986). 

 

3.2 BR1 

The denitrification wall BR1 was installed in August 2018 to treat groundwater in the 

Johnstone catchment. The denitrification wall is 30.0 m in length, 1.5 meter deep, and has a 

variable width ranging from 0.6 (at the bottom) to 2.1 m (at the top), as it was constructed with 

a “V” shaped cross section, due to the sandy-loam nature of the aquifer (Fig. 3). The wall was 

https://en.wikipedia.org/wiki/K%C3%B6ppen_climate_classification
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installed in a 7 ha drainage catchment area. The wall was filled with a total volume of 60.8 m3 

of hardwood woodchip. Three monitoring transects were installed in parallel to the maximum 

length of the wall to collect water samples from up gradient (pre-treatment, T1), from the wall 

(treatment, T2), and from down gradient (post-treatment, T3). The groundwater levels and 

water quality of the denitrification wall were monitored fortnightly from January 2019 until 

March 2021. 

 

3.3 BR2 

The denitrification bed BR2 was installed in October 2019 to treat groundwater in the Tully 

catchment. It was designed as an off-line bed connected to an Ag-pipe and was 10.0 m in 

length, 1.0 m deep, and 1.5 m wide (Fig. 5). The bed was installed in a 9.5 ha drainage 

catchment area. The outlet pipe was installed at the same height of the woodchip to maintain 

the woodchip constantly saturated. The bed was filled with a total volume of 15.0 m3 of 

softwood woodchip. Influent water samples were collected from the inlet, whereas effluent 

water samples were collected from the outlet. The height of the outlet pipe was lowered 0.25 

m at the end of April 2020, as the flow was extremely limited and the farmer was concerned of 

a back-up flow of water in the field, decreasing the total volume of saturated woodchip to 11.5 

m3. The water quality of the denitrification bed was monitored fortnightly from January 2020 

until March 2021. 

 

3.4 BR4 

The denitrification bed BR4 was installed in October 2019 to treat groundwater in the Tully 

catchment. It was designed as an off-line bed connected to an Ag-pipe and was 10.0 m in 

length, 1.0 m deep, and 1.5 m wide (Fig. 8). The bed was installed in a 2.6 ha drainage 

catchment area. The outlet pipe was installed at the same height of the woodchip to maintain 

the woodchip constantly saturated. The bed was filled with a total volume of 15.8 m3 of 

softwood woodchip. Influent water samples were collected from the inlet, whereas effluent 

water samples were collected from the outlet. The water quality of the denitrification bed was 

monitored weekly from January 2020 until March 2021. 
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3.5 BR5 

The denitrification bed BR5 was installed in November 2019 to treat surface water in the 

Johnstone catchment. It was designed as an in-drain bed and was 8.0 m in length, 0.6 m deep, 

and 1.5 m wide (Fig. 11). The bed was installed in a 3.8 ha drainage catchment area. The bed 

was filled with a total volume of 7.2 m3 of softwood woodchip. Influent water samples were 

collected from a piezometer installed in the soil upslope of the bioreactor, whereas effluent 

water samples were collected from the outlet. The water quality of the denitrification bed was 

monitored monthly from April 2019 until March 2021. 

3.6 BR6 

The denitrification bed BR6 was installed in November 2019 to treat surface water in the 

Johnstone catchment. It was designed as an in-drain bed and was 10.0 m in length, 0.5 m deep, 

and 1.8 m wide (Fig. 13). The bed was installed in a 3.5 ha drainage catchment area. The bed 

was filled with a total volume of 10.0 m3 of softwood woodchip. Influent water samples were 

collected from upslope of the bioreactor, whereas effluent water samples were collected from 

downslope. The water quality of the denitrification bed was monitored weekly from October 

2019 until March 2021. 

 

3.7 NITRATE REMOVAL EFFICIENCY 

The NRE for each monitoring event performed at the bioreactor sites was calculated according 

to Eq. 2.  

The NRE for BR1 was calculated as the difference in the average NO3
- concentration of 

replicates (n = 3) collected from the piezometers of T1 and T2. It was not possible to use the 

NO3
- concentration measured in T3 due to the presence of by-pass flow (see section 5.1). 

The difference between the NO3
- concentrations measured at the influent and effluent was used 

for the calculation of NRE of BR2, BR4, BR5, and BR6. Occasionally, higher NO3
- 

concentrations were detected at the outlet of the bioreactors, as a consequence of sampling 

artefacts due to very short-lived NO3
- pulses entering the bioreactors prior to the inlet sampling. 

Consequently, negative percentage values were not taken into account for the NRE calculation 

because they might have considerably decreased the average real value. 
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3.8 NITRATE REMOVAL RATE 

The calculation of NRR requires the quantification of the flow rate of water treated in a 

bioreactor (Eq. 3 and Eq. 4). In this report, NRR was quantified only for the bioreactors for 

which flow rate could be calculated (BR1) or was measured in the field (BR2 and BR4).  

The NRR of the denitrification wall BR1 was calculated according to Eq. 3, using a value of 

φc = 0.76, similar to the value measured for hardwood (Eucalyptus) by Cameron and Schipper 

(2012). Occasionally NO3
- was detected in T2 and if: 

(𝑁𝑂3𝑇2
− ) >

 (𝑁𝑂3𝑇1
− )

2
 Eq. 11 

The reduction of NO3
- in the bioreactor (ΔNO3

-) was calculated assuming first-order removal 

kinetics, which can be observed at low NO3
− concentrations (3.0 mg N L-1) (Hua et al., 2016) 

as: 

(𝛥𝑁𝑂3
−) = [(𝑁𝑂3𝑇1

− ) − (𝑁𝑂3𝑇2
− )] * 2 Eq. 12 

The value of v (m d-1) in the aquifer was calculated using Darcy’s law (Darcy, 1856): 

𝑣 =
𝐾𝑖

𝜑𝑎
 Eq. 13 

where K (m d-1) is the hydraulic conductivity of the aquifer, i (m m-1) is the hydraulic gradient 

(defined as a measure of the change in groundwater head over a given distance), and φa (L L-

1) is the effective porosity of the aquifer. 

The calculation was based on a K = 2 m d-1 attributed to a sandy loam aquifer (Cheesman et 

al., 2019). The values of hydraulic gradient were calculated for each monitoring event using 

the average of the water levels measured in the five piezometers of T1 (P#1, P#3, P#6, P#9, 

and P#12) (Fig. 3) and seven piezometers of T3 (P#2, P#5, P#8A, P#8B, P#8C, P#11, and 

P#13) (Fig. 3) similar to Manca et al. (2020). Occasionally, it was not possible to calculate the 

value of hydraulic gradient due to missing water level measurements, and the average value of 

hydraulic gradient (0.045 m m-1) observed during the monitoring was used for the calculation. 

A value of φa = 0.41 typical of sandy loam (Ohio-EPA, 2006; Rawls et al., 1983) was used for 

the calculation. 

The depth of flow measured with a pressure transducer installed in a piezometer within the 

woodchip of the denitrification wall (P#7, Fig. 3) was used to calculate the values of A and Vsat 

http://www.oxfordreference.com.ezp01.library.qut.edu.au/view/10.1093/acref/9780199211944.001.0001/acref-9780199211944-e-3680
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(Eq. 3). As the denitrification wall had “V” shaped cross section, the value of A (m2) was 

calculated using trigonometry as: 

𝐴 =
𝑎

𝑐𝑜𝑠27°
∗ 𝐿 Eq. 14 

where a/cos27° is the hypotenuse of a right triangle (m) calculated from the height (a, m) 

measured with the pressure transducer, 27° is the angle between the hypotenuse and adjacent 

angle (“V” shape), and L (m) is the length of the bioreactor. 

The value of Vsat (m
3) was calculated as: 

𝑉𝑠𝑎𝑡 = (𝐴𝑟𝑒𝑐𝑡 + 2 ∗ 𝐴𝑡𝑟) ∗ 𝐿 Eq. 15 

Where Arect is the area of the rectangle calculated as the product of the base (0.6 m) and the 

height (m) measured with the pressure transducer, and Atr is the area of the triangles calculated 

using trigonometry as: 

𝐴𝑡𝑟 =
𝑎 tan 27°

2
∗ 𝑎 Eq. 16 

Where a tan27° is the opposite (base, m) of the right triangle, and a (m) is the height measured 

with the pressure transducer.  

The NRR of the denitrification beds BR2, and BR4 was calculate using Eq. 4, where Q was the 

average daily flow rate.  

The average daily flow rate of BR2 and BR4 was calculated using discharge rating curves. 

Rating curves relating depth of flow to flow rate can be developed for bioreactors (Chun and 

Cooke, 2008; Chun et al., 2010). The flow rate was measured over different flow stages using 

a volumetric method at the outlet of the bioreactors under unrestricted flow conditions. The 

measured values of flow rate were related to the depths of flow measured with a pressure 

transducer installed in the outlet structure. The linear regression equation was used to calculate 

the flow rate using the depth of flow measurements logged hourly with the pressure 

transducers.  

 

3.9 NITRATE LOAD REDUCTION 

The NLR was calculated for BR1, BR2, and BR4 using Eq. 5, where Q was the average daily 

flow rate. 
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The NLR was also calculated for BR1, BR2, and BR4 on a yearly basis (NLRyear) for a potential 

benefit cost analysis, assuming constant flow rate over the year (365 days) using the following 

equation: 

𝑁𝐿𝑅𝑦𝑒𝑎𝑟𝑙𝑦 =
𝑁𝐿𝑅 ∗ 365

𝑡𝑓𝑙𝑜𝑤
 Eq. 17 

Where NLR is the value measured using Eq. 5, and tflow (d) is the duration of flow. 

 

3.10 AMMONIUM CALCULATION 

The concentration of NH4
+ (mg N L-1) was not directly analysed and was calculated based on 

the function: 

[𝑁𝐻4
+] = 𝑇𝐴𝑁 − [𝑁𝐻3] Eq. 18 

where TAN (mg N L-1) is the total ammonia (NH3) nitrogen measured in the water samples 

using a photometric method, after forcing NH4
+ in the NH3 form.  

The amount of NH3 (%) is dependent on the solubility constant pKa and the pH of the water at 

the moment of sampling, and was calculated according to ANZECC and ARMCANZ (2000) 

as: 

% =
100

1 + 10𝑝𝑘𝑎−𝑝𝐻
 Eq. 19 

where 

𝑝𝐾𝑎 = (
2729.69

𝑇
) + 0.1105 − 0.000071𝑇 Eq. 20 

where T (°C) is the water temperature measured in the field using portable instruments.  

 

3.11 AMMONIUM REMOVAL RATE 

The ARR for the wall was calculated using Eq. 6, and the ARR for the beds was calculated 

using Eq. 7.  

 

3.12 DISSOLVED INORGANIC NITROGEN REMOVAL RATE 

The dissolved inorganic nitrogen removal rate (DINRR) was calculated for both the wall and 

the beds using Eq. 8.  
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3.13 DISSOLVED INORGANIC NITROGEN LOAD REDUCTION 

The dissolved inorganic nitrogen load reduction (DINLR) was calculated for BR1, BR2, and 

BR4 using Eq. 9, where Q was the average daily flow rate. 

The DINLR was also calculated for BR1, BR2, and BR4 on a yearly basis (DINLRyear) for a 

potential benefit cost analysis, assuming constant flow rate over the year (365 days) using the 

following equation: 

𝐷𝐼𝑁𝐿𝑅𝑦𝑒𝑎𝑟𝑙𝑦 =
𝐷𝐼𝑁𝐿𝑅 ∗ 365

𝑡𝑓𝑙𝑜𝑤
 Eq. 21 

Where DINLR is the value measured using Eq. 9, and tflow (d) is the duration of flow. 

 

3.14 HYDRAULIC RESIDENCE TIME 

The HRT of BR1 was estimated both for the bottom (0.6 m width) and the top (1.4 m width) 

using the equation: 

𝐻𝑅𝑇 =
𝑠

𝑣
 Eq. 22 

Where s is the width of the denitrification wall, and v is the groundwater velocity calculated 

with Eq. 13. 

The HRT of BR2 and BR4 was calculated according to Eq. 10, where Q was the average daily 

flow rate. A value of φc = 0.74 was used for the calculation, similar to the value measured for 

softwood (Pinus radiata) by Manca et al. (2020). 

 

3.15 INTERNAL PARAMETERS  

The temperature of the water flowing through the bioreactors was measured hourly using the 

pressure transducers or manually using portable instruments. 

The suitability of pH for denitrification was assessed considering the pH values measured at 

the outlet of the bioreactors. 

The suitability of the bioreactors at developing anaerobic conditions was assessed comparing 

the DO values measured at the inlet and outlet. As the DO values in the field were collected in 
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terms of saturation (%), they were converted to concentrations (mg L-1) using the equation of 

Weiss (1970) valid between 2 and 40 °C, at salinity = 0: 

𝐷𝑂 =
𝐷𝑂𝑃
100

∗ 𝑂2 ∗ 1.42903 Eq. 23 

Where DO (mg L-1) is the dissolved oxygen concentration, DOP (%) is the dissolved oxygen 

saturation percentage measured in the field, and O2 is a function of temperature (Ts): 

𝑙𝑛 𝑂2 = 𝐴1 + 𝐴2 ∗ (
100

𝑇𝑠
) + 𝐴3 ∗ 𝑙𝑛 (

𝑇𝑆
100

) + 𝐴4 ∗ (
𝑇𝑆
100

) Eq. 24 

and: 

𝑇𝑆 = 273.15 + 𝑇 Eq. 25 

Where T (°C) is the water temperature measured in the field using portable instruments, A1 = 

-173:4292, A2 = 249:6339, A3 = 143:3483, and A4 = -21:8492. 

 

4 Results 

 

4.1 BR1 

During the monitoring, (from November 2018 until May 2021) the BR1 site received a total of 

8187.0 mm of rain, which occurred mostly during the wet season (Fig. 4a). 

The hydraulic gradient and groundwater velocity calculated for BR1 is shown in Tab. 1. The 

hydraulic gradient ranged from 0.008 to 0.078 m m-1, with an average of 0.045 m m-1. The 

groundwater velocity ranged from 0.039 to 0.380 m d-1, with an average of 0.0204 m d-1. 

The daily groundwater flow rate of BR1 is shown in Fig. 4b and ranged from 2.0 to 14.6 m3 d-

1 with an average of 8.1 m3 d-1. The denitrification wall treated a total volume of 6.8 ML of 

groundwater.  

The HRT of BR1 is shown in Fig. 4c. The HRT ranged from 1.6 and 25.4 d at the bottom of 

the woodchip (0.6 m wide) and from 5.5 to 53.9 d at the top of the woodchip (2.1 m wide). The 

average HRT was 3.4 and 11.7 d at the bottom and top of the woodchip, respectively.  
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The saturation of the woodchip in BR1 is shown in Fig. 4d and ranged from 21.0 to 60.8 m3 

with an average of 50.3 m3. 

The daily temperature measured with the pressure transducer installed in the central piezometer 

of T2 (P#7) is shown in Fig. 4e, and ranged from 23.2 to 29.2 °C, with an average of 26.3°C.  

The DO measured in the water samples of BR1 is shown in Fig. 4f. The DO measured in the 

piezometers of T1 ranged from 0.0 to 6.1 mg L-1, with an average of 2.2 mg L-1. The DO 

measured in the piezometers of T2 ranged from 0.0 to 3.4 mg L-1, with an average of 0.3 mg 

L-1. The DO measured in the piezometers of T3 ranged from 0.0 to 7.6 mg L-1, with an average 

of 1.8 mg L-1. 

The pH measured in the water samples of BR1 is shown in Fig. 4g. The pH measured in the 

piezometers of T1 ranged from 4.8 to 6.9, with an average of 5.5. The pH measured in the 

piezometers of T2 ranged from 4.0 to 5.7, with an average of 4.8. The pH measured in the 

piezometers of T3 ranged from 4.6 to 6.7, with an average of 5.5. 

The DOC measured in the water samples of BR1 is shown in Fig. 4h. The DOC measured in 

the piezometers of T1 ranged from 0.4 to 11.6 mg L-1, with an average of 3.8 mg L-1. The DOC 

measured in the piezometers of T2 ranged from 1.6 to 3280.0 mg L-1, with an average of 290.3 

mg L-1. The DOC measured in the piezometers of T3 ranged from 1.9 to 60.0 mg L-1, with an 

average of 10.7 mg L-1. 

The NH4
+ measured in the water samples of BR1 is shown in Fig. 4i. The NH4

+ measured in 

the piezometers of T1 ranged from 0.0 to 1.9 mg N L-1, with an average of 0.18 mg N L-1. The 

NH4
+ measured in the piezometers of T2 ranged from 0.0 to 3.6 mg N L-1, with an average of 

0.17 mg N L-1. The NH4
+ measured in the piezometers of T3 ranged from 0.0 to 4.9 mg N L-1, 

with an average of 1.12 mg N L-1. 

The NO3
- measured in the water samples of BR1 is shown in Fig. 4j. The NO3

- measured in T1 

the piezometers of ranged from 0.0 to 4.4 mg N L-1, with an average of 1.1 mg N L-1. The NO3
- 

measured in the piezometers of T2 ranged from 0.0 to 3.0 mg N L-1, with an average of 0.1 mg 

N L-1. The NO3
- measured in the piezometers of T3 ranged from 0.0 to 17.0 mg N L-1, with an 

average of 0.8 mg N L-1. 

The NRE of BR1 is shown in Fig. 4k and ranged from 14 to 100% with an average of 97%. 

The NRR of BR1 is shown in Fig. 4l and ranged from 0.01 to 0.48 g N m-3 d-1 with an average 

of 0.15 g N m-3 d-1. The NRR was affected by the variable hydraulic gradient induced by the 
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fluctuation of the groundwater level in the aquifer, which affected the groundwater velocity 

(Tab. 1). 

The NLR of BR1 from January 2019 until March 2021 was 6.76 kg N. The NLRyear of BR1 

was 2.96 kg N. 

The ARR of BR1 is shown in Fig. 4m and ranged from -0.03 to 0.09 g N m-3 d-1 with an average 

of 0.02 g N m-3 d-1. Negative values of ARR are related to NH4
+ production, whereas positive 

values to NH4
+ removal. 

The DINRR is shown in Fig. 4n ranged from 0.01 to 0.54 g N m-3 d-1 with an average of 0.16 

g N m-3 d-1. 

THE DINLR of BR1 from January 2019 until March 2021 was 6.83 kg N. The DINLRyear of 

BR1 was 2.99 kg N. 

 

4.2 BR2 

During the monitoring (from January 2020 until May 2021), the BR2 site received a total of 

3858.6 mm of rain, which occurred mostly during the wet season (Fig. 6a). 

The depth of flow measured with the pressure transducer and the flow rate measured at the 

outlet of BR2 from July 2020 to January 2021 (Tab. 2) were used for the realization of the 

discharge rating curve, shown in Fig. 7.  

The daily flow rate of BR2 calculated using the discharge rating curve is shown in Fig. 6b. The 

daily flow rate ranged from 0.0 to 351.7 m3 d-1 with an average of 69.9 m3 d-1. The bioreactor 

treated a total volume of 32.3 ML of water. The flow rate was considered constant when the 

top of BR2 was flooded. 

The HRT of BR2 is shown in Fig. 6c. The HRT ranged from 0.7 to 4.9 h, with an average of 

2.2 h. 

The woodchip saturation of B2 is shown in Fig. 6d. The saturation of the woodchip was 

maximum (15.0 m3) until the 22nd of April 2020 due to the outlet pipe installed at the same 

height of the top of the denitrification bed, and decreased (11.5 m3) thereafter when the outlet 

pipe was dropped 0.25 m. The outlet pipe was dropped because the water flow was extremely 

limited, and the farmer had concerns about a potential back-up of water in field.  
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The daily temperature of water measured by the pressure transducers of BR2 is shown in Fig. 

6e. The temperature monitored within BR2 ranged from 17.2 to 28.6 °C, with an average of 

24.6 °C. 

The DO measured in the water samples of BR2 is shown in Fig. 6f. The DO of influent water 

ranged from 0.0 to 4.3 mg L-1, with an average of 1.4 mg L-1. The DO of effluent water ranged 

from 0.0 to 4.1 mg L-1 with an average of 0.3 mg L-1. 

The pH measured in the water samples of BR2 is shown in Fig. 6g. The pH of influent water 

ranged from 4.4 to 5.1 with an average of 4.6. The pH of effluent water ranged from 4.3 to 5.4 

with an average of 4.7. 

The DOC measured in the water samples of BR2 is shown in Fig. 6h. The DOC was measured 

only at the effluent and ranged from 0.7 to 2.0 mg L-1 with an average of 1.0 mg L-1. 

The NH4
+ measured in the water samples of BR2 is shown in Fig. 6i. The NH4

+ of influent 

water ranged from 0.0 to 0.8 mg L-1, with an average of 0.07 mg N L-1. The NH4
+ of effluent 

water ranged from 0.0 to 0.9 mg N L-1 with an average of 0.1 mg N L-1. 

The NO3
- measured in the water samples of BR2 is shown in Fig. 6j. The NO3

- of influent water 

ranged from 0.0 to 6.8 mg N L-1 with an average of 1.1 mg N L-1. The NO3
- of effluent water 

ranged from 0.0 to 6.8 mg N L-1 with an average of 0.7 mg N L-1.  

The NRE of BR2 is shown in Fig. 6k and ranged from 0 to 100% with an average of 62%. 

The NRR of BR2 is shown in Fig. 6l and ranged from 0.0 to 15.0 g N m-3 d-1 with an average 

of 4.4 g N m-3 d-1. 

The NLR of BR2 from January 2020 until March 2021 was 7.41 kg N. The NLRyear of BR2 

was 10.21 kg N. 

The ARR of BR2 is shown in Fig. 6m ranged from -1.5 to 0.2 g N m-3 d-1 with an average of -

0.2 g N m-3 d-1. Negative values of ARR are related to NH4
+ production, whereas positive 

values to NH4
+ removal. 

The DINRR is shown in Fig. 6n ranged from 0.0 to 15.0 g N m-3 d-1 with an average of 4.2 g 

N m-3 d-1. 

The DINLR of BR2 from January 2020 until March 2021 was 7.04 kg N. The DINLRyear of 

BR2 was 9.70 kg N. 
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4.3 BR4 

During the monitoring (from January 2020 until May 2021), the BR4 site received a total of 

2928.6 mm of rain, which occurred mostly during the wet season (Fig. 9a). 

The depth of flow measured with the pressure transducer and the flow rate measured at the 

outlet of BR2 from March 2020 to February 2021 (Tab. 3) were used for the realization of the 

discharge rating curve, shown in Fig. 10.  

The flow rate of BR4 calculated using the discharge rating curve is shown in Fig. 9b. The daily 

flow rate ranged from 0.0 to 184.4 m3 d-1 with an average of 45.2 m3 d-1. The bioreactor treated 

a total volume of 20.2 ML of water. 

The HRT of BR4 is shown in Fig. 9c. The HRT ranged from 2.1 to 18.9 h, with an average of 

5.4 h. 

The woodchip saturation of B4 is shown in Fig. 9d and was constant for the whole monitoring 

with a volume of 15.75 m3. 

The daily temperature of water measured by the pressure transducers of BR4 is shown in Fig. 

9e. The temperature monitored within BR4 ranged from 21.6 to 29.4 °C, with an average of 

25.9 °C. 

The DO measured in the water samples of BR4 is shown in Fig. 9f. The DO of influent water 

ranged from 0.3 to 5.7 mg L-1, with an average of 4.0 mg L-1. The DO of effluent water ranged 

from 0.1 to 3.5 mg L-1 with an average of 0.8 mg L-1. 

The pH measured in the water samples of BR4 is shown in Fig. 9g. The pH of influent water 

ranged from 4.1 to 4.6 with an average of 4.3. The pH of effluent water ranged from 4.1 to 5.5 

with an average of 4.6. 

The DOC measured in the water samples of BR4 is shown in Fig. 9h. The DOC of influent 

water ranged from 0.6 to 1.3 mg L-1, with an average of 0.9 mg L-1. The DOC of effluent water 

ranged from 0.8 to 1.6 mg L-1 with an average of 1.2 mg L-1. 

The NH4
+ measured in the water samples of BR4 is shown in Fig. 9i. The NH4

+ was not detected 

at significant concentrations (> 0.02 mg N L-1) at the influent. The NH4
+ of effluent water 

ranged from 0.0 to 2.0 with an average of 0.15 mg N L-1. 
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The NO3
- measured in the water samples of BR4 is shown in Fig. 9j. The NO3

- of influent water 

ranged from 1.3 to 8.9 mg N L-1 with an average of 2.6 mg N L-1. The NO3
- of effluent water 

ranged from 0.0 to 8.0 mg N L-1 with an average of 1.9 mg N L-1.  

The NRE of BR4 is shown in Fig. 9k and ranged from 4 to 100% with an average of 30%. 

The NRR of BR4 is shown in Fig. 9l. The NRR ranged from 0.4 to 7.2 g N m-3 d-1 with an 

average of 2.4 g N m-3 d-1. 

The NLR of BR4 from January 2020 until March 2021 was 13.19 kg N. The NLRyear of BR4 

was 11.55 kg N. 

The ARR of BR4 is shown in Fig. 9m ranged from -1.6 to 0.0 g N m-3 d-1 with an average of -

0.1 g N m-3 d-1. Negative values of ARR are related to NH4
+ production, whereas positive 

values to NH4
+ removal. 

The DINRR is shown in Fig. 9n ranged from 0.2 to 7.2 g N m-3 d-1 with an average of 2.3 g N 

m-3 d-1. 

The DINLR of BR4 from January 2020 until March 2021 was 10.74 kg N. The NLRyear of BR4 

was 9.40 kg N. 

 

 

4.4 BR5 

During the monitoring (from April 2019 until April 2021), the rain gauge installed at BR5 site 

received a total of 736.1 mm of rain, which occurred mostly during the wet season (Fig. 12a). 

However, the amount of rainfall recorded is underestimated due to gaps in the time series.  

The daily temperature of water measured by the pressure transducers of BR5 is shown in Fig. 

12b, and ranged from 19.6 to 28.7 °C, with an average of 25.5 °C. However, the temperature 

measurements resulted inaccurate due to gaps in the time series.  

The DO measured in the water samples of BR5 is shown in Fig. 12c. The DO of influent water 

ranged from 6.4 to 6.6 mg L-1 with an average of 6.5 mg L-1. The DO of effluent water ranged 

from 5.0 to 5.3 mg L-1, with an average of 5.2 mg L-1. 

The pH measured in the water samples of BR5 is shown in Fig. 12d. The pH of influent water 

ranged from 4.9 to 5.1 with an average of 5.0. The pH of effluent water ranged from 4.7 to 4.8 

with an average of 4.7. 
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The NH4
+ measured in the water samples of BR5 is shown in Fig. 12e.The NH4

+ of influent 

water ranged from 0.0 to 0.5 mg N L-1 with an average of 0.1 mg N L-1. The NH4
+ of effluent 

water ranged from 0.0 to 0.2 mg N L-1 with an average of 0.1 mg N L-1. 

The NO3
- measured in the water samples of BR5 is shown in Fig. 12f. The NO3

- of influent 

water ranged from 0.0 to 2.6 mg N L-1 with an average of 0.6 mg N L-1. The NO3
- of effluent 

water ranged from 0.0 to 2.1 mg N L-1 with an average of 0.6 mg N L-1.  

The NRE of BR5 is shown in Fig. 12g. For most of the sampling events the effluent NO3
- was 

higher than the NO3
- influent. Consequently, it was possible to calculate only two values of 

NRE: 100 and 19% 

 

4.5 BR6 

During the monitoring (from November 2019 until March 2021), the BR6 site received a total 

of 5296.6 mm of rain, which occurred mostly during the wet season (Fig. 14a). 

The daily temperature of water measured by the pressure transducers of BR6 is shown in Fig. 

14b.  The temperature monitored within BR6 ranged from 20.8 to 29.5 °C, with an average of 

25.3 °C. 

The DO measured in the water samples of BR6 is shown in Fig. 14c. The DO of influent water 

ranged from 3.9 to 10.2 mg L-1, with an average of 6.0 mg L-1. The DO of effluent water ranged 

from 2.6 to 8.4 mg L-1 with an average of 5.1 mg L-1. 

The pH measured in the water samples of BR6 is shown in Fig. 14d. The pH of influent water 

ranged from 5.5 to 6.4 with an average of 5.8. The pH of effluent water ranged from 5.1 to 6.2 

with an average of 5.8. 

The DOC measured in the water samples of BR6 is shown in Fig. 14e. The DOC of influent 

water ranged from 0.9 to 1.5 mg L-1, with an average of 1.2 mg L-1. The DOC of effluent water 

ranged from 1.0 to 1.7 mg L-1 with an average of 1.4 mg L-1. 

The NH4
+ measured in the water samples of BR6 is shown in Fig. 14f. The NH4

+ of influent 

water ranged from 0.0 to 0.3 mg L-1, with an average of 0.0 mg N L-1. The NH4
+ of effluent 

water ranged from 0.0 to 0.3 mg N L-1 with an average of 0.1 mg N L-1. 
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The NO3
- measured in the water samples of BR6 is shown in Fig. 14g. The NO3

- of influent 

water ranged from 0.2 to 4.3 mg N L-1 with an average of 0.7 mg N L-1. The NO3
- of effluent 

water ranged from 0.0 to 4.2 mg N L-1 with an average of 0.5 mg N L-1.  

The NRE of BR6 is shown in Fig. 14h and ranged from 0 to 97% with an average of 33%. 
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5 Discussion 

 

5.1 NITRATE INFLOW AND NITRATE REMOVAL PERFORMANCE 

The bioreactors were subject to different average NO3
- influent concentrations (Fig. 15), which 

resulted in higher average concentrations (≥1.1 mg N L-1) in the bioreactor treating shallow 

groundwater (BR1, BR2, and BR4). These bioreactors exhibited average influent NO3
- 

concentrations at the bottom range of those observed in bioreactors installed in the USA and 

treating tile-drainage water from corn-soy bean rotational farms (from 1.2 to 15.2 mg N L-1) 

(Christianson et al., 2012; Rosen and Christianson, 2017). 

In contrast, the bioreactors installed in drains and treating surface water (BR5 and BR6) (Fig. 

15) were subject to lower average influent concentrations (<0.7 mg N L-1), with values lower 

than the concentrations measured in bioreactors treating surface irrigation runoff in North 

Queensland (from 1.3 to 1.9 mg N L-1) (Manca, under review). The low NO3
- observed at the 

influent of the bioreactors treating surface water is a likely consequence of the mixture of runoff 

and rainwater, with a consequent dilution of the NO3
- dissolved in surface water.  

The majority of the bioreactors removed NO3
- effectively as shown by the NRE values (Fig. 

16), with the highest average NRE observed in BR1 (97%), followed by BR2 (62%), BR6 

(33%) and BR4 (30%). It was not possible to quantify the NRE for BR5 as the NO3
- at the 

effluent was higher than the influent for most of the monitoring (Fig. 12). The highest NRE 

values for BR1 were due to NO3
- limitation, which occurs when the NO3

- effluent concentration 

is <0.5 mg N L-1 (Warneke et al., 2011c), as observed for these bioreactors for most of the 

monitoring. Nitrate limitation in BR1 was induced by extensive HRT (average 11.7 d at the top 

of the wall) (Fig. 17), with HRT values similar to previous published studies (Schipper et al., 

2010b).  

Incomplete datasets (i.e. lack of flow rate measurements) only allowed the NRR calculation 

for three bioreactors (BR1, BR2 and BR4, Fig. 18). The average NRR of BR1 was calculated 

based on the NO3
- concentrations measured in T2, as the detection of NO3

- in T3 (Fig. 4 and 

Fig. 15) suggested that by-pass flow occurred through the soil-cap of the bioreactor. By-pass 

flow is common in denitrification wall studies (Manca et al., 2020; Schmidt and Clark, 2012) 

and potentially impacts on the calculation of the NRR. In the case of BR1, the calculation of 

NRR was possible as little or no NO3
- was detected in T2 during the monitoring, meaning that 
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the majority of the NO3
- that entered the denitrification wall was completely removed. The 

NRR of BR1 (average 0.15 g N m-3 d-1) was lower than values reported in previous studies 

(from 0.6 to 12.7 g N m-3 d-1) (Fahrner, 2002; Jaynes et al., 2008; Robertson et al., 2000), and 

lower than other NO3
- limited denitrification walls  installed in southeast Queensland and New 

Zealand (from 1.4 to 2.0 g N m-3 d-1) (Manca et al., 2020; Schipper et al., 2005). However, the 

southeast Queensland and the New Zealand walls were characterized by higher influent NO3
- 

concentrations (maximum 21 mg N L-1).  

As expected, the NRR of BR2 and BR4 was higher than BR1 (Fig. 18), as denitrification beds 

usually produce NRR an order of magnitude higher than denitrification walls (Schipper et al., 

2010b). The average NRR of BR2 (4.4 g N m-3 d-1) was in the range of previous USA studies 

(from 0.2 to 7.8 g N m-3 d-1) (Christianson et al., 2012; Rosen and Christianson, 2017), whereas 

BR4 showed lower NRR performances (average 2.4 g N m-3 d-1), at the bottom range of another 

USA case study (from 1.2 to 11.0 g N m-3 d-1) (David et al., 2016). The higher NRR 

performance of BR2 compared to BR4 was due to higher average flow rate (Fig. 24) and 

consequently to a bigger volume of treated water (Fig. 25). 

The three bioreactors produced a NLR ranging from 6.76 to 13.19 kg N (Fig. 19). The 

denitrification beds performed a better NLR with BR4 reducing more NO3
- compared to BR2 

due to a longer period of flow compared to B2 (417 and 265 d, respectively). 

 

5.2 DISSOLVED INORGANIC NITROGEN REMOVAL PERFORMANCE 

In all of the bioreactors the DINRR was similar to the NRR (Fig. 18).  

The value of DINRR of BR1 (average 0.16 g N m-3 d-1) was slightly higher than the NRR 

(average 0.15 g N m-3 d-1), due to the removal of influent NH4
+ within the bioreactor that 

occurred for most of the monitoring, as demonstrated by the positive values of ARR (average 

0.2 g N m-3 d-1, Figure 4m). This was not the case for BR2, where the DINRR (average 4.2 g 

N m-3 d-1) was slightly lower than the NRR (average 4.4 g N m-3 d-1), due to the production of 

NH4
+ within the bioreactor that occurred for most of the monitoring, as demonstrated by the 

negative values of ARR (average -0.2 g N m-3 d-1, Fig. 6m). Also, BR4 showed a similar 

behaviour with a DINRR (average 2.3 g N m-3 d-1) slightly lower than the NRR (average 2.4 g 

N m-3 d-1) due to production of NH4
+ within the bioreactor that occurred at the beginning of the 

monitoring, with negative values of ARR (average -0.1 g N m-3 d-1, Fig. 9m). The three 
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bioreactors produced a DINLR ranging from 6.83 to 10.74 kg N (Fig. 19). The values of 

DINLR of BR1 were higher than the NRR due to reduction of NH4
+ within the wall. The values 

of DINLR of BR2 and BR4 were lower than the NRR due to production of NH4
+ within the 

beds. 

 

5.3 NITRATE REMOVAL PROCESS AND LONG-TERM PERFORMANCE 

Denitrification was likely the dominant NO3
- removal process occurring in the bioreactors. 

Denitrification is supported by DOC availability, anaerobic conditions, suitable pH, and 

temperature (Schipper et al., 2010b).  

The DOC was measured occasionally within the denitrification wall (BR1) and at the effluent 

of the denitrification beds (BR2, BR4, and BR6) with values ≥ 1.0 mg L-1. This amount of 

DOC was sufficient to support NO3
- removal over the monitoring, despite observing a decline 

in maximum NRR in all the bioreactors after the first 12 months from the installation (Tab. 4). 

The decline in NO3
- removal performance overtime is common in bioreactor studies, as the 

majority of DOC is dissipated during the first 3 to 6 months of a bioreactor operation 

(Robertson and Cherry, 1995; Robertson et al., 2005; Schipper et al., 2010b). Consequently, 

bioreactors aged <13 months have enough DOC to support the highest NRR (Addy et al., 

2016), similar to that observed in the WTMIP bioreactors. 

Denitrification was supported due to the achievement of anaerobic conditions, usually 

occurring at DO <2.0 mg L-1 (Rivett et al., 2008), which were observed within BR1 (Fig. 20) 

or at the effluent of the bioreactors treating groundwater (BR2 and BR4. Fig. 20). However, 

anaerobic conditions were not observed in the bioreactors treating surface water (BR5 and 

BR6) (Fig. 20), probably due to mixing effect with surface water in the drains. The high DO 

(average 5.1 mg L-1) observed at the outlet of BR6 could also explain the relatively low NRE 

values (average 33%), due to a lack of suitable conditions for denitrification.  

Denitrification occurred in the bioreactors even though the majority of them showed an average 

effluent pH (Fig. 21) that was below the optimal range (between 5.5 and 8.0) for denitrifying 

organisms (Rivett et al., 2008). Low pH might not have supported complete denitrification, as 

low pH inhibits the production of N2O reductase enzymes of anaerobic microbes, with a 

consequent increase in N2O production (Dalal et al., 2003; Weymann et al., 2008).  
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Despite the pH being low, denitrification would have been supported considering the relatively 

high average temperatures that were >24 °C in all the bioreactors (Fig. 22), the highest 

temperatures reported across bioreactor studies (Addy et al., 2016; Manca et al., 2020; Schipper 

et al., 2010b). 

Removal of NH4
+ was observed within the wall BR1 (T2) however, some production was 

observed in the down gradient piezometer (T3). This production of NH4
+ could be related to 

the occurrence of DNRA, due to NO3
- limited conditions as well as the presence of DOC (Lam 

and Kuypers, 2011). Occurrence of DNRA has been observed in other denitrification wall and 

bed studies (Manca et al., 2020; Robertson et al., 2007; Schipper and Vojvodić-Vuković, 1998). 

However, NH4
+ was detected at low concentrations in T3 of BR1 and can be considered of 

minor concern, as it can be naturally attenuated by cation exchange or nitrification (Buss et al., 

2004). Production of NH4
+ in BR2 and BR3 was likely related to ammonification of organic N 

compounds in the woodchip (Fenton et al., 2016), as the bioreactors did not experience NO3
- 

limitation. 

 

5.4 HYDRAULIC PERFORMANCE 

The water treatment performance was investigated in BR1, BR2 and BR4 and was strictly 

dependent on the rainfall. The flow rate of the denitrification wall BR1 was at a maximum 

following rain events (Fig. 4a-b) when the highest hydraulic gradient values were calculated 

(Tab. 1). The positive values of hydraulic gradient show that the groundwater flowed across 

BR1 from T1 towards T3 during the entire monitoring period with no evidence of backflow 

(i.e. flow from T3 towards T1) (Manca et al., 2020). The flow rate of BR2 and BR4 was strictly 

related to rainfall pattern, with higher flow rate following rain events (Fig. 6a-b, and Fig. 9a-b, 

respectively). Overall, BR2 showed the highest average flow rate (69.9 m3 d-1) (Fig. 24), 

followed by BR4 (45.2 m3 d-1) and BR1 (8.1 m3 d-1). Consequently, BR2 treated the highest 

amount of water (32.3 ML, Fig. 25), followed by BR4 (20.2 ML) and BR1 (6.8 ML). 

Rainfall events also affected the woodchip saturation of some bioreactors, such as the 

denitrification wall BR1 (Fig. 4d). The rainfall did not affect the saturation of BR2 and BR4 

due to their design, which produced a constant saturation overtime as a consequence of the 

outlet pipe located at the same height as the top of the woodchip (Fig. 5 and Fig. 8, 

respectively).  
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5.5 POTENTIAL PUBLICATION 

The results of the monitoring of the five bioreactors in the Wet Tropics Region represent an 

interesting and original case study to be summarised in a scientific paper, as they are the first 

bioreactors trialled under wet tropical climatic conditions. However, due to the lack of data 

with respect to some critical variables (i.e. DOC, flow rate, and saturation of some bioreactors), 

the outcome of a potential peer-review may request additional monitoring.  

There are two options for publication: 

1. To publish only a subset of the full dataset and restrict the paper to the bioreactors where 

more complete information is available (B1, B2, and B4).  

2. To include the results of two more bioreactors installed in the Lower Burdekin, trialled 

under a dry tropical climate to treat irrigation surface runoff from sugar cane farms. The 

results of the Lower Burdekin bioreactors are summarized in the PhD thesis of Manca 

(under review) and mentioned in the bioreactor guidelines developed by the Queensland 

Department of Agriculture and Fisheries and QUT (Wegscheidl et al., 2021). The paper 

could fill a research gap and focus on the nitrate removal of five bioreactors installed 

on sugar cane farms to treat both shallow groundwater and irrigation-induced surface 

runoff under wet and dry tropical climates. 

It is recommended to submit the paper for publication in a Q2 Multidisciplinary Digital 

Publishing Institute (MDPI) open access journal. An open access MDPI journal would permit 

to increase the visibility of the study as well as shorten the publication time, because usually 

papers are published within 4-8 weeks from submission. Publishing the paper before September 

2021 would be beneficial for all the participating organizations such as QUT, WTMIP and 

DAF, because it could be presented in the 2021 Great Barrier Reef Scientific Consensus 

Statement. However, the publication in an open access MDPI journal would imply the payment 

of an article processing charge. A suitable MDPI journal would be “Water” 

(www.mdpi.com/journal/water) as bioreactor studies have been successfully published in it. 

Article processing charge is 2000 CHF (Swiss Francs), which is about 2900 AUD. 

 

  

http://www.mdpi.com/journal/water
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6 Conclusions 

 

The bioreactors installed in the Wet Tropics Region proved to be effective at removing NO3
- 

from groundwater and surface water. The results suggest that bioreactors are a useful tool to 

limit nutrient runoff from sugarcane farms. The removal of NO3
- suggested that denitrification 

was the main removal process, due to the development of anaerobic conditions as well as to 

the high temperature of the study area.  

Two bioreactors (BR1 and BR4) provided a NRR that was at the lower end of the range 

reported in previous studies, whereas one (BR2) produced a significantly high NRR.  

The wall BR1 successfully removed NH4
+, whereas some production was observed in BR2 and 

BR4. This affected the DINRR, which resulted higher than NRR for BR1 and lower than NRR 

for BR2 and BR4. However, the average values of NRR and DINRR were similar in all the 

bioreactors.  

The quantification of NLR for three bioreactors (BR1, BR2, and BR4) resulted in an overall 

mass of 27.37 kg N removed. 

The quantification of DINLR for three bioreactors (BR1, BR2, and BR4) resulted in an overall 

mass of 24.61 kg N removed. 

A quantification of the NRR of the remaining bioreactors (BR5 and BR6) was not possible due 

to a lack of monitoring of critical parameters (i.e. flow rate and saturation).  

The results of this study have potential to be published in a scientific journal due to the 

originality of the results and the fact this is the first study performed under a tropical rainforest 

climate. The inclusion of the results of two additional bioreactors installed on sugar cane farms 

under dry tropical climate would be beneficial for the success of the publication. 
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7 Executive summary 

 

 

This report includes the data analysis of five bioreactors installed in the Wet Tropic Region of 

North Queensland. Four bioreactors (BR1, BR2, BR4, and BR6) proved to be effective at 

removing NO3
- from groundwater and surface water, with the highest average nitrate removal 

efficiency (NRE) observed in BR1 (97%), followed by BR2 (62%), BR6 (33%) and BR4 

(30%). It was not possible to quantify the NRE for BR5 as the NO3
- at the effluent was higher 

than the influent for most of the monitoring. 

Due to incomplete datasets (i.e. lack of flow rate measurements) the nitrate removal rate (NRR) 

could only be calculated for three bioreactors (BR1, BR2 and BR4). The average NRR of BR1 

(0.15 g N m-3 d-1) was lower than values reported in previous studies. The average NRR of 

BR2 and BR4 (4.4 and 2.4 g N m-3 d-1, respectively) resulted in the range of previous USA 

studies. The NRR was at its highest during the first year of monitoring and decreased after that 

time.  

The bioreactors BR1, BR2 and BR4 exhibited DINRR values (0.16, 4.2 and 2.3 g N m-3 d-1, 

respectively) similar to NRR. 

Denitrification was likely the dominant NO3
- removal process occurring in the bioreactors. 

Denitrification was supported due to the achievement of anaerobic conditions, which were 

observed within (BR1) or at the effluent of the bioreactors treating groundwater (BR2 and 

BR4). However, anaerobic conditions were not observed in the bioreactors treating surface 

water (BR5 and BR6), probably due to mixing effect with surface water in the drains. 

Denitrification occurred in the bioreactors even though most of them showed an average 

effluent pH below the optimal range (between 5.5 and 8.0) for denitrifying organisms. 

Denitrification would have been supported due to the relatively high average temperatures (>24 

°C) detected in all the bioreactors. 

The results confirm that woodchip bioreactors are a useful passive intervention to reduce 

nutrient runoff from sugarcane farms. The three bioreactors removed an overall mass of 33.9 

kg N during the monitoring period.   

The results of this study may be published as a scientific paper. 
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8 Figures and Tables 

 

 
Fig. 1: The study area is located in Wet Tropics Region of North Queensland. Five denitrifying bioreactors (BR1, BR2, BR4, BR5 and BR6) were 

monitored in two agricultural catchments to improve the quality of groundwater and surface water. 

 

 
Fig. 2: Average monthly temperature and rainfall of the Wet Tropics Region of North Queensland (1985-2005) (McInnes et al., 2015). 
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8.1 BR1 

 
Fig. 3: Schematic of the denitrification wall BR1 installed in August 2018 to treat groundwater in the Johnstone catchment. The wall was 30.0 m 

long, 1.5 meter deep and had a variable width ranging from 0.6 (at the base) to 2.1 m (at the top), as it was constructed with a “V” shaped cross 

section, due to the sandy-loam nature of the aquifer. The wall was filled with a total volume of 60.8 m3 of hardwood woodchip. Three monitoring 

transects were installed in parallel to the maximum length of the wall to collect water samples from upslope (T1), from the wall (T2), and from 

downslope (T3). Groundwater from T1 was sampled from the piezometers marked in blue, groundwater from T2 was sampled from the piezometers 

marked in ochre, and groundwater from T3 was sampled from the piezometers marked in green. Groundwater levels were measured in all the 

piezometers (P#1-P#13).  
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Fig. 4: Data collected at BR1 site between November 2018 and March 2021. Rainfall (a), average daily groundwater flow rate (Q, b), hydraulic 

residence time (HRT, c), woodchip saturation (d), and average daily temperature (e) of the groundwater measured using a pressure transducer 

installed within a piezometer of the denitrification wall (P#7, Fig. 3); Average and standard error (n =3) of dissolved oxygen (DO, f), pH (g) 

dissolved organic carbon (DOC, h), ammonium (NH4
+, i) and nitrate (NO3

-, j) measured in the up gradient transect (T1), denitrification wall 

transect (T2) and down gradient transect (T3); Nitrate removal efficiency (NRE, k), nitrate removal rate (NRR, l), ammonium removal rate  (ARR, 

m), and dissolved inorganic nitrogen removal rate (DINRR, n) calculated for the monitoring period. The blue background represents the wet 

season. 
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Date i (m m-1) v (m d-1) 

8/01/19 0.038 0.185 

15/01/19 0.016 0.078 

22/01/19 0.032 0.156 

31/01/19 0.059 0.287 

5/02/19 0.044 0.214 

12/02/19 0.055 0.268 

19/02/19 0.045 0.219 

26/02/19 0.045 0.219 

5/03/19 0.045 0.219 

14/03/19 0.040 0.195 

27/03/19 0.053 0.258 

2/04/19 0.043 0.209 

9/04/19 0.045 0.219 

16/04/19 0.045 0.219 

6/05/19 0.055 0.268 

20/05/19 0.038 0.185 

18/06/19 0.043 0.209 

5/07/19 0.045 0.220 

16/07/19 0.045 0.219 

30/07/19 0.022 0.107 

4/09/19 0.045 0.219 

9/09/19 0.022 0.107 

15/10/19 0.045 0.219 

5/11/19 0.018 0.088 

4/02/20 0.045 0.219 

18/02/20 0.035 0.170 

3/03/20 0.045 0.219 

17/03/20 0.056 0.273 

3/04/20 0.078 0.380 

15/04/20 0.049 0.239 

28/04/20 0.029 0.141 

13/05/20 0.037 0.180 

28/05/20 0.046 0.224 

11/06/20 0.063 0.307 

9/07/20 0.045 0.219 

5/08/20 0.045 0.219 

7/01/21 0.037 0.180 

14/01/21 0.039 0.190 

29/01/21 0.066 0.321 

12/02/21 0.039 0.190 

21/02/21 0.008 0.039 

24/02/21 0.054 0.263 

12/03/21 0.076 0.370 

24/03/21 0.048 0.234 

Minimum 0.008 0.039 

Maximum 0.078 0.380 

Average 0.045 0.204 

Tab. 1: Hydraulic gradient (i) and groundwater velocity (v) calculated for BR1, assuming a hydraulic conductivity of 2.0 m d-1 (sandy loam 

aquifer). 
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8.2 BR2 

 
Fig. 5: Schematic of denitrification bed BR2 installed in October 2019 to treat groundwater in the Tully catchment. It was designed as an off-line 

bed connected to an Ag-pipe and was 10 m long, 1.0 m deep, and 1.5 m wide. The outlet pipe was installed at the same height of the woodchip to 

maintain the woodchip constantly saturated, but the height of the outlet pipe was lowered 0.25 m at the end of April 2020. The bed was filled with 

a total volume of 15 m3 of softwood woodchip. Influent water samples were collected from the inlet structure, whereas effluent water samples 

were collected from the outlet structure.  
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Fig. 6: Data collected at BR2 site between January 2020 and March 2021. Rainfall (a), average daily flow rate (Q, b), hydraulic residence time 

(HRT, c), woodchip saturation (d), and average daily temperature (e) of water measured using a pressure transducer installed in the outlet structure 

of the denitrification bed (Fig. 5); Dissolved oxygen (DO, f), pH (g) dissolved organic carbon (DOC, h), ammonium (NH4
+, i) and nitrate (NO3

-, 

j) measured at the inlet and the outlet; Nitrate removal efficiency (NRE, k) and nitrate removal rate (NRR, l), ammonium removal rate  (ARR, m), 

and dissolved inorganic nitrogen removal rate (DINRR, n) calculated for the monitoring period. The blue background represents the wet season. 
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Date Time Flow rate (L min-1) Depth of flow (m) 

14/03/20 12:49 120 0.640 

19/03/20 8:28 80 0.580 

2/04/20 13:17 90 0.590 

7/07/20 13:39 28.8 0.272 

4/08/20 12:58 48 0.31 

1/11/20 12:00 0 0 

8/01/21 13:40 150 0.747 

10/02/21 12:15 135 0.695 

Tab. 2: Depths of flow measured in the outlet structure using a pressure transducer, and flow rate measured at the outlet pipe of BR2 using a 

volumetric method. Flow rate and depth of flow were used for the realization of the discharge rating curve (Fig. 7). 

 

 
Fig. 7: Discharge rating curve equation of BR2 realized using a linear regression of the depth of flow measured with a pressure transducer installed 

in the outlet structure, and the flow rate measured at the outlet pipe using a volumetric method. 
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8.3 BR4 

 
Fig. 8: Schematic of denitrification bed BR4 installed in October 2019 to treat groundwater in the Tully catchment. It was designed as an off-line 

bed connected to an Ag-pipe and was 10 m long, 1.0 m deep, and 1.5 m wide. The outlet pipe was installed at the same height of the woodchip to 

maintain the woodchip constantly saturated. The bed was filled with a total volume of 15.75 m3 of softwood woodchip. Influent water samples 

were collected from the inlet structure, whereas effluent water samples were collected from the outlet structure. 
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Fig. 9: Data collected at BR4 site between January 2020 and March 2021. Rainfall (a), average daily flow rate (Q, b), hydraulic residence time 

(HRT, c), woodchip saturation (d), and average daily temperature (e) of water measured using a pressure transducer installed in the outlet structure 

of the denitrification bed (Fig. 8); Dissolved oxygen (DO, f), pH (g) dissolved organic carbon (DOC, h), ammonium (NH4
+, i) and nitrate (NO3

-, 

j) measured at the inlet and the outlet; Nitrate removal efficiency (NRE, k) and nitrate removal rate (NRR, l), ammonium removal rate  (ARR, m), 

and dissolved inorganic nitrogen removal rate (DINRR, n) calculated for the monitoring period. The blue background represents the wet season. 
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Date Time Flow rate (L min-1) Depth of flow (m) 

5/03/20 9:30 28 0.159 

13/03/20 11:30 42 0.161 

22/04/20 8:30 48 0.168 

29/04/20 8:18 36 0.165 

14/05/20 8:17 11 0.150 

9/06/20 8:56 45 0.170 

7/07/20 8:42 16 0.155 

8/12/20 12:00 0 0.132 

9/01/21 10:20 75 0.182 

27/01/21 11:30 60 0.173 

4/02/21 10:35 50 0.171 

10/02/21 10:50 72 0.186 

15/02/21 8:15 78 0.193 

24/02/21 10:40 75 0.189 

Tab. 3: Depths of flow measured in the outlet structure using a pressure transducer, and flow rate measured at the outlet pipe of BR2 using a 

volumetric method. Flow rate and depth of flow were used for the realization of the discharge rating curve (Fig. 7). 

 
Fig. 10: Discharge rating curve equation of BR4 realized using a linear regression of the depth of flow measured with a pressure transducer installed 

in the outlet structure, and the flow rate measured at the outlet pipe using a volumetric method. 
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8.4 BR5 

 
Fig. 11: Schematic of the denitrification bed BR5 installed in November 2019 to treat surface water in the Johnstone catchment. It was designed 

as an in-drain bed and was 8.0 m long, 0.6 m deep, and 1.5 m wide. The bed was filled with a total volume of 7.2 m3 of softwood woodchip. 

Influent water samples were collected from the inlet piezometer installed in the soil upslope of the bioreactor, whereas effluent water samples were 

collected from the outlet pipe. 
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Fig. 12: Data collected at BR5 site between April 2020 and March 2021. Rainfall (a), and average daily temperature (b) of water measured using 

a pressure transducer installed in the outlet structure of the denitrification bed (Fig. 11); Dissolved oxygen (DO, c), pH (d), ammonium (NH4
+, e) 

and nitrate (NO3
-, f) measured at the inlet and the outlet; Nitrate removal efficiency (NRE, g) calculated for the monitoring period. The blue 

background represents the wet season. 
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8.5 BR6 

 
Fig. 13: Schematic of the denitrification bed BR6 installed in November 2019 to treat surface water in the Johnstone catchment. It was designed 

as an in-drain bed and was 10.0 m long, 0.5 m deep, and 1.8 m wide. The bed was filled with a total volume of 10.0 m3 of softwood woodchip. 

Influent water samples were collected from upslope, whereas effluent water samples were collected from downslope. 
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Fig. 14: Data collected at BR6 site between November 2019 and March 2021. Rainfall (a), and average daily temperature (b) of water measured 

using a pressure transducer installed within the denitrification bed; Dissolved oxygen (DO, c), pH (d) dissolved organic carbon (DOC, e), 

ammonium (NH4
+, f) and nitrate (NO3

-, g) measured at the inlet and the outlet; Nitrate removal efficiency (NRE, h) calculated for the monitoring 

period. The blue background represents the wet season. 



  

50 

 

8.6 SUMMARY OF THE BIOREACTORS’ RESULTS 

 

 
Fig. 15: Nitrate (NO3

-) concentrations of the water samples measured in the up gradient transect (T1), denitrification wall transect (T2), and down 

gradient transect (T3) of BR1, and at the inlet and outlet of BR2, BR4, BR5, and BR6. The average influent NO3
- concentration of bioreactors 

treating groundwater (BR1, BR2 and BR4) was higher than influent NO3
- concentration of bioreactors treating surface water (BR5 and BR6). The 

black horizontal line in the boxplots represents the median, the hollow dot represents the mean, and the full dots represent the outliers. 

 

 
Fig. 16: Nitrate (NO3

-) removal efficiency (NRE) calculated for the WTMIP bioreactors. It was not possible to quantify the NRE for BR5 as the 

NO3
- at the effluent was higher than the influent for most of the monitoring. The black horizontal line in the boxplots represents the median, the 

hollow dot represents the mean, and the full dots represent the outliers. 
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Fig. 17: Hydraulic residence time (HRT) calculated for BR1, BR2 and BR4. Note that the unit of measurement of the HRT for BR1 is days (d), 

whereas for BR2 and BR4 it is hours (h). The black horizontal line in the boxplots represents the median, the hollow dot represents the mean, and 

the full dots represent the outliers. 

 
Fig. 18: dissolved inorganic nitrogen removal rate (DINRR, in blue) and nitrate removal rate (NRR,) calculated for BR1, BR2 and BR4. The black 

horizontal line in the boxplots represents the median, the hollow dot represents the mean, and the full dots represent the outliers. 
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Fig. 19:Dissolved inorganic nitrogen load reduction (DINLR, in red) and nitrate load reduction (NLR, in blue) calculated for BR1, BR2 and BR4. 

 

Bioreactor 
Installation 

date 

Maximum NRR (g N m-3 d-1) 

November 18-October 19 (12 months) November 19- October 20 (12 months) November 20-March 21 (4 months) 

BR1 August 18 0.48 0.23 0.14 

BR2 October 19 - 15 9.1 

BR4 October 19 - 7.2 7.1 

 

Tab. 4: Maximum nitrate removal rate (NRR) measured every 12 months of monitoring. Note that the maximum NRR measured from November 

2020 to March 2021 covers only 4 months of monitoring. 

 
Fig. 20: Dissolved oxygen (DO) of the water samples measured in the up gradient transect (T1), denitrification wall transect (T2) and down 

gradient transect (T3) of BR1, and at the inlet and outlet of BR2, BR4, BR5, and BR6. The effluent DO of the bioreactors treating groundwater 

(BR1, BR2 and BR4) was lower than the effluent DO of bioreactors treating surface water (BR5 and BR6). The field below the red dotted line 

represents anaerobic conditions, usually occurring at DO <2.0 mg L-1 (Rivett et al., 2008). The black horizontal line in the boxplots represents the 

median, the hollow dot represents the mean, and the full dots represent the outliers. 
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Fig. 21: pH of the water samples measured in the up gradient transect (T1), denitrification wall transect (T2) and down gradient transect (T3) of 

BR1, and at the inlet and outlet of BR2, BR4, BR5, and BR6. The field above the red dotted line represents the optimal range for denitrification, 

occurring between 5.5 and 8.0 (Rivett et al., 2008). The black horizontal line in the boxplots represents the median, the hollow dot represents the 

mean, and the full dots represent the outliers. 

 

 
Fig. 22: Temperature measured in the water flowing across the WTMIP bioreactors. The black horizontal line in the boxplots represents the median, 

the hollow dot represents the mean, and the full dots represent the outliers. 
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Fig. 23: Ammonium (NH4

+) concentrations of the water samples measured in the up gradient transect (T1), denitrification wall transect (T2) and 

down gradient transect (T3) of BR1, and at the inlet and outlet of BR2, BR4, BR5, and BR6. The effluent NH4
+ concentration of BR1 (T3) was 

higher than the influent, suggesting some evidence of dissimilatory nitrate reduction to ammonium (DNRA). The black horizontal line in the 

boxplots represents the median, the hollow dot represents the mean, and the full dots represent the outliers. 

 
Fig. 24: Flow rate calculated for BR1, BR2, and BR4, the WTMIP bioreactors treating groundwater. The black horizontal line in the boxplots 

represents the median, the hollow dot represents the mean, and the full dots represent the outliers. 
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Fig. 25: Total water treated by the WTMIP bioreactors BR1, BR2, and BR4. 
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