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Abstract: Treatment wetlands can reduce nitrogen (N) pollution in waterways. However, the short- 22 

age of information on their cost-effectiveness has resulted in their relatively slow uptake in tropical 23 

and subtropical Australia, including the catchments of the Great Barrier Reef and Moreton Bay. We 24 

assessed the performance of treatment wetlands in agricultural and urban settings (constructed 25 

treatment wetlands, CTW, vegetated drains, VD, sewage treatment plant wetlands, STPW) as 26 

changes in concentration (dissolved inorganic, DIN, and total nitrogen, TN; mg L-1) and annual load 27 

reductions (kg N ha-1 yr-1). We calculated their cost-effectiveness by comparing their N removal 28 

against the costs incurred in their design, construction, and maintenance. Overall, CTWs and VDs 29 

reduced DIN concentrations by 44% (0.52 to 0.29 mg L−1), and STPW reduced them by 91% (2.3 to 30 

0.2 mg L−1); STPWs also reduced TN concentrations by 72%. The efficiency varied among sites, with 31 

the best performing CTWs and VDs being those with relatively high inflow concentrations (> 0.2 32 

mg L−1 of DIN, > 0.7 mg L−1 of TN), low suspended solids, high vegetation cover and high length: 33 

width ratio. These high performing CTWs and VDs reduced DIN for less than A$50 per kilogram, 34 

less than the end-of-catchment benchmark for the Great Barrier Reef of A$150 kg-1 DIN. When ade- 35 

quately located, designed, and managed, treatment wetlands can be cost-effective and should be 36 

adopted for reducing N in tropical and subtropical Australia. 37 

Keywords: eutrophication, Great Barrier Reef, macrophytes, Moreton Bay, nitrogen, total sus- 38 

pended solids, treatment systems 39 

 40 

1. Introduction 41 

Nitrogen (N) pollution in waterways is one of the most significant environmental chal- 42 

lenges of our times, with loads already surpassing what is considered safe levels [1]. 43 

More than a century ago, the discovery of artificial N fixation (the Haber-Bosch process) 44 

paved the way to industrial fertiliser manufacture, allowing for large-scale food produc- 45 
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tion [2]. Simultaneously, fossil fuel combustion has contributed to elevated levels of re- 46 

active N in the atmosphere [3,4]. The increase in N in waterways due to agricultural and 47 

urban runoff, atmospheric deposition, and sewage discharge has caused large scale deg- 48 

radation of aquatic ecosystems [4]. Improved water management, soil conservation, op- 49 

timised fertiliser application, and enhanced point source treatment and control are es- 50 

sential to address this environmental problem. These activities can be complemented 51 

with "treatment systems", which are engineered and designed to intercept, slow down, 52 

and remove pollutants from surface and groundwaters. 53 

Treatment wetlands are one of the most common treatment systems used to reduce N 54 

from surface waters; they are designed to simulate the N removal conditions of natural 55 

palustrine wetlands [5]. These conditions include high vegetation cover and water- 56 

logged soils that are low in oxygen and rich in carbon [6]. These characteristics allow N 57 

removal to occur mainly through denitrification, which is the bacterial process that re- 58 

duces nitrate (NO3-) to nitrite (NO2-), nitric oxide (NO), nitrous oxide (N2O) and finally to 59 

gaseous N2. Vegetation uptake can also contribute to N removal, however it only it ac- 60 

counts for less than 10% of the total, and unless harvested, is just temporary storage 61 

[7,8]. In some regions, treatment wetlands are five times more effective at reducing NO3- 62 

loads than land management strategies, including optimisation of fertiliser application 63 

and land retirement [9]. Treatment wetlands are also commonly used as the tertiary 64 

stage for treating municipal and industrial wastewater. They provide a final effluent pol- 65 

ishing before discharge into receiving waterways [10]. Thus, significant investments 66 

worldwide have been directed towards constructing treatment wetlands for improving 67 

water quality in urban and agricultural landscapes [11].  68 

In tropical and subtropical Australia, there is uncertainty around the cost-effectiveness 69 

of treatment wetlands for N mitigation in different land uses [12]. A standardised assess- 70 

ment is necessary to determine an accurate and comparable cost-effectiveness perfor- 71 

mance metric (CE) of treatment wetlands in this region. This metric can provide a cost 72 

per unit of reduction ($A, Australian dollars) in a load (kg) of pollutant (N) and help 73 

justify publicly funded investments. CE metrics are used as an alternative to cost-benefit 74 

analysis because it removes the need to estimate the monetary value of the benefit real- 75 

ised on behalf of society, which is difficult to measure [13,14]. Despite its usefulness, 76 

only a limited number of studies have used CE metrics to evaluate the performance of 77 

treatment wetlands. With few exceptions (e.g., [15]), most have been conducted in tem- 78 

perate regions (e.g.,[16]).   79 

In Queensland, Australia, high dissolved inorganic nitrogen (DIN) load reduction tar- 80 

gets for agriculture-dominated catchments adjoining the Great Barrier Reef have been 81 

established [12]. Additionally, state regulation of total nitrogen (TN) in point source dis- 82 

charge (e.g., sewage treatment plants) is required for all industries (Environmental Pro- 83 

tection Act, 1994). These regulations require innovative solutions that are efficient but 84 

also economically viable. In this meta-analysis, we compiled information on the cost and 85 

effectiveness of treatment wetlands in Queensland. First, we analysed the N (DIN, TN) 86 

removed by these treatment wetlands as changes in concentration (mg L-1) between inlet 87 

and outlet and as annual reductions of N (kg ha-1 yr-1). Then, we calculated their cost- 88 

effectiveness by collating data on the costs incurred in their design, construction, and 89 

maintenance, along with their effectiveness in N removal. The results from this project 90 

are highly relevant when considering cost-effective investment for improving water 91 

quality in tropical and sub-tropical Australia. Especially for regions where N pollution is 92 

an acute stressor of globally significant coastal ecosystems, such as the World Heritage- 93 

listed Great Barrier Reef and the Moreton Bay Ramsar site. 94 

 95 
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 2. Materials and Methods 96 

We collated data from 14 treatment wetlands ranging in size from 0.3 to 10 ha: eight are 97 

constructed treatment wetlands (CTW) designed to treat agricultural runoff, two are 98 

vegetated drains (VD) receiving agricultural runoff, and four are constructed treatment 99 

wetlands designed to polish treated effluent as part of sewage treatment plant opera- 100 

tions (STPW, Table 1, Fig. 1). All treatment wetlands are in Queensland, northeast    101 

Australia. The VDs and CTWs (1-5) are in the northern part of the state between      102 

latitudes 17° 17' and 18° 01' in the region known as the Wet Tropics, which has a humid 103 

tropical climate with a mean annual rainfall of 4,548 mm and mean minimum and maxi- 104 

mum temperature of 19.4 and 27.9°C, respectively (1881-2020, Innisfail Station, Austral- 105 

ian Bureau of Meteorology, ABM, 2021). The remainder of the CTWs are within the Dry 106 

Tropics and Mackay Whitsundays Regions, between latitudes 19° 24' and 21° 09' which 107 

have mean minimum and maximum annual temperatures of 19.4 to 26.5°C and 18.0 to 108 

29.2°C, respectively, and lower rainfall with 948 and 1,595 mm, respectively (Ayr, 1951- 109 

2021 and Mackay City, 1959-2020, ABM, 2021). Finally, the STPWs are in the subtropics 110 

between latitudes 26° 34' and 28° 00', with a mean annual rainfall of 1,090 mm and mean 111 

annual minimum and maximum temperatures of 15.8 and 25.4°C, respectively (Brisbane 112 

City, 1889-2020, ABM, 2021). 113 

The CTWs were constructed by private companies and regional natural resource    114 

management organisations. The VDs were constructed and maintained by a sugarcane 115 

farmer, and the STPWs were constructed and operated by three local wastewater   116 

management authorities. The treatment wetlands were constructed and monitored at 117 

different intervals since 2008 by their various owners and organisations, although for 118 

CTW4, there was no water quality monitoring, only modelling and denitrification     119 

experiments. This resulted in diverse monitoring methodologies, water quality       120 

parameters, and records of costs incurred for each site (see Table S1, S2 for details on 121 

each site). Data were standardised to enable analysis and inter-site comparisons as de- 122 

scribed below and in Supplementary Material.  123 

 124 

Figure 1. Location of treatment wetlands analysed in this project in Queensland, Australia. Circles 125 

show the location of constructed treatment wetlands (CTW), triangles of vegetated drains (VD) 126 

and squares of sewage treatment plant wetlands (STPWs). The Pictures are examples of a CTW in 127 

Russell River catchment, a VD in Tully River catchment (Wet Tropics), a CTW in Barratta Creek 128 

(Dry Tropics) and an STPW in the Mary River catchment (Southeast Queensland). 129 

 1 
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Table 1. Climatic and catchment characteristics of treatment systems: constructed treatment wet- 130 

lands (CTW), vegetated drains (VD), and sewage treatment plant wetlands (STPW). n = number 131 

and date of sampling occasions for water quality included in the study; w:c = wetland size to 132 

catchment area ratio; Veg = approximate extent (%) of desirable macrophyte cover (e.g., reeds and 133 

sedges, excluding invasive species) during sampling. CTW4 had no data for water quality of in- 134 

flow-outflow. 135 

 
Climate/ 

region 

Land use/ 

nitrogen 

source 

Size 

(ha) 

w:c 

(%) 

Veg. 

cover 

(%) 

Characteristics 

CTW1 

n = 25 

2019-21 

Humid-tropical/ 

Wet Tropics 

 

Sugarcane 
1.6 11 > 50 

Converted drain. Groundwater 

dominated, with a very high length: 

width ratio 

CTW2 

n = 45 

2019-21 

Banana 1.2 3 < 25 

A square-shaped sediment basin at 

the inlet with a low length: width 

ratio. Macrophytes on the edges 

CTW3 

n = 45 

2020-21 

Sugarcane 

8.5 2 > 50 
Large landscape wetland with two 

inlet points 

 

CTW4 

 

10 n.a. 25 - 50 

Sugarcane land converted to 

wetland; water level regulated by 

multiple manually operated pipes. 

CTW5 

n = 8 

2011-13 

Banana 2.5 9 < 25 

Designed with a retention time of 

two days, it has a very high length: 

width ratio. Most reeds and sedges 

planted did not survive and it 

became dominated by invasive 

grasses 

CTW6 

n = 15 

2018-20 
Semi humid-

tropical/ 

Dry Tropics, 

Mackay, 

Whitsundays 

Sugarcane 

1.8 0.5 > 50 

Square shaped (low length: width) 

with two internal berms to increase 

residence time, a sediment basin, 

and an outlet wall. Two inlet points. 

CTW7 

n = 32 

2017-20 

2.1 0.4 25 - 50 

Treatment train system with 

multiple ponds and a high length: 

width ratio. 

CTW8 

n = 9 

2017-19 

1.3 3 25 - 50 

Treatment train system with 

multiple ponds and a high length: 

width ratio. 

VD1 

n = 5 

2021 Humid-tropical/ 

Wet Tropics 
Sugarcane 

0.3 

 

25 - 50 

400 m-long widened drain with 

stagnant water during sampling and 

high length: width ratio. 

VD2 

n = 5 

2021 

0.5 > 50 
460 m-long, partly widened drain 

with patches of dense grass; 
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constant water flow and high 

length: width ratio 

STP1 

n = 96 

2020-21 

Subtropical/ 

 

Southeast 

Queensland 

Sewage 

Treatment 

Plant 

7.3 

 

 

 

 

 

> 50 

Surface flow wetland; three parallel 

cells with similar hydraulic loading 

rate. 

STP2 

n = 348 

2018-20 

7.5    > 50 

 

Part of an irrigated forest and 

treatment system 

 

STP3 

n = 23 

2015-17 

0.2 > 50 

Surface flow wetland with two 

parallel cells. STP4 

n = 17 

2015-16 

0.4 > 50 

2.1. N concentration differences 136 

Water quality data was obtained as dissolved inorganic N (DIN = NO3- + NO2-, NH4++ 137 

NH3), dissolved organic N (DON = total dissolved nitrogen (TDN) – DIN), total N (TN = 138 

DIN + DON + particulate nitrogen (PN)), total phosphorus (TP) and total suspended 139 

solids (TSS). For CTW1, CTW2 and CTW3, TN did not include PN; thus, it was 140 

considered TDN. For CTW4, there was limited water quality monitoring, and on-site 141 

denitrification measurements were used to estimate removal (Table S1).  142 

N removal was estimated as the change in DIN and TN concentration (Δ mg L-1) 143 

between the inflow (the point where most water enters the treatment wetland, usually a 144 

drain or pipe) and the outflow (the point where water leaves the treatment wetland) 145 

[5,10]. All sites had different monitoring procedures (see Table S1 for details); thus, 146 

assumptions were made to standardise the data without compromising the accuracy of 147 

the results, always selecting the most conservative scenario (less N removal). First, the 148 

inflow concentrations were averaged when there was more than one inflow (CTW3, 149 

CTW6). Second, CTW1 was highly influenced by groundwater; thus, we used the 150 

average of groundwater and surface N concentrations as there was no information on 151 

the percentage of contribution for each water source. Because groundwater N 152 

concentrations were an order of magnitude higher than surface runoff concentrations in 153 

CTW1, we may have underestimated the N concentrations and removal efficiency for 154 

this site. Groundwater contribution was not quantified for the rest of the sites and was 155 

therefore not included; while none of the other sites were groundwater-dominated, we 156 

acknowledge this shortcoming of the analyses. Third, the sampling of in- and outflow of 157 

CTWs and VDs was usually conducted simultaneously; thus, N removal estimations for 158 

these sites are likely to be underestimated as this methodology may not have provided 159 

the adequate retention time for nutrient removal to be captured. Finally, statistically 160 

high outliners in N concentrations (n = 2) were removed from the analyses as 161 

contamination was suspected.  162 

  2.2. N load reduction 163 

The inlet and outlet flow discharge were assessed with different methodologies by the 164 

organisations in charge of each site. These included hydrological models, estimations 165 
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from changes in water depth, and direct monitoring of water flow (see Table S1 for 166 

details on each site). For the sites with no flow measurements (CTW3 and CTW4), the 167 

areal rate of denitrification (mg m-2 h-1, [17], and MFA, unpublished data) was used to 168 

estimate N removal.  169 

 For sites with no water flows and those with limited temporal sampling (CTW1, 170 

VD1 and VD2- all sites within the Wet Tropics), rainfall was used as an indicator of 171 

water flow through the wetlands. During the wet season (January – June), we assumed 172 

that their soils would be waterlogged and that > 1mm of rainfall would induce soil 173 

denitrification and, thus, N removal. During the dry season (July to December), we 174 

assumed that rainfall events of at least 10 mm were required to achieve similar 175 

conditions. The average monthly number of days with rainfall for the past 30 years was 176 

obtained from the nearest meteorological station (ABM, 1991-2020). This resulted in 129 177 

days of N removal for CTW1, CTW4, and 89 days for CTW3, VD1, and VD2. This 178 

assumption, although uncertain, likely underestimates N removal, as we know from 179 

previous studies [17] and personal observation that at least CTW1, CTW3 and both VD1 180 

and VD2 flow all year round, albeit with variable N concentrations. Additionally, daily 181 

flow monitoring at CTW2 (Feb- June, 2020; > 130 days), confirmed continuous flow 182 

during this period. Finally, CTW4 is manually operated so flooding can be controlled for 183 

any desired period.   184 

2.3 Dissolved oxygen and pH: Inflow vs outflow 185 

We collated information of dissolved oxygen (DO) and pH for inflow and outflow 186 

surface water. Water pH was available for all sites except CTW7 and CTW8, while DO 187 

was available for CTW1, CTW2, CTW3, STPW1, STPW2, STPW3 and STPW4. For STPWs, 188 

DO was reported as mg L−1, which was converted to a percentage (%DO) assuming a 189 

constant water temperature of 25°C, which is close to the mean annual air temperature 190 

for Southeast Queensland. The changes in DO and pH as the water moved through the 191 

treatment wetlands were used to investigate if these parameters could explain N removal 192 

efficiency.  193 

2.4 Inflow and outflow statistical analysis 194 

Normality and homogeneity of variance were tested using residual plot analyses, 195 

Shapiro-Wilk and Kolmogorov-Smirnov tests and normality was not achieved, even 196 

with transformation (log10), then a non-parametric test was conducted. Mann-Whitney U 197 

test was used to compare differences between inflow and outflow nutrient 198 

concentrations and physicochemical parameters (DO, pH). The Spearman's rank-order 199 

was used to determine the relationship between inflow-outflow concentrations, 200 

physicochemical parameters and removal and inflow concentrations. Stepwise multiple 201 

regression was performed after checking for autocollinearity among parameters to 202 

assess the influence of DO and pH and removal rates. Statistical analyses were 203 

performed with SPSS (v24, IBM, New York, USA). 204 

2.5 Cost categories and standardisation 205 

Treatment wetland coasts were categorised as "upfront" and "ongoing". Upfront costs 206 

were those incurred once during the planning, design, and construction phase. These 207 

included consultancy fees for site surveys, soil tests, field mapping, modelling, 208 

earthworks, machine hire, materials (including native seedlings for revegetation) and 209 

labour. Project management costs were also included during the design and construction 210 
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phase; these costs were regarded as a lump sum amount. Ongoing costs are recurrent 211 

and sporadic post-construction until the end of the project evaluation period. i.e. the 212 

time the wetland is maintained and assumed to remain effective for N removal. Ongoing 213 

costs comprised operation, maintenance, and repair costs. For example, weed control, 214 

hydraulic structure maintenance, dredging of sediments, structural repairs, and 215 

replanting. Where relevant, in-kind contributions were included in upfront and ongoing 216 

costs.  217 

Development approvals were not included for all treatment wetlands except for CTW4 218 

where it was an essential component of the upfront costs. We excluded remedial actions 219 

and opportunity costs, i.e., the foregone gross margin from the previous land use (e.g., 220 

sugarcane production). These costs are highly site-specific and were not relevant to all 221 

sites; including them would have impeded transferability and cross-site comparison. 222 

Additional site-specific costs can be added in future studies where similar information is 223 

available for multiple sites (see methodology for adding costs in Box S1).  224 

For CTW and VD on agricultural land, the project proponent and landholders incurred 225 

upfront and ongoing costs. They hired contractors to carry out the on-ground works and 226 

post-construction maintenance for the first year or two. The landowner bore 227 

responsibility and costs of maintenance, which was considered an in-kind contribution. 228 

For STPW, the licenced organisation was responsible for all upfront and ongoing costs.   229 

For CTWs and VDs, we included the following four cost categories: design, on-ground 230 

construction costs, project management during design and construction phases (upfront) 231 

and post-construction operation, maintenance, and repair costs. For STPWs, only the 232 

design, on-ground construction and post-construction operation, maintenance, and 233 

repair cost categories were included because data on project management costs were not 234 

available (see details for each site in Table S2). 235 

 2.6 Cost-effectiveness 236 

Cost-effectiveness is an economic metric used to identify the cheapest option for 237 

achieving a specific outcome [13,14]. In this case, the outcome is reducing DIN or TN 238 

load discharge (e.g. [18]).  We evaluated cost-effectiveness at the site scale (e.g. [18,19]), 239 

with no adjustments for DIN or TN transport to the coast.  240 

Each treatment wetland was constructed at a different time; thus, each cost item was 241 

adjusted to the current financial year (FY 2020/21) in Australian dollars (A$) with the 242 

Consumer Price Index (Australian Bureau of Statistics, 2021). The costs were aggregated 243 

and discounted over a 20-year project evaluation period to produce an annualised 244 

equivalent present value cost (APVC; A$ yr-1). The APVC was calculated in two steps.  245 

(1) The total present value cost (TPVC) incurred in constructing and maintaining site   246 

over the evaluation period   (20 years) is calculated by summing upfront costs 247 

incurred in year t = 0 and discounted future costs incurred in t = 1, 2,..as they arise over 248 

the remainder of the evaluation period. 249 

𝑻𝑷𝑽𝑪 𝒐𝒇 𝒘𝒆𝒕𝒍𝒂𝒏𝒅 𝒋 = 𝑾𝒋  = 𝑪𝒋 + ∑
𝑴𝒋,𝒕

(𝟏 + 𝒓)𝒕

𝑻

𝒕=𝟏

                                              (1). 250 

where:  251 

𝑊𝑗 = TPVC for site 𝑗 252 

𝐶𝑗 = upfront costs of construction for site 𝑗 (t = 0)  253 
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𝑀𝑗,𝑡 = one-off, annual and periodic costs for site 𝑗 incurred in t = 1, 2,.. 254 

𝑟 = real discount rate  255 

T = evaluation period 256 

 257 

(2) The total present value cost ( ) in absolute A$, (Eq 1.) is converted into an annualised 258 

equivalent present value cost (APVC) in A$ yr-1: 259 

𝐴𝑃𝑉𝐶 𝑜𝑓 𝑤𝑒𝑡𝑙𝑎𝑛𝑑 𝑗 = 𝐴𝑊𝑗 = 𝑊𝑗 [
𝑟

1 − (1 + 𝑟)−𝑇]                                                     (2)          260 

Following standard practice, the TPVC was annualised at a 5% real discount rate over 261 

an evaluation period of 20 years (e.g. [16]). This timeframe was selected as it represents 262 

the period that we are confident the treatment wetland will remain effective, assuming 263 

appropriate maintenance and repair. However, the timeframe could be modified if 264 

required (e.g., to obtain Reef Credits requiring 25-year lifetime projects, see Box S1). 265 

Annualisation of TPVC into A$ yr-1 directly compares the treatment wetland 266 

effectiveness expressed as annual equivalent reductions in kg DIN or TN. 267 

 268 

We calculated the cost-effectiveness metric using annualised equivalent present value 269 

cost (AWj ; $ yr-1) and the annual DIN or TN load reductions (kg yr-1) as given by the 270 

following ratio [20]: 271 

𝐶𝐸𝑗  ($/kg N removed) =
𝐴𝑊𝑗 ($/year)

𝑁𝑗  (kg N/year)
   for all  𝑗 = 1, 2, ⋯ J                        (𝟑) 272 

where: 273 

 CEj = cost-effectiveness for site j 274 

 Nj = annual DIN or TN load removal for site j 275 

 276 

 Finally, sensitivity analyses were conducted with various discount rates (3, 5 and 7% 277 

per annum) and evaluation periods (15, 20, and 25 years) to test the robustness of our 278 

results. 279 

3. Results 280 

3.1. N removal: Inflow vs outflow 281 

The inflow DIN concentrations of the CTW and VDs (0.1 to 1.4 mg L−1) were lower than 282 

those for STPs, which ranged between 2 and 17 mg L−1. For TN, concentrations ranged 283 

from 1.5 to 2.5 mg L−1, except for STPW3 and STPW4, where concentrations were much 284 

higher at 14 and 31 mg L−1, respectively (Table 2).  285 

DIN concentrations were significantly higher in the inflow compared to the outflow 286 

when aggregating all treatment wetlands (U = 10944, Z = −5.0, p < 0.001 for CTWs and 287 

VDs and U = 1153.5, Z = −18.2, p < 0.001 for STPWs, Fig. 2), suggesting some DIN 288 

removal. The difference was significant in CTW1, CTW3 and VD1 (p < 0.005). Overall, 289 

CTWs and VDs reduced DIN concentrations by 44%, from 0.52 to 0.29 mg L−1, and 290 

STPWs reduced them by 91% from 2.3 to 0.2 mg L−1 (Fig. 2,3). For TN, concentrations 291 

were higher in the inflow than the outflow for four of the seven CTWS analysed, with 292 

significant differences for CTW1 and CTW8 (p < 0.05). When aggregated, the difference 293 
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was only significant for the STPWs (U = 13962.5, Z = −1.3, p = 0.2 for CTWs and VDs, and 294 

U = 1856.5, Z = −17.3, p < 0.001 for STPWs; Fig. 3), which resulted in TN concentrations 295 

reduced by 72% (Fig. 2,3). 296 

There was high variability among sites for DIN removal: CTW1, CTW3 and CTW8 297 

achieved the highest DIN reductions, which were consistently above 70%, and the VDS 298 

reduced DIN concentrations by 40%. In contrast, CTW2 and CTW6 did not reduce DIN 299 

concentrations significantly during the sampling period. STPW1 and STPW2 had DIN 300 

and TN percentage reductions of 90% and 54%, respectively. However, STPW3 and 301 

STPW4, which received TN inflow concentrations an order of magnitude higher than the 302 

other sites, had a higher annual load removal but a lower percentage of reduction with 303 

34% (Fig. 3). Most N reductions were achieved for the DIN fraction, while the proportion 304 

of PN and DON to TN were either similar or higher in the outflow than the inflow (Fig. 305 

S1). 306 

 307 

Figure 2. Inflow and outflow concentrations (mg L-1) of DIN and TN in constructed treatment 308 

wetlands (CTW), vegetated drains (VD) and sewage treatment plant wetlands (STPW) in tropical 309 

and subtropical Australia. Hatched bars are sites where TN only includes the dissolved fraction 310 

(TDN), and TN was not measured in VDs. Significant differences between the inflow and outflow 311 

are shown as  *p < 0.05, **p < 0.01, ***p < 0.001. 312 

 313 

DIN load removal rate for CTWs was 115 ± 54 kg ha-1 yr-1, and for VDs was 67 ± 11 kg ha-1 314 

yr-1. The STPW1 and STPW2 had similar values of 73 ± 4 kg ha-1 yr-1. Additionally, CTW1 315 

removed TDN at a rate of 300 kg ha-1 yr-1. For TN, STPW1 and STPW2 removed 70 kg ha-1 316 

yr-1, while STPW3 and STPW4 had much higher rates at 193 kg ha-1yr-1 and 2,007 kg ha-1 317 

yr-1, respectively (Fig. 3). The latter were small systems that received very high TN 318 

concentrations of 14 ± 0.7 mg L-1 and 31 ± 1.6 mg L-1, which were reduced to 9.2 ± 1.1 mg 319 

L-1 and 19 ± 2 mg L-1, in the outflow, respectively.  320 

 321 

 322 
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Table 2. Nitrogen inflow concentrations (NH4+-N, NO3--N, DIN, TN or TDN; mg L-1); and out- 323 

flow values for dissolved oxygen (DO%) and pH of constructed treatment wetlands (CTW), vege- 324 

tated drains (VD), and sewage treatment plant wetlands (STPW). n.a. = data not available. Values 325 

are mean ± standard error. 326 

 

Inflow (mg L-1) Outflow  

NH4+-N NO3--N DIN TN or TDN DO (%) pH 

CTW1 0.2 ± 0.03 0.5 ± 0.09 0.70 ± 0.08 TDN: 0.9 ± 0.09 66 ± 7.3 6.0 ± 0.1 

CTW2 0.06 ± 0.02 0.09 ± 0.02 0.15 ± 0.02 TDN: 0.5 ± 0.04 42 ± 5.6 6.1 ± 0.1 

CTW3 0.03 ± 0.00 0.52 ± 0.06 0.54 ± 0.06 TDN: 0.62 ± 0.06 24 ± 3.1 6.2 ± 0.0 

CTW4 n.a. n.a. n.a. n.a. n.a. n.a. 

CTW5 0.48 ± 0.12  1.4 ± 0.31 2.5 ± 0.43 n.a. 7.3 ± 0.1 

CTW6 0.1 ± 0.06 0.16 ± 0.03 0.21 ± 0.07 1.5 ± 0.24 n.a. 7.7 ± 0.2 

CTW7 0.14 ± 0.04 0.79 ± 0.28 0.97 ± 0.33 2.9 ± 0.38 n.a. n.a. 

CTW8 0.06 ± 0.01 0.27 ± 0.23 0.87 ± 0.60 1.6 ± 0.40 n.a. n.a. 

VD1 0.12 ± 0.02 n.a. 0.13 ± 0.02 n.a. n.a. n.a. 

VD2 0.07 ± 0.02 n.a. 0.09 ± 0.02 n.a. n.a. n.a. 

STPW1 0.57 ± 0.12 1.3 ± 0.11 1.9 ± 0.16 2.4 ± 0.16 110 ± 1.4 7.5 ± 0.1 

STPW2 0.06 ± 0.00 n.a. 2.2 ± 0.23 2.8 ± 0.27 49 ± 6.0 6.8 ± 0.1 

STPW3 7.4 ± 0.5 0.59 ± 0.11 7.9 ± 0.6 13.9 ± 0.74 115 ± 23 7.8 ± 0.1 

STPW4 19.1 ± 1.4 0.99 ± 0.14 19 ± 1.4 31.2 ± 1.56 88 ± 22 7.7 ± 0.0 

 327 

Figure 3. Nitrogen (DIN, TN and TDN) removal (% and kg ha-1 yr-1) by constructed treatment wet- 328 

lands (CTW), vegetated drains (VD) and sewage treatment plant wetlands (STPW) in tropical and 329 

subtropical Australia. 330 

 331 

3.2. Dissolved oxygen and pH: Inflow vs outflow 332 
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There were significant differences in the physicochemical parameters of water between the 333 

inflow and outflow for the sites investigated. Data on DO% was available for three 334 

treatment wetlands and the values decreased from the inflow to the outflow in CTW1 and 335 

CTW3 (p > 0.05; U = 624, Z = −0.654, p < 0.001). Overall, in CTWs DO decreased from 69 ± 336 

4.8 to 43 ± 3.6% (U = 2781.5, Z = −4.0, p < 0.001); and in STPWs, DO decreased from 80 ± 1.7 337 

to 73 ± 2.5% (U = 17379.5, Z = −2.3, p < 0.05; Fig. 4). The difference was significant for STPW1 338 

and STPW2 (p < 0.001).  339 

 340 

Water pH significantly increased as it flowed through the CTWs from 5.9 ± 0.1 to 6.1 ± 0.1 341 

(U = 4518.5, Z = −3.5, p < 0.001) with significant difference in CTW1, CTW2 and CTW3 (p < 342 

0.05). However, it decreased in the STPWs from 7.3 ± 0.0 to 7.1 ± 0.0 (U = 16141.5, Z = −4.3, 343 

p < 0.001; Fig. 4) with significant difference in STPW1 and STPW2 (p < 0.001). 344 

 345 

Figure 4. Difference between the inflow (blue) and outflow (red) in pH and dissolved oxygen (DO%) 346 

for (a,c) constructed wetlands, CTW, and vegetated drains, VD, and (b,d) for sewage treatment plant 347 

wetlands (STPW). Significant differences between the inflow and outflow are shown as *p < 0.05, **p 348 

< 0.01, ***p < 0.001.  349 

 350 

3.2. Environmental parameters associated with N removal 351 

The removal of DIN, TN, TP and TSS was positively associated with their inflow 352 

concentrations (DIN: rs(344)=0.92, TN: rs(236)=0.84, TP: rs(336)=0.61, TSS: rs(344)= 0.49; p < 353 

0.001; Fig. 5, S2) for all treatment wetlands and species except for TSS in STPWs. Removal 354 

peaked at higher concentrations, and when concentrations in the inflow were very low, 355 

removal was not detected.  Thresholds for removal in CTWs and VDs were 0.3 mg L−1 of 356 

DIN, 0.7 mg L−1 of TN, 0.1 mg L−1 of TP and 18 mg L−1 of TSS.  For STPWs, thresholds were 357 

0.2 mg L−1 of DIN, 0.8 mg L−1 of TN and 0.2 mg L−1 of TP (Fig. 5).  358 
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 359 

Figure 5. Correlations between DIN, TN, TP and TSS removal as changes in concentration (mg L-1) 360 

between in and outflow in constructed treatment wetlands (CTW), vegetated drains (VD) and 361 

sewage treatment plant wetlands (STPW) in tropical and subtropical Australia. Correlations are for 362 

all treatment wetlands aggregated and are significant (p < 0.001). 363 

 364 

Finally, inflows with high DIN also had high TN concentrations (rs(279)=0.86, p < 0.001) 365 

and low TSS (rs(371)=-0.48, p < 0.001), while inflows with high TSS, had high TP 366 

(rs(371)=0.31, p < 0.001).  Because sites with higher DIN, TN, TP and TSS concentrations 367 

had higher removal (Fig.5), sites with high TSS had lower DIN and TN removal and vice 368 

versa (rs(350)= -0.31, p < 0.001 and rs(354)= -0.2; p < 0.001; Fig S2). Therefore, conditions that 369 

favour TSS and TP removal (e.g., sedimentation) appear to contrast with those that favour 370 

N removal (denitrification).   371 

The pH and DO in the outflow explained some of the N removal of the treatment wetlands 372 

analysed. For the STPWs, higher DIN and TN removal was associated with lower pH in 373 

the outflow (DIN: rs(199)=-0.39; p < 0.001 for DIN, and: rs(189)= -0.41; p < 0.001 for TN), with 374 

higher removal achieved when pH was between 6 and 7. Finally, higher removal in all 375 

treatment systems occurred when DO in the outflow was between 40 and 70%. 376 

3.3. Cost-effectiveness 377 

In present value terms, the annualised cost per hectare for CTWs and VDs ranged from 378 

A$3,848 for VD2 to A$43,084 for CTW2 (Table 3). The cost of reducing one kg of DIN by 379 

CTWs and VDs ranged between A$23 to AU$816 while reducing one kg of TN via an 380 

STPW ranged between A$111 and A$1,023. Four treatment systems (CTW1, CTW3, CTW4 381 
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and VD2) removed one kg of DIN for less than A$50, followed by another two treatment 382 

systems (CTW7 and VD1) that reduced it for less than A$102.  383 

Cost-effectiveness (A$ kg DIN) generally improved (decreased) as DIN removal per 384 

hectare increased (Fig. 6), with the three most cost-effective wetlands (CTW1, CTW3 and 385 

CTW4) removing >100 kg DIN yr -1 ha-1. The APVC per hectare (A$ ha-1 yr-1) remained 386 

relatively unchanged as the area of the wetland area increased (Fig. S3), suggesting that 387 

economies of scale were not evident across the range of wetland sizes in our study (0.3 to 388 

10 ha). Cost-effectiveness also did not improve as APVC per hectare was reduced (Fig. S3). 389 

Thus, larger wetlands were not cheaper per hectare, and the cost-effectiveness of wetlands 390 

for N removal did not correlate with their cost per hectare. Thus, optimising N removal 391 

performance, not reducing area or minimising costs, appears to be critical for improving 392 

cost-effectiveness.   393 

Table 3. Annualised present value cost (APVC) and cost-effectiveness (CE) for constructed wet- 394 

lands (CTW), vegetated drains (VD) and sewage treatment plant wetlands (STPW) in tropical and 395 

subtropical Australia. CE was estimated with a 5% real discount rate per annum over a 20-year 396 

evaluation period. n.a.= data was not available. Sites with CE below the A$150 benchmark recom- 397 

mended for the Great Barrier Reef Catchments (Rolfe and Windle, 2016) are highlighted in grey. 398 
 

APVC  

 A$ yr-1 ha-1 

DIN removed 

 kg yr-1 ha-1 

TN removed 

kg yr-1 ha-1 

CE  

A$kg DIN-1 

CE  

A$kg TN-1 

CTW1 8,527 370 303 23 28 

CTW3 4,197 135 n.a. 31 n.a. 

CTW4 10,096 250 n.a. 40 n.a. 

VD2 3,848 78 n.a. 49 n.a. 

CTW7 7,614 88 n.a. 87 n.a. 

VD1 5,703 56 n.a. 101 n.a. 

CTW6 6,844 41 154 166 44 

CTW5 6,769 11 13 619 504 

CTW8 7,964 n.a. n.a. n.a. n.a. 

CTW2 43,076 53 198 816 217 

STPW4 222,976 n.a. 2,007 n.a. 111 

STPW2 94,436 135 158 699 599 

STPW1 78,552 77 79 1,015 990 

STPW3 196,904 n.a. 193 n.a. 1023 

The sensitivity analysis indicated that cost-effectiveness decreased as the discount rates 399 

increased for a given evaluation period (Table S3, S4). More extended evaluation periods 400 

improved cost-effectiveness at each discount rate. For example, the cost-effectiveness of 401 

CTW1 for a 20-year evaluation period ranged between A$20 and A$26 kg-1 DIN for 402 

discount rates of 3 and 7%, respectively (Table S3). However, the differences caused by 403 

evaluation periods and discount rates were relatively small compared to the effects of the 404 

wetland performance in improving cost-effectiveness.  405 
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 406 

Figure 6. Variation in cost-effectiveness (A$ kg-1 DIN) of constructed treatment wetlands (CTW) 407 

and vegetated drains (VD) against DIN removal (kg DIN ha-1 yr-1). 408 

4. Discussion 409 

4.1. N removal 410 

Treatment wetlands analysed in tropical and subtropical Australia analysed in this meta- 411 

analyses removed DIN and TN from the water column when they complied with certain 412 

characteristics. The best-performing sites for the agricultural CTW and VDs were those 413 

with high DIN concentrations (≥ 0.3 mg L−1) and extensive vegetation cover. In these con- 414 

ditions, DIN concentrations were almost halved (mean 44% reduction). For STPWs, high 415 

concentrations of DIN and TN in all sites, along with dense vegetation and managed 416 

flows, resulted in high DIN (90%) and TN (>35%) reductions. These results are similar to 417 

other studies, which have found that the high productivity and high temperatures in trop- 418 

ical constructed wetlands favour N removal [21]. Reductions of treatment wetlands in 419 

other temperate and tropical locations were also similar, ranging from 39 to 81% for DIN 420 

and 31 to 75% for TN [7,10]. 421 

 422 

Improved performance of the treatment wetlands was also explained by pH, DO, and TSS 423 

concentrations. Higher N removal occurred when outflow water was pH neutral (6-7) and 424 

when DO concentrations were between 40 and 70%, conditions that favour denitrification 425 

[22]. Additionally, sites with high TSS concentrations, which were not managed through 426 

sedimentation basins before reaching the treatment wetland, had low DIN removal. This 427 

is likely due to sediments smothering and limiting the establishment of macrophytes and 428 

nitrifier-denitrifier microbial communities [23,24]. In catchments with high TSS runoff, it 429 

may be necessary to design and construct sediment basins as a first step treatment (e.g., 430 

Wetlaninfo sedimentation basins) to improve N removal. 431 

 432 

Finally, hydraulic efficiency is crucial to improve retention time [25]. This can be achieved 433 

by having a rectangular-shaped wetland instead of squared ones, with a width: length 434 

ratio of at least 1:3 [26].  A low hydraulic efficiency may limit the performance of the 435 

treatment wetland to a sedimentation basin, where only TSS and TP, but not N, would be 436 

removed [25](Fig. 7). 437 

 438 

 439 
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 441 
 442 

 443 

Figure 7. Summary of parameters associated with efficient DIN, TN, TP and TSS removal in con- 444 

structed treatment wetlands (CTW) and vegetated drains (VD) in tropical Australia. Sites with a tick 445 

mark are those where removal was observed.  446 

A limitation of this study was the diversity of monitoring approaches used and a lack of 447 

flow monitoring at some sites, which meant assumptions needed to be applied for esti- 448 

mating N removal loads. Future monitoring programs should include flow measure- 449 

ments to improve load estimations. In addition, water sampling at the inlet and outlet 450 

should be timed to account for the retention time in the wetland so that the same water 451 

is sampled.  Additionally, in the Great Barrier Reef catchments, the first few runoff 452 

events after fertiliser application contain the highest DIN concentrations [27]; thus, mon- 453 

itoring should be concentrated and designed to target these events. Finally, groundwater 454 

flows were unknown for most sites but likely important [28] and should be incorporated 455 

in future studies. 456 

Nevertheless, our assumptions were conservative, with load removals between 11 to 370 457 

kg N yr-1, which are lower than the potential of these sites based on denitrification meas- 458 

urements (170 to 1,051 kg N yr-1;[17]). Our removal load estimates are also lower than 459 

the median of 930 kg N yr-1, from 230 treatment wetlands analyses in a recent review [5], 460 

but within the lower range of their estimations (17 – 5,840 kg N yr-1,[5]). We expected to 461 

have lower loads in our sites as the N concentrations of the CTW and VDs were lower 462 

(0.5 to 3 mg L-1) than those for other similar treatment wetlands (0.2 to 100 mg L-1 of TN, 463 

[5]). Because N removal rates were the main factor driving cost-effectiveness (the higher 464 

the N loads removed, the more cost-effective), we are confident that our cost-effective- 465 

ness estimations are either appropriate or underestimated. 466 

4.2. Cost-effectiveness 467 

Previous studies in tropical Australia are very scarce, but we compared our results with 468 

two other studies. The first study reported costs between A$895,000 and A$1,119,000 ha-1 469 

(FY2020/21) for establishing small treatment wetlands in the Great Barrier Reef catch- 470 

ment, with costs including site preparation, construction, and ongoing management [29]. 471 

A second study reported upfront costs incurred in constructing farm-level drainage la- 472 

goons (0.02 – 2.5 ha) in the Wet Tropics with a mean construction cost of A$46,736 ha-1 473 
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(FY2020/21, [19]). In comparison, we estimated that the upfront and ongoing cost of 474 

CTWs and VDs (5% discount rate; 20-year evaluation period) ranged between A$47,955 475 

and A$536,824 ha-1 with mean and median costs of A$133,866 and A$85,296 ha-1, respec- 476 

tively (FY2020/21). These costs are like those reported by the second study, but consider- 477 

ably lower than the costs used by the first. An essential feature of this study, in contrast 478 

to others, is that it combines for the first time real (not modelled or estimated) incurred 479 

upfront and ongoing costs of treatment wetlands to calculate cost-effectiveness.  480 

In terms of cost-effectiveness, a benchmark of A$150 per kg DIN at end-of-catchment 481 

has been recommended for the Great Barrier Reef catchments [30]. Suppose we assume a 482 

surface-water transport of 0.8 from the treatment wetland to the Great Barrier Reef la- 483 

goon. In that case, the cost-effectiveness for four of the CTWs is less than A$63 per kg 484 

DIN, and for six of the wetlands would be less than A$126 kg DIN at the end of the 485 

catchment. Both figures are well below the proposed end-of-catchment benchmark. 486 

These values are also within the lower range of the cost-effectiveness calculated for    487 

bioreactors at A$76 per kg DIN, an alternative treatment system technology [31].  488 

The cost-effectiveness methodology applied here is consistent with other evaluations in 489 

Reef catchments (e.g., [18,19]). A further advantage of our cost-effectiveness  calculation 490 

is that it allows proponents adapting costs and timeframes for alternative site scenarios 491 

(as explained in Box S1). An important result from this study is that cost-effectiveness 492 

was highly driven by the capacity for N removal of the treatment wetland, not its area or 493 

the cost incurred per hectare. For example, the 10 ha CTW4 had a high per hectare cost 494 

but was the third most cost-effective system ($40 kg-1 DIN removed); whereas the VD2, 495 

with only 0.5 ha, had the lowest per hectare cost but was the fourth most cost-effective 496 

system ($49 kg-1 DIN removed).  497 

For STPWs, which were in peri-urban settings, costs were much higher than in   agri- 498 

cultural settings. There are two key reasons for this, first, the STPW are designed conser- 499 

vatively and oversized to ensure they achieve their regulatory discharge loads under 500 

any circumstances. Second, STPWs are also designed to have sufficient capacity 501 

throughout their life expectancy (at least 20 years) for expected population increases, 502 

e.g., expected loads in STPW2 inflow are going to double within the next decade. Thus, 503 

many of the STPWs analysed in this study were underloaded compared to their ultimate 504 

design capacity and would be expected to become more cost-effective as flow and loads 505 

increased/ The construction of the STPW has provided many co-benefits, including   506 

public access for recreation and improved biodiversity in this peri-urban setting [32]. 507 

Similarly, other treatment wetlands studied have provided important amenity, water  508 

re-use and environmental co-benefits (e.g., CTW 7 and 8). The monetary value of these 509 

co-benefits was not included in our analysis. In future research, the value of co-benefits 510 

delivered by treatment wetlands in urban or agricultural settings could be estimated by 511 

market and non-market valuation methods and subtracted from wetland costs to    512 

provide a more comprehensive cost-effectiveness evaluation [33].  513 

Monitoring and ongoing management are key activities that need to be financed and 514 

properly implemented to ensure continuous N removal from treatment wetlands. We 515 

recommend establishing a monitoring protocol to standardise water quality measure- 516 

ments and upfront and ongoing cost recording, together with a standardised methodol- 517 

ogy for calculating cost-effectiveness. This will further improve the cost-effectiveness 518 

values obtained in this study, allowing comparisons across a broader range of N-mitiga- 519 

tion strategies, including agricultural practice change, land-use change and other treat- 520 

ment systems. 521 

 522 
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 6. Conclusions 523 

 Well designed and appropriately sited treatment wetlands in tropical and sub- 524 

tropical Queensland can achieve effective DIN and TN removal in agricultural 525 

and peri-urban settings.  526 

 The N-removal performance of treatment wetlands is highest where DIN and TN 527 

concentrations in the inflow are high, vegetation cover is high, TSS concentration 528 

in the inflow is low (or an effective sedimentation basin is included as part of a 529 

treatment train), and the length to width ratio of the wetland is at least 3:1. 530 

 The cost per hectare of constructing and maintaining treatment wetlands in agri- 531 

cultural settings in Queensland is lower than previously assumed. 532 

 Treatment wetlands in agricultural settings in Queensland can provide a cost-ef- 533 

fective option for N-management, delivering DIN removal for less than the 534 

benchmark cost-effectiveness of A$150 kg-1 DIN at end-of-catchment recom- 535 

mended for Great Barrier Reef catchments. 536 

 For STPs, all treatment wetlands were highly effective for DIN and TN removal, 537 

and although costly, they can provide additional benefits such as recreation to 538 

adjacent communities, although these benefits were not included in our analyses. 539 

 Cost-effectiveness of agricultural and STP wetlands would be improved further 540 

if effective maintenance and repair prolong operational lifetime beyond 20 years 541 

and if the value of additional co-benefits is incorporated into the cost-effective- 542 

ness assessment. 543 

 Given all the above, treatment wetlands should be included in the mix of options 544 

for reducing N pollution in tropical and subtropical Australia.   545 

  546 
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 649 

Table S1. Considerations, limitations and uncertainties in nitrogen (N) load reduction estimations for 650 

treatment wetlands: constructed treatment wetlands (CTW), vegetated drain (VD), and sewage treatment 651 

plant wetlands (STPW).  652 

Flow measurement N load reduction estimation 

CTW1 

Groundwater flow measured in a dry 

and a wet season to provide dry 

season and wet season average flow 

volumes (m3/day),   

Difference in N concentration from inlet to outlet calculated for 

each monitoring event and averaged. Inlet concentration was 

the average of both groundwater and surface water inflow. 

Annual N load reduction estimation (Nred) calculated separately 

for wet season and dry season flow and N reduction: 

𝑁𝑟𝑒𝑑 =
∆N 𝑄

1000
 𝑑 

(where ∆N = average N reduction from inlet to outlet (mg L-1),  

Q = average flow volume (m3 d-1),  

d = number of days of inundation.  

Rainfall is used as a proxy for inundation (i.e. 129 days per 

year). 

Confidence: medium due to no surface water flow 

measurements.  Samples collected during a range of wet 

season and dry season events. 

CTW2 

Flow estimation based on four months 

monitoring of changes in water depth 

using electronic water level loggers, to 

calculate flow (m3/day) (February to 

June 2020, representing a range of 

flow conditions).  

Average flow during this period used 

as wet season flow and minimum flow 

used as dry season flow for calculating 

flow outside of this monitoring period.  

Difference in N concentration from inlet to outlet calculated for 

each monitoring event and averaged. 

Annual N load reduction estimation (Nred) calculated by adding 

together daily N reduction estimates: 

𝑁𝑟𝑒𝑑 = ∑
∆N 𝑄

1000
  

(where ∆N = average N reduction from inlet to outlet (mg L-1),  

Q = average flow volume (m3 d-1),  

Confidence: high, due to flow monitoring and samples collected 

across a range of wet season and dry season events. 

CTW3 

No flow measurement.  

Used areal denitrification rate calculated for this site (6.3 mg m−2 

h−1) as the DIN removal rate (as per Kavehei and others 2021).  

Annual N load reduction estimation (Nred) calculated using areal 

denitrification rate (converted to kg ha−1 d−1): 

𝑁𝑟𝑒𝑑 = 𝐷𝑡 𝑑  

(Where Dt = areal denitrification,  

d = number of days of inundation) 
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Rainfall is used as a proxy for inundation (i.e. 89 days of 

denitrification).  

Confidence: medium due to denitrification measurements 

quantifying rate of DIN removal. Likely to be an underestimate 

due to using rainfall as a proxy for inundation. 

CTW4 

No flow measurement. 

Used areal denitrification rate calculated for this site (8.1 mg m−2 

h−1) as the DIN removal rate (as per methodology in Kavehei 

and others 2021).  

Annual N load reduction estimation (Nred) calculated using areal 

denitrification rate (converted to kg ha−1 d−1) 

𝑁𝑟𝑒𝑑 = 𝐷𝑡 𝑑  

(Where Dt = areal denitrification,  

d = number of days of inundation) 

Rainfall is used as a proxy for inundation (i.e. 129 days of 

denitrification).  

Confidence: medium, due to denitrification measurements 

quantifying rate of DIN removal. Uncertain if rainfall is a suitable 

proxy for this site due to configuration of inlet and outlet pipes 

controlling inflow and outflow. 

CTW5 

Water flows from the MUSIC 

hydrological model, based on 

catchment size and retention time 

(48h) and 10% of the size of wetland to 

the catchment (26 ha).    

Difference in N concentration from inlet to outlet calculated for 

each monitoring event and averaged. 

Annual N load reduction (Nred) estimated using : 

𝑁𝑟𝑒𝑑 = ∆N ∆𝑄   

(where ∆N = average N reduction from inlet to outlet (mg L-1),  

∆Q = difference between flow in and flow out (ML/yr)  

Confidence: Low, as water quality sampling was not undertaken 

during high rainfall events due to access constraints and were 

not representative of the hydrograph. Flow was not monitored. 

CTW6 

Flow estimation based on changes in 

water depth to provide an estimate of 

volume treated (ML yr-1) 

Difference in N concentration from inlet to outlet calculated for 

each monitoring event and averaged. Inlet concentration was 

the average of the two inlets. 

Annual N load reduction estimation (Nred) calculated using: 

𝑁𝑟𝑒𝑑 =  ∆N V 

(where ∆N = average N reduction from inlet to outlet (mg L-1),  

V = Total volume treated (ML/yr). 

Confidence: medium, as the sampling was timed well to capture 

up to the peak or full hydrograph for irrigation and rainfall events. 
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Accurate flow measurements were not possible due to outlet 

structure design and re-use of water from the wetland. 

CTW7 

No flow measurement. 

Used denitrification rate estimated for this site (791 µg L−1 d−1) 

as the DIN removal rate (Waltham and Butler 2020).  

Annual N load reduction estimation (Nred) calculated using 

denitrification rate converted to kg ha−1 d−1 

 

𝑁𝑟𝑒𝑑 = 𝐷𝑡 𝑑  

(Where Dt = denitrification rate,  

d = number of days of inundation) 

(88 kg ha−2 yr−1) 

Confidence: low, as flow monitoring was not conducted and 

samples collected were not representative of the whole 

hydrograph.   

CTW8 

No flow measurement.  

The lack of flow information for this site and limited sampling that 

was unlikely to be representative of different flow events and 

along the hydrograph, precludes an estimation of N load 

reduction. 

VD1 and VD2 

One week of flow discharge 

measurement..  

Used areal denitrification rate calculated for the sites (1.8 and 

9.1 mg m−2 h−1 respectively) as the DIN removal rate (as per 

methodology in Kavehei and others 2021).  

 

Annual N load reduction estimation (Nred) calculated using areal 

denitrification rate (converted to kg ha−1 d−1) 

𝑁𝑟𝑒𝑑 = 𝐷𝑡 𝑑  

(Where Dt = areal denitrification,  

d = number of days of inundation) 

Rainfall is used as a proxy for inundation (i.e. 89 days of 

denitrification).  

Confidence: medium, due to denitrification measurements 

quantifying rate of DIN removal. 

STPW1 and STPW2 

Continuous flow discharge (in and 

outflow) measurements  

Total daily N load at inlet and outlet calculated using water 

quality and flow monitoring. 

Annual N load reduction estimation (Nred) calculated using: 

𝑁𝑟𝑒𝑑 = ∑ Nin − Nout 

(where Nin = daily N inflow (kg),  
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Nout = daily N outflow (kg), 

V = Total volume treated (ML/yr). 

Confidence: high, due to continuous flow monitoring and N 

monitoring. 

STPW3 and STPW4 

Flow estimation based on average dry 

weather flow design capacity ((m-3 d-

1)., 365 days a year).  

Calculated the average difference in N concentration from inlet 

to outlet. 

Annual N load reduction estimation (Nred) calculated using: 

𝑁𝑟𝑒𝑑 =
∆N 𝑄

1000
 𝑑 

(where ∆N = average N reduction from inlet to outlet (mg L-1),  

Q = design flow volume (m3 d-1) 

d = number of days of flow.  

Confidence: medium, due to using design flow capacity instead 

of monitoring flows. 

653 
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Table S2. Summary of cost data categories for each site, as provided by project proponents for inclusion in 654 

the cost-effectiveness analysis. A '' indicates data are available and a '’ indicates data are not available. 655 

Project management cost is excluded from cost-effectiveness analysis for STP1, STP2, STP3 and STP4 656 

(shown as shaded cells in grey). 657 

 

Site 

Upfront costs On-going costs 

Design Project 

managementa 

Constructionb Maintenance & repairc 

CTW1     

CTW2     

CTW3     

CTW4d 
    

CTW5     

CTW6     

CTW7     

CTW8     

VD1e     

VD2e     

STPW1f     

STPW2     

STPW3     

STP4     

a For wetlands and drains on farms that have no project management cost, project management cost from 658 

CW6, scaled by area, is used instead. b Lump sum total upfront cost and construction costs were available 659 

for CW7 and CW8 but a breakdown between design cost and project management cost was not provided. c 660 

Maintenance cost from CW6, scaled by area, is used for CW5, CW7 and CW8; maintenance cost from STP1, 661 

scaled by area, is used for STP3 and STP4. d Design cost for this wetland includes a specific cost component 662 

for a Development Approval for managing acid sulfate soil risk . e For VD1 and VD2, construction costs were 663 

estimated using an excavation cost function from Waltham et al 2021 (p85,86); maintenance cost was $350 664 

(in AUD expressed in financial year 2003/04 based on Waltham et al. 2021); and repair cost is assumed to 665 

be 20% of total construction cost. f Design cost for STP1 is assumed to be 15% of total wetland construction 666 

cost, consistent with industry practice. 667 

  668 
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Box S1: Adjusting base cost-effectiveness to include site-specific costs  669 

The base cost-effectiveness reported in the paper can be readily adjusted to include site-

specific costs to produce a ‘revised’ cost-effectiveness estimate appropriate for a wetland 

situated in a different location. This enables cost-effectiveness estimates to be derived for 

alternative scenarios and settings. 

 

 

Base scenario (using 8.5ha treatment wetland CW3, 20-year evaluation period and 5% 

discount rate as an example) 

 Annualised present value cost (APVC): $4197 ha-1 year-1 

 DIN load removal: 135.17 kg year-1 

 Cost-effectiveness at wetland site: $31.05 kg-1 DIN removed 

 

Alternative scenario (i.e. base scenario plus three additional costs incurred in financial year 

2020/21) 

1. Development Approval upfront cost: $40,000.  

2. Opportunity cost i.e. forgone gross margin from cane which is an on-going cost: 

$816 ha-1 year-1 

3. Pollutant (i.e. DIN) transport coefficient from wetland site to the Great Barrier Reef 

(GBR) lagoon: 0.9 

 

All calculations that follow are based on an evaluation period of 20 years and a 5% discount 

rate. Other evaluation periods (15, 20 and 25 years) and/or discount rates (3%, 7%) can 

also be used (provided relevant APVC values from Table 5 are used in the base scenario).  

 

Step 1: Annualise the per hectare upfront cost of Development Approval (DA) to convert it 

from $/ha to $/ha/year using Equation 2 (reproduced here as Equation A1): 

 

𝐴𝑃𝑉𝐶 =
𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 𝑢𝑝𝑓𝑟𝑜𝑛𝑡 𝑐𝑜𝑠𝑡

(
1 − (1 + 𝑟)−𝑇

𝑟 )
                                   (S1)    

Equation S1 indicates that: Annualised PV cost = Total PV costs ÷ Annuity factor, where 

the annuity factor for a 20-year evaluation period (T=20) and 5% discount rate (r = 0.05) is 

simply: 

𝐴𝑛𝑛𝑢𝑖𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 =
1 − (1 + 𝑟)−𝑇

𝑟
 =  

1 − (1 + 0.05)−20

0.05
   =12.46221034                 (S2)    

𝐴𝑛𝑛𝑢𝑎𝑙𝑖𝑠𝑒𝑑 𝑢𝑝𝑓𝑟𝑜𝑛𝑡 𝑐𝑜𝑠𝑡𝑠 𝑜𝑓 𝐷𝑒𝑣𝑒𝑙𝑜𝑝𝑚𝑒𝑛𝑡 𝐴𝑝𝑝𝑟𝑜𝑣𝑎𝑙          
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=  
(
40,000

8.5
) 

12.46221034
   =   377.61     (in $/ha/year)                                         (S3)    

Step 2: Add the annualised upfront costs of development approval ($377.61 ha-1 year-1) and 

the on-going opportunity cost ($816 ha-1 year-1) to the APVC from the base scenario: 

 

𝐴𝑃𝑉𝐶𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑣𝑒_𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜 = 4197 + 377.61 +  816 = 5391.61       (in $/ha/year)     (S4) 

 

Step 3: Revised or predicted cost-effectiveness at wetland site is calculated using Equation 

3 in the paper(reproduced here as Equation A5): 

 

𝐶𝐸𝑎𝑡_𝑠𝑖𝑡𝑒 =
𝐴𝑃𝑉𝐶 

𝐷𝐼𝑁_𝑟𝑒𝑚𝑜𝑣𝑒𝑑𝑎𝑡_𝑠𝑖𝑡𝑒 
 = 

5391.61

135.17
≈ 39.89    (in $/kg)      (S5) 

 

Step 4: Revised or predicted cost-effectiveness at end-of-catchment is 

 

𝐶𝐸𝑒𝑛𝑑_𝑜𝑓_𝑐𝑎𝑡𝑐ℎ𝑚𝑒𝑛𝑡 =
𝐶𝐸𝑎𝑡_𝑠𝑖𝑡𝑒

𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡
= 

39.89

0.9
= 44.32  (in $/kg)      (S6) 

 

 

 670 

 671 

  672 
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 673 

Figure S1. Inflow and outflow concentrations (mg L-1) and contribution to total nitrogen (TN) of the different 674 

species: particulate N (PN), dissolved organic N (PON) and dissolved inorganic N (DIN) for treatment 675 

wetlands. There were no DON measurements for CTW1-3. CTW = constructed wetlands, VD =vegetated 676 

drains and STP = sewage treatment plant wetlands.   677 

  678 
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 679 

Figure S2. Correlation ( p < 0.01) among inflow water parameters (DIN, TN, TSS and TP) and removal (Δ 680 

mg L-1).  681 

  682 
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 683 

 684 

Figure S3. 685 
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Table S3. Cost-effectiveness analysis under varying discount rates and evaluation periods for constructed 687 

treatment wetlands (CTW) and vegetated drains (VD) in tropical Australia. APVC = annualised present value 688 

cost, CE = cost-effectiveness metric 689 

Treatment 

System ID 

Discount rate: 3% per annum 

15 years 20 years 25 years 

APVC 

 $ yr-1 ha-1 

CE 

$ kgDIN-1 

APVC 

 $ yr-1 ha-1 

CE 

$ kgDIN-

1 

APVC 

 $ yr-1 ha-1 

CE 

$ kgDIN-

1 

CTW1 8,995 24 7,345 20 6,369 17 

CTW3 4,429 33 3,578 26 3,075 23 

CTW4 10,536 42 8,863 35 7,874 31 

VD2 3,887 50 3,507 45 3,167 41 

CTW7 7,898 90 6,564 75 5,775 66 

VD1 5,753 102 5,199 92 4,676 83 

CTW6 7,107 173 5,929 144 5,232 127 

CTW5 7,124 651 5,942 543 5,244 479 

CTW2 45,682 866 36,825 698 31,588 599 

 

Discount rate: 5% per annum 

15 years 20 years 25 years 

CTW1 10,106 27 8,527 23 7,616 21 

CTW3 5,014 37 4,197 31 3,725 28 

CTW4 11,699 47 10,096 40 9,172 37 

VD2 4,224 54 3,848 49 3,540 45 

CTW7 8,912 101 7,614 87 6,865 78 

VD1 6,256 111 5,703 101 5,233 93 

CTW6 7,988 194 6,844 166 6,184 150 

CTW5 7,898 722 6,769 619 6,118 559 

CTW2 51,543 977 43,084 816 38,190 724 

 

Discount rate: 7% per annum 

15 years 20 years 25 years 

CTW1 11,269 30 9,782 26 8,953 24 
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CTW3 5,629 42 4,857 36 4,427 33 

CTW4 12,915 52 11,405 46 10,564 42 

VD2 4,576 59 4,211 54 3,938 50 

CTW7 9,997 114 8,755 99 8,063 92 

VD1 6,779 120 6,242 111 5,827 103 

CTW6 8,928 217 7,836 190 7,227 175 

CTW5 8,705 796 7,644 699 7,053 645 

CTW2 57,665 1,093 49,701 942 45,263 858 

 690 

  691 
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Table S4. Cost-effectiveness analysis under varying discount rates and evaluation periods for sewage 692 

treatment plant wetlands (STPW) in subtropical Australia. 693 

Treatment 

System ID 

Discount rate: 3% per annum 

15 years 20 years 25 years 

Annualised 

present 

value cost $ 

yr-1 ha-1 

CE 

$ kgTN-1 

Annualised 

present 

value cost $ 

yr-1 ha-1 

CE 

$ kgTN-1 

Annualised 

present 

value cost $ 

yr-1 ha-1 

CE 

$ kgTN-1 

STP4 232,375 116 187,604 93 161,127 80 

STP2 99,269 629 84,800 538 76,223 483 

STP1 81,626 1,028 66,640 839 57,777 728 

STP3 205,158 1,066 165,764 861 142,467 740 

Treatment 

System ID 

Discount rate: 5% per annum 

15 years 20 years 25 years 

Annualised 

present 

value cost $ 

year -1 ha-1 

CE 

$ kgTN-1 

Annualised 

present 

value cost $ 

year -1 ha-1 

CE 

$ kgTN-1 

Annualised 

present 

value cost $ 

year -1 ha-1 

CE 

$ kgTN-1 

STP4 266,527 133 222,976 111 197,845 99 

STP2 108,029 685 94,436 599 86,572 640 

STP1 93,126 1,173 78,552 990 70,142 907 

STP3 235,224 1,221 196,904 1023 174,792 908 

Treatment 

System ID 

Discount rate: 7% per annum 

15 years 20 years 25 years 

Annualised 

present 

value cost $ 

year -1 ha-1 

CE 

$ kgTN-1 

Annualised 

present 

value cost $ 

year -1 ha-1 

CE 

$ kgTN-1 

Annualised 

present 

value cost $ 

year -1 ha-1 

CE 

$ kgTN-1 
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STP4 303,050 151 261,387 130 238,171 119 

STP2 116,955 741 104,390 662 97,371 617 

STP1 105,416 1,362 91,476 1,152 83,709 1,055 

STP3 267,377 1,389 230,718 1,198 210,290 1,092 

 694 

 695 


