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Abstract 16 

Wastewater treatment is a significant, yet often overlooked, contributor to global greenhouse 17 

gas emissions, accounting for ~1.6% of anthropogenic emissions (~0.77 Gt CO2-equivalent 18 

per year), including 7-10% of methane (CH4) and nitrous oxide emissions (N2O). However, 19 

scalable mitigation options remain scarce. Constructed floating wetlands (CFWs) are widely 20 

used to reduce nutrient loads in wastewater systems, but their potential to reduce greenhouse 21 
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gas emissions at full operational scales remains unclear. We conducted a two-year, full-scale 22 

trial of a CFW in a wastewater holding lagoon in southeastern Australia. The lagoon was 23 

divided into paired treatment (with the CFW) and control channels using baffle curtains. At 24 

the start and end of each channel, we monitored greenhouse gas emissions continuously and 25 

water quality monthly. On average, carbon dioxide (CO2)-equivalent emissions in the 26 

treatment channel were 22-31% lower than in the control, primarily driven by reduced CH4 27 

emissions (32-66%), with additional reductions in CO2 (24-36%) and N2O emissions (18%). 28 

Total Kjeldahl nitrogen levels (primarily organic nitrogen) declined by 12%, whereas nitrate 29 

and phosphorus remained unaffected. Notably, emission reductions emerged within four to 30 

seven months of CFW installation, preceding detectable nutrient reductions, which only 31 

became evident after 12 months. Our findings provide the first full-scale evidence that CFWs 32 

can substantially reduce greenhouse gas emissions from wastewater lagoons and may offer a 33 

promising nature-based pathway to support net-zero targets in the water sector. Nevertheless, 34 

wide-scale adoption will likely depend on further validation across treatment systems and 35 

configurations, as well as on addressing upfront costs and regulatory barriers. 36 
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Introduction 40 

Wastewater treatment plants are an important source of greenhouse gas emissions, releasing 41 

large amounts of carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) during 42 

treatment processes (Nguyen et al., 2019). Globally, wastewater treatment accounts for 43 

~1.6% of total anthropogenic emissions, which equates to 0.77 Gt (0.77 ´ 109 tonnes) CO2-44 

equivalent per year (IPCC, 2014). Considering CH4 and N2O emissions alone, wastewater 45 

treatment accounts for an estimated 7-10% of global anthropogenic emissions (Maktabifard 46 

et al., 2023). These non-CO2 greenhouse gases are of particular concern because their global 47 

warming potentials (GWPs) are 27 (CH4) and 273 (N2O) times greater than CO2 on a 100-48 

year timescale (IPCC, 2021). As a result, wastewater treatment plants are considered hotspots 49 

for high-impact emissions. 50 

In recent decades, emissions from the water sector have increased substantially. 51 

According to IPCC inventory estimates, CH4 emissions increased by ~50% between 1990 52 

and 2020, with N2O emissions increasing by ~25% (IPCC, 2007). This increase in emissions 53 

has been largely driven by rapid urbanisation and infrastructure expansion associated with 54 

economic and population growth (U.S. Environmental Protection Agency, 2012). The sector’s 55 

growing climate footprint has prompted widespread decarbonisation pledges, with several 56 

countries, including Australia, members of the European Union, and China, committing to 57 

net-zero targets by 2050-2060 (Maktabifard et al., 2023). However, meeting these targets 58 

requires innovative, evidence-based strategies to deliver scalable emission reductions across 59 

the global water sector. 60 

 Wastewater is characterised by high nutrient concentrations, particularly nitrogen and 61 

phosphorus (Carey & Migliaccio, 2009). Treatment processes largely rely on microbial 62 

breakdown to remove these nutrients, a process that also generates most of the sector’s direct 63 
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(“Scope 1”) emissions (Wu et al., 2022). Specifically, microbial respiration of organic matter 64 

produces CO2, methanogenesis produces CH4, and nitrification and denitrification both 65 

produce N2O (Li et al., 2021; Zhu et al., 2025). During enclosed treatment stages, some of 66 

these emissions can be mitigated through capture and utilisation. For example, CH4 that is 67 

produced during anaerobic digestion can be captured and used for flaring or energy recovery 68 

(Campos et al., 2016). In contrast, emissions from open lagoons cannot be mitigated as easily. 69 

After primary treatment, wastewater effluent is typically stored in large, open holding 70 

lagoons that are used for flow equalisation, seasonal storage, and additional settling to 71 

remove residual suspended solids before discharge into the ocean, reuse for irrigation, or 72 

further treatment (Shammas et al., 2009). Nevertheless, treated effluent typically retains 73 

substantial amounts of nutrients and organic matter, which can fuel further microbial activity 74 

and associated greenhouse gas production (Carey & Migliaccio, 2009). In particular, nutrient-75 

rich inflows, long hydrological retention times, and the development of anaerobic conditions 76 

make wastewater holding lagoons substantial, yet often under-recognised, greenhouse gas 77 

emission hotspots (Ho et al., 2021; Song et al., 2023). Tackling emissions from these open 78 

lagoons by targeting nutrient reductions could therefore deliver some of the most immediate 79 

and cost-effective gains toward net-zero goals in the water sector, while simultaneously 80 

supporting compliance with increasingly stringent nutrient discharge regulations (Preisner et 81 

al., 2020). 82 

 Constructed floating wetlands (CFWs) are a promising nature-based solution for 83 

reducing nutrient loadings in open-water systems, including wastewater holding lagoons. 84 

CFWs consist of buoyant platforms that support the growth of emergent wetland plants, with 85 

plant roots growing directly into the water column (Pavlineri et al., 2017). The extensive root 86 

network provides ample surface area for microbial biofilms to establish, thereby facilitating 87 

nutrient uptake by plants, trapping of suspended particles, and biofilm-mediated breakdown 88 
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and transformation of organic materials and other pollutants (Nichols et al., 2016; Shahid et 89 

al., 2020). To date, CFWs have been used in a wide range of settings, including eutrophic 90 

lakes, wastewater effluents, agricultural and stormwater runoffs, among other applications 91 

(reviewed in Shahid et al., 2018). Across these systems, reported average nutrient removal 92 

efficiencies ranged from 49% for total phosphorus to 58% for total nitrogen and 73% for 93 

ammonium, although performance is strongly dependent on vegetation coverage, a lagoon’s 94 

hydrological retention times, and nutrient concentrations in the influent (Pavlineri et al., 95 

2017). In a wastewater lagoon specifically, Benvenuti et al. (2018) reported nitrogen and 96 

phosphorus reductions of 41% and 37%, respectively, within 12 months of deploying a full-97 

surface CFW. Crucially, reducing nutrient levels using CFWs may have a strong co-benefit 98 

for climate change mitigation by limiting microbial greenhouse gas production, including 99 

microbial respiration, methanogenesis, nitrification, and denitrification (Audet et al., 2024; Li 100 

et al., 2021). For instance, a 25% reduction in nitrate concentrations has been shown to cut 101 

CO2-equivalent emissions from agricultural ponds, on average, by 54% (Ollivier et al., 2018). 102 

Yet, despite the wide use of CFWs for nutrient management and the clear link between 103 

nutrient availability and greenhouse gas emissions, the potential of CFWs to directly reduce 104 

emissions at full operational scales has not yet been investigated. 105 

 In this study, we evaluated the performance of a CFW in reducing nutrient 106 

concentrations and greenhouse gas emissions from a wastewater holding lagoon in 107 

southeastern Australia. We used baffle curtains to create two channels inside the lagoon: one 108 

containing a CFW and the other serving as an unmodified control (Fig. 1). This channelised, 109 

within-lagoon design provides a direct, side-by-side comparison that attributes differences in 110 

greenhouse gas emissions to the presence of the CFW under shared hydrological and climatic 111 

conditions, rather than inferring treatment effects from whole-lagoon temporal comparisons. 112 

Over a two-year monitoring period, we measured nutrient concentrations and greenhouse gas 113 
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fluxes, including CO2, CH4, and N2O, to determine: (i) the effectiveness of CFWs in 114 

mitigating dissolved nutrient loads and greenhouse gas emissions in open wastewater 115 

lagoons, (ii) the timeframe required to achieve measurable nutrient and emission reductions, 116 

and (iii) the relationships between nutrients, other water quality parameters, and greenhouse 117 

gas emissions to infer the mechanisms by which the CFW influences greenhouse gas 118 

dynamics. To support decision-making and cost planning for water utilities considering the 119 

installation of CFWs in wastewater lagoons, we also quantified the capital (CAPEX) and 120 

operational (OPEX) expenditures associated with the installation, monitoring, and 121 

maintenance of the CFW system over the two-year study period. Altogether, our study 122 

provides one of the first comprehensive, full-scale assessments of CFW performance for 123 

nutrient and greenhouse gas emission mitigation in commercial wastewater lagoons, 124 

elucidating the magnitude and timing of observed CFW effects. 125 

 126 
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Material and methods 127 

Site description 128 

We conducted our study at the effluent holding lagoon of the Westernport Water wastewater 129 

treatment plant, located on Phillip Island, Victoria, Australia (38° 29’ 13.7” S, 145° 13’ 12.3 130 

“E) between April 2023 and April 2025. The holding lagoon is used to store class C treated 131 

wastewater that is characterised by high nutrient levels (particularly nitrogen and phosphorus) 132 

and is used for agricultural irrigation, discharged into the ocean, or further filtered and treated 133 

for other reuse purposes. The lagoon is 4,500 m2 in size and can hold up to 14 ML (million 134 

litres) of treated wastewater. Across our monitoring period, water levels in the lagoon ranged 135 

between 1.08 and 3.22 m (2.1 ± 0.01 m). The average water inflow rate into the lagoon was 136 

45.3 ± 0.19 L sec-1, with hydraulic retention times ranging between 1 and 2.3 days (1.66 ± 137 

0.06 days). The study region is characterised by a temperate Mediterranean climate, with 138 

long-term (1981-2017) average monthly temperatures ranging from 10°C in winter to 18°C in 139 

summer, and an average yearly precipitation of 738 mm (Bureau of Meteorology). 140 

 141 

Experimental design 142 

To assess the efficacy of a CFW in reducing nutrient levels and greenhouse gas emissions, we 143 

relied on a paired-channel design, where the lagoon was subdivided into two 9.4 m wide 144 

channels using three 40 m-long vinyl baffle curtains in March 2023: a treatment channel with 145 

the CFW and an unmodified control channel (no CFW). The baffle curtains were designed to 146 

minimise mixing and water exchange between channels by weighing down the bottom with 147 

heavy chains, whereas the top was filled with a 90 mm polyvinyl chloride (PVC) stormwater 148 

pipe and fitted with polyethylene foam floats (‘pool noodles’) to keep it afloat. All baffle 149 

curtains were tensioned on both sides of the lagoon to keep the zones separate and securely 150 
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anchored. To ensure that both channels received similar amounts of water, a splitter box was 151 

installed at the lagoon inlet that equally distributed the inflow water between the control and 152 

treatment channels (Fig. 1). Because the channels were located at the lagoon inlet with 153 

continuous flow-through, their hydrological retention time was much shorter than that of the 154 

lagoon (9.68 h vs. 1.66 days), reflecting their smaller average water volumes (788,096 ± 155 

1,969 L) combined with high inflow rates (45.3 ± 0.19 L sec-1). Note that despite secure and 156 

tensioned installation of the baffle curtains, some limited water exchange between channels 157 

may have occurred, particularly near the lagoon inlet. However, any such mixing would 158 

likely have diluted rather than exaggerated the observed CFW effects. Consequently, any 159 

reported treatment effects are likely conservative estimates. 160 

 Prior to the installation of the CFW, we conducted baseline monitoring to quantify 161 

pre-existing differences in greenhouse gas fluxes and water quality parameters between the 162 

treatment and control channels. Specifically, baseline monitoring ensured that any observed 163 

post-installation changes could be attributed to the CFW rather than inherent channel 164 

variation. To do so, we collected one-time grab samples approximately 10 cm below the 165 

water surface at the inlet (start of the channel) and outlet (end of the channel) of each channel 166 

(2 channels ´ 2 sampling points ´ 1 sample each = 4 samples) for water quality analyses in 167 

April 2023. We also deployed two floating greenhouse gas sensors (‘Pondi’, see below) at the 168 

start and end of each channel (2 channels ´ 2 sampling points ´ 2 sensors each = 8 sensors), 169 

taking hourly readings for one month to determine baseline CO2, CH4, and N2O fluxes (April-170 

May 2023). We conducted greenhouse gas flux monitoring and water quality sampling at the 171 

start and end of each channel to capture the net effect of the CFW on water quality and 172 

emissions. This inflow-outflow approach aligns with conventional wastewater treatment 173 

assessments, where treatment performance is evaluated based on changes between the entry 174 

and exit points, rather than internal spatial variability (Lucke et al., 2019). 175 
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 Following baseline monitoring, the CFW was installed by Clarity Aquatic 176 

(Queensland, Australia) in mid-May 2023, and we continued to monitor water quality and 177 

greenhouse gas fluxes at the start and end of the channels monthly. The CFW consisted of 60 178 

modules (2.35 m ´ 2.35 m) and was 331 m2 in size, covering approximately 7.4% of the 179 

lagoon’s water surface. Each module contained 15 interchangeable polypropylene baskets (57 180 

cm ´ 38 cm ´ 17 cm) that were half-filled with aggregate and planted with two plants of the 181 

same species. The CFW was initially planted with two native wetland plant species, Baumea 182 

articulata and Phragmites australis, with each species occupying half of the CFW (30 183 

modules per species ´ 15 baskets ´ 2 plants per basket ´ 2 species = 1,800 plants). However, 184 

approximately half of the B. articulata plants failed to establish within the first year and 185 

were, therefore, replaced with Bolboschoenus caldwellii in May 2024. Following this 186 

replanting, the CFW was comprised of 50% P. australis, 25% B. articulata, and 25% B. 187 

caldwellii. Across the monitoring period, the CFW was maintained through weeding in 188 

November 2023 (removal of non-target plant species) and plant harvesting by trimming the 189 

shoots in September 2024 (P. australis and weeding) and March 2025 (all wetland plant 190 

species; Table S1). These periodic harvesting events were implemented to promote regrowth 191 

to maximise nutrient uptake from the wastewater. All harvested plant material was disposed 192 

of by burning. 193 

Altogether, we monitored water quality and greenhouse gas fluxes for 21 months 194 

across the two-year monitoring period, with four months (October 2023 and June to 195 

September 2024) omitted due to weather-related access limitations and temporary logistical 196 

interruptions. 197 

 198 
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Water quality parameters 199 

For water quality testing, we collected 500 mL grab samples approximately 10 cm below the 200 

water surface at the start and end of both channels once a month across the monitoring period 201 

(4 samples per month ´ 21 months = 84 samples). We stored all samples at 4°C overnight and 202 

sent them to Nutrient Advantage Laboratory (Victoria, Australia) the next day for the 203 

quantification of nitrate nitrogen (NO3- in mg L-1; APHA method 4500-NO3-I), ammonium 204 

(NH4+ in mg L-1; APHA method 4500-NH3-H), total Kjeldahl nitrogen (in mg L-1; s-TKNä 205 

method), which includes ammonium and organic nitrogen contents, and total phosphorus (in 206 

mg L-1; APHA methods 3120 B; 3030 B) levels in the surface water samples. Note that 207 

ammonium concentrations were below the detection limit (<1 mg L-1) at all sampling 208 

locations and monitoring time points. As a result, the total Kjeldahl nitrogen values reported 209 

here primarily reflect organic nitrogen concentrations. We also measured dissolved oxygen 210 

concentration (in %), pH, and temperature (in °C) approximately 10 cm below the water 211 

surface using a Hanna HI98194 portable multi-meter at each sampling point. 212 

 213 

Greenhouse gas flux measurements 214 

We used ‘Pondi’ loggers to quantify greenhouse gas fluxes at the start and end of the 215 

treatment and control channels (Malerba et al., 2025). Pondi loggers consisted of a 16 L 216 

floating chamber (45 cm in diameter ´ 15.5 cm in height) fitted with a Sensirion SCD40 217 

sensor to quantify CO2 levels within the gas collection chamber (measurement range: 0-218 

40,000 ppm), a Figaro TGS2611-E00 sensor for CH4 (measurement range: 0-10,000 ppm), 219 

and a Dynament Platinum P/N2OP/NC/4/P sensor for N2O (measurement range: 0-1,000 220 

ppm). Floating chambers can capture constant fluxes (diffusion) and stochastic releases of 221 
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gas bubbles (ebullition), which are particularly relevant for CH4 fluxes. Thus, both flux types 222 

were included in our greenhouse gas flux estimates.  223 

Each Pondi was powered by two solar panels and battery cells and used Telstra’s Cat-224 

M1 network to transfer data to a cloud in real-time. To mitigate gas saturation effects, each 225 

Pondi was equipped with an external air pump configured to automatically vent the chamber 226 

headspace once per week by injecting ambient air. This periodic venting ensured internal gas 227 

concentrations were reset to ambient levels, preventing saturation-induced suppression of 228 

fluxes. Field trials indicated that CH4 levels do not typically saturate for several weeks, 229 

whereas CO2 and N2O gases typically reach saturation within one to three days (Fig. S1). 230 

Consequently, we selected weekly venting as a practical compromise across all gases, while 231 

also conserving battery life. Finally, we checked all weekly gas flux trajectories manually and 232 

removed any segments showing signs of saturation (i.e., lack of a linear increase in gas 233 

concentration over time) from flux calculations. 234 

To minimise sensor drift and biofouling, we retrieved all Pondi loggers every four 235 

weeks and replaced them with a newly calibrated set (refer to Malerba et al., 2025 for details 236 

on sensor calibrations). At each sampling location, we deployed two Pondi units (8 loggers in 237 

total) and monitored greenhouse gas concentrations within the chamber hourly. In the 238 

treatment channel, we tethered the Pondi to the CFW using ropes. In the control channel, we 239 

used a rope and pulley system to align the sensor placement with the corresponding locations 240 

in the treatment channel, thus ensuring spatial comparability (Fig. 1). 241 

We estimated greenhouse gas fluxes from the water surface to the atmosphere (F; g m-242 

2 day-1) as:  243 

𝐹 = 	 !"#$%	×	(	×	)	×	*	×	+!
,	×	-	×	.	×	+"

                                                          (1) 244 
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where slope is the linear rate of change in gas concentration over time within the chamber 245 

(ppm min-1), V is the chamber volume (0.01309 m3), P is the average atmospheric pressure in 246 

Pascals within the chamber during the measurement period, M is the molar mass (44.01 g 247 

mol-1 for CO2, 16.04 g mol-1 for CH4, and 44.013 g mol-1 for N2O), F1 is the conversion 248 

factor from minutes to days (1,440), A is the surface area of the chamber (0.1282 m2), which 249 

is equivalent to the water surface area, from which gas fluxes were measured, R is the ideal 250 

gas constant (8.314 J mol-1 K-1), T is the average temperature in Kelvin within the chamber, 251 

and F2 is the conversion factor to convert ppm (µmol mol-1) to mol mol-1 (1,000,000). 252 

 To calculate CO2-equivalent fluxes, we multiplied CH4 and N2O fluxes by their 253 

respective 100-year GWPs (27 for CH4 and 273 for N2O) and then summed them with the 254 

measured CO2 fluxes (IPCC, 2021). 255 

 256 

Statistical analyses 257 

We used linear models to test for the effects of channel (control or treatment channel) and 258 

sampling location (start or end of channel) on baseline (T0; before the CFW was installed) 259 

greenhouse gas fluxes (CO2, CH4, and N2O) and water quality parameters (total Kjeldahl 260 

nitrogen, nitrate, phosphorus, surface water temperature, dissolved oxygen, and pH). 261 

 To test for the effects of channel and sampling location on greenhouse gas fluxes and 262 

water quality parameters after the CFW was installed, we used linear mixed effects models 263 

and included time point (T1 to T19) as a random effect in all models to account for repeated 264 

measures. We included sampling year as a fixed effect in all models to differentiate between 265 

the establishment phase (year 1; May 2023-April 2024) and the mature phase, when most 266 

plants on the CFW were established (year 2; May 2024-April 2025). 267 
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We used linear mixed-effects models with time point as a random effect to test for the 268 

effects of total nitrogen (the sum of total Kjeldahl nitrogen and nitrate concentrations), 269 

dissolved oxygen, channel, and sampling location on greenhouse gas fluxes. To avoid bias 270 

due to multicollinearity among environmental predictors, we calculated variance inflation 271 

factors (VIFs) and selected a cut-off value of 5 (Zuur et al., 2009). We found that including 272 

total Kjeldahl nitrogen, nitrate levels, and phosphorus resulted in VIFs > 5 for these 273 

predictors. As a result, we calculated total nitrogen concentrations by summing total Kjeldahl 274 

nitrogen and nitrate concentrations to estimate their combined effects on greenhouse gas 275 

fluxes and removed phosphorus from the final model. Similarly, including pH and water 276 

surface temperature in our model resulted in VIFs > 5 for these predictors. As a result, we 277 

only included dissolved oxygen and total nitrogen in the final model, given their importance 278 

in modulating greenhouse gas fluxes (Huang et al., 2020; Li et al., 2021). When modelling 279 

CH4 fluxes, we excluded spikes observed after plant harvesting (at T6, T13, and T19; see 280 

Results), since these events were most likely attributable to harvesting disturbance rather than 281 

water quality dynamics. We centred and scaled all predictors before fitting linear mixed-282 

effects models and identified the best-fitting model using Akaike information criteria 283 

corrected for small sample sizes (AICc; Burnham & Anderson, 2004).  284 

We performed all analyses and visualisations in R v4.5.0 (R Core Team, 2013), using 285 

the nlme v.3.1-168 (Pinheiro et al., 2024) and ggplot2 v.3.5.2 (Wickham, 2016) packages. 286 

When standardised residuals showed unequal variances or systematic trends, we included 287 

sampling year-, channel- and/or sampling location-specific variance coefficients in the model 288 

(function “varIdent”). Errors reported throughout are standard errors.    289 
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Results 290 

Baseline water quality and greenhouse gas fluxes 291 

Prior to the installation of the CFW, all water quality parameters, including total Kjeldahl 292 

nitrogen, nitrate, phosphorus, surface water temperature, dissolved oxygen, and pH, were 293 

comparable (<6.7% difference) between channels at the respective sampling locations (start 294 

and end of the channels) (Fig. S2). Similarly, baseline CO2, CH4, and N2O fluxes did not 295 

significantly differ between channels (CO2: P = 0.58; CH4: P = 0.47; N2O: P = 0.57; Fig. S3, 296 

Table S2). 297 

 298 

Effects of the CFW on dissolved nutrient levels and other water quality parameters 299 

After the CFW was installed in the treatment channel, we continued monitoring water quality 300 

in both channels monthly. Although nutrient levels fluctuated over time, we found that total 301 

Kjeldahl nitrogen levels started to trend lower at the end of the treatment channel 12 months 302 

after the installation of the CFW (time point T11; Fig. 2). When considering the full 303 

monitoring period, we found that overall total Kjeldahl nitrogen levels were, on average, 12% 304 

lower at the end of the treatment compared to the end of the control channel (channel ´ 305 

sampling location: P = 0.04; Fig. 3, Table S3). Contrastingly, the CFW had no detectable 306 

effect on nitrate or phosphorus levels. 307 

Other water quality parameters, including surface water temperature and pH, did not 308 

significantly differ between channels or sampling locations (Fig. S4, Table S4). In contrast, 309 

overall dissolved oxygen concentrations were, on average, 9% higher at the end of the 310 

treatment than in the control channel (79.3 vs. 72.9%; channel ´ sampling location: P = 0.02; 311 

Fig. S4, Table S4).  312 
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 313 

Effects of the CFW on greenhouse gas emissions 314 

We next evaluated the effects of the CFW on CO2, CH4, and N2O emissions. CH4 fluxes in 315 

the treatment channel began to decrease relative to the control four months after CFW 316 

deployment (T4), whereas reductions in CO2 and N2O fluxes became apparent seven months 317 

after the CFW was installed (T7; Fig. 4). Nevertheless, these differences in greenhouse gas 318 

emissions between channels were not always apparent across the monitoring period (Fig. 4). 319 

For example, CO2 fluxes in the treatment channel were lower relative to the control channel 320 

at 12 out of the 19 monitoring time points. Similarly, CH4 and N2O fluxes in the treatment 321 

channel were lower at eight and seven time points, respectively. Notably, we found that plant 322 

harvesting induced sharp but short-lived spikes in CH4 fluxes in the treatment channel. 323 

Specifically, CH4 emissions at the end of the treatment channel reached 3.3-12.5 times those 324 

measured in the control channel after harvesting in November 2023, September 2024, and 325 

March 2025. Nevertheless, CH4 emissions returned to pre-harvest levels within one month 326 

(Fig. 4). 327 

 When averaged across the entire monitoring period, greenhouse gas emissions were 328 

significantly lower in the treatment than in the control channel (Table S5). On average, CO2 329 

fluxes in the treatment channel were 24% lower than in the control channel during the first 330 

sampling year (T1-T10; 1.17 vs. 1.53 g CO2 m-2 day-1) and 36% lower during the second year 331 

(T11-T19; 1.17 vs. 1.82 g CO2 m-2 day-1; sampling year ´ channel: P = 0.04). CH4 fluxes 332 

were also lower in the treatment channel, but the magnitude of reduction depended on the 333 

sampling location (channel ´ sampling location: P = 0.01). Specifically, average CH4 fluxes 334 

at the start of the treatment channel were 66% lower than at the start of the control channel 335 

(0.004 vs. 0.01 g CH4 m-2 day-1), whereas fluxes at the end of the treatment channel were 336 
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32% lower than at the end of the control channel (0.02 vs. 0.03 g CH4 m-2 day-1). When 337 

harvesting-related CH4 spikes were excluded, overall CH4 emission reductions in the 338 

treatment channel strengthened to 60% compared to a 32% reduction when all measurement 339 

time points were included. Average N2O fluxes were 18% lower in the treatment channel 340 

across both sampling years (0.016 vs. 0.02 g N2O m-2 day-1, P = 0.07; Fig. 5, Table S5).  341 

In terms of CO2-equivalent fluxes, the combined emissions of all three greenhouse 342 

gases across the monitoring period were, on average, 22% lower in the treatment than the 343 

control channel (6.79 vs. 8.74 g CO2-equivalent m-2 day-1, P = 0.002). When excluding 344 

harvesting-related CH4 spikes, average CO2-equivalent fluxes from the treatment channel 345 

were 31% lower than from the control channel (6.51 vs. 9.39 g CO2-equivalent m-2 day-1, P < 346 

0.0001; Table S5). 347 

 348 

Drivers of greenhouse gas emissions in wastewater 349 

We next assessed the effects of total nitrogen (total Kjeldahl nitrogen + nitrate) and dissolved 350 

oxygen on greenhouse gas fluxes to identify key drivers of emissions. We found that CO2 351 

fluxes were significantly influenced by both total nitrogen and dissolved oxygen, but the 352 

effects varied between channels. In the control channel, CO2 fluxes increased with increasing 353 

total nitrogen concentrations (channel ´ total nitrogen: P = 0.01) but tended to decrease with 354 

increasing dissolved oxygen levels (channel ´ dissolved oxygen: P = 0.09). Contrastingly, 355 

CO2 fluxes in the treatment channel were not significantly affected by either total nitrogen or 356 

dissolved oxygen concentrations (Fig. 6, Table S6). Neither CH4, N2O, nor CO2-equivalent 357 

fluxes were significantly affected by total nitrogen or dissolved oxygen levels in either the 358 

control or treatment channel (Table S6).  359 

 360 
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Costs associated with the installation, monitoring, and maintenance of the CFW 361 

To support decision-making and cost planning for utilities and water managers considering 362 

the deployment of CFWs in wastewater lagoons for nutrient and greenhouse gas emission 363 

mitigation, we provide a detailed breakdown of the capital (CAPEX) and operational (OPEX) 364 

expenditures associated with the installation, monitoring, and maintenance of the CFW over 365 

the two-year study period (Table 1). The total project cost, based on actual expenditures and 366 

supplier quotes, was AU$360,016 (US$234,010). The majority of costs (~75%) was 367 

attributed to CAPEX, including the design, construction, and installation of the CFW, as well 368 

as greenhouse gas flux equipment (Pondi loggers) and water quality assessments. The 369 

remaining OPEX (~25%) covered labour for CFW maintenance, plant harvesting, and data 370 

analysis and reporting of flux and water quality data. When expressed relative to CFW area 371 

(331 m2) and monitoring duration, CAPEX equated to AU$873 m-2 (US$567 m-2), and OPEX 372 

to AU$107 m-2 year-1 (US$70 m-2 year-1). 373 

 374 
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Discussion 375 

Wastewater treatment plants are significant emitters of anthropogenic greenhouse gases to the 376 

atmosphere (IPCC, 2014). With widespread decarbonisation pledges across the global water 377 

sector, innovative and evidence-based strategies to deliver scalable emission reductions are 378 

urgently needed to meet net-zero targets. Using a channelised experimental design, our 379 

findings demonstrate that installing a CFW in a wastewater holding lagoon significantly 380 

reduced CO2, CH4, and N2O emissions, with emission reductions becoming evident within 381 

four to seven months after the installation of the CFW. Considering the sum of all three 382 

greenhouse gases, average CO2-equivalent emissions in the treatment channel (with the 383 

CFW) were 22-31% lower than in the control channel, with the lower value reflecting the 384 

effects of short-term CH4 spikes after plant harvesting on overall emission reductions. We 385 

also observed significant reductions in organic nitrogen levels (total Kjeldahl nitrogen) and 386 

increased dissolved oxygen concentrations at the end of the treatment channel (after the 387 

CFW), whereas nitrate and phosphorus levels were not affected by the CFW. Finally, CO2 388 

fluxes were positively associated with total nitrogen (total Kjeldahl nitrogen + nitrate) and 389 

tended to decline with increasing dissolved oxygen levels, whereas CH4 and N2O fluxes 390 

showed no significant relationships with water quality. Altogether, our results highlight the 391 

potential of CFWs as a promising nature-based solution to mitigate greenhouse gas emissions 392 

from wastewater lagoons and provide an evidence base to evaluate their cost-effectiveness 393 

and practicality for wider adoption. 394 

The efficacy of CFWs in reducing nutrient concentrations in wastewater lagoons is 395 

strongly dependent on hydrological retention times, which control the contact time between 396 

water and plant roots and microbial biofilms (Pavlineri et al., 2017). In systems with low 397 

hydrological retention times, such as in our study (9.68 h within the channels), nutrient 398 

removal efficiency tends to be limited, since inflows can rapidly transport nitrogen and 399 
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phosphorus through the lagoon before substantial uptake or transformation occurs. We 400 

observed detectable reductions in organic nitrogen levels only after 12 months, yielding an 401 

overall reduction of 12% across our monitoring period. Contrastingly, phosphorus and nitrate 402 

levels remained unaffected, indicating relatively modest total nutrient removal under our 403 

experimental conditions. To maximise nutrient removal, deploying CFWs in wastewater 404 

lagoons with longer hydrological retention times may thus lead to earlier and stronger 405 

nutrient reductions, which, in turn, could also enhance their capacity to mitigate greenhouse 406 

gas emissions by limiting nutrient-driven production pathways. Alternatively, expanding 407 

CFW coverage across a larger lagoon surface area may achieve similar improvements by 408 

increasing the scale of plant and microbial interactions with the water column, although such 409 

modifications may have operational implications (Pavlineri et al., 2017). 410 

 In aquatic systems, net greenhouse gas emissions are governed by microbial 411 

production and consumption as well as physical gas transfer processes (Bastviken, 2009; 412 

Hallin et al., 2018; Raymond et al., 2012). Given the significant reductions in CO2, CH4, and 413 

N2O emissions even in the absence of strong CFW effects on dissolved nutrient levels, 414 

reduced substrate availability was unlikely to be the primary driver of these reductions, at 415 

least during early stages. Instead, biological consumption and physical mechanisms likely 416 

contributed to the observed mitigation. By creating extensive root and biofilm habitats, CFWs 417 

can support diverse microbial assemblages, including algae, methanotrophs and N2O 418 

reducers, which play a critical role in regulating net greenhouse gas emissions from aquatic 419 

ecosystems (Huang et al., 2025; Tranvik et al., 2009; Wang et al., 2024). These root systems 420 

can also trap and extend the residence time of dissolved gases or rising bubbles (e.g., the 421 

ebullitive release of CH4), thereby enhancing opportunities for microbial oxidation or algal 422 

uptake before release to the atmosphere (Kosten et al., 2016; Wang et al., 2024). 423 

Consequently, enhanced greenhouse gas consumption within these established root-424 
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associated habitats may provide a plausible biological pathway for rapid emission mitigation. 425 

Simultaneously, partial coverage of the water surface by the CFW may have reduced wind 426 

shear and surface turbulence, lowering gas transfer velocities and constraining water-air 427 

exchange (Raymond et al., 2012). Nevertheless, short-term variability in microbial activity or 428 

physical forcing may temporarily reduce mitigation effects, leading to emissions comparable 429 

to those observed in the control channel at some measurement time points. Yet overall 430 

greenhouse gas fluxes were substantially lower in the treatment channel, highlighting the 431 

potential of CFWs to reduce long-term greenhouse gas emissions, even when nutrient 432 

removal is limited. Future studies should couple water-air flux measurements with dissolved 433 

gas profiles, direct estimates of gas transfer velocities, and targeted sediment and water-434 

column process assays, including microbial analyses, to mechanistically distinguish altered 435 

physical gas exchange from shifts in greenhouse gas production, consumption, or in-water 436 

transformation. Such integration will enable more precise attribution of emission reductions 437 

and inform the optimisation of CFW design to maximise greenhouse gas mitigation. 438 

The relationships between nutrient dynamics and greenhouse gas emissions are often 439 

complex and vary across gases (Zhang et al., 2024). We found that CO2 fluxes were 440 

positively associated with total nitrogen levels, whereas CH4 and N2O emissions appeared 441 

largely decoupled from dissolved nutrient levels. CH4 is primarily produced under anoxic 442 

conditions in the sludge (Conrad, 2009), which may explain why overall CH4 fluxes were 443 

largely unaffected by fluctuating nutrient levels in the water column. Likewise, the absence of 444 

detectable ammonium levels in the water column points to anaerobic denitrification (the 445 

conversion of nitrate to nitrogen) in the sludge as the dominant production pathway of N2O, 446 

rather than aerobic nitrification (the conversion of ammonium to nitrate) in the water column, 447 

which is consistent with previous studies indicating denitrification in anaerobic sludge as a 448 

dominant source of N2O under similar conditions (Massara et al., 2017). These patterns 449 
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indicate that CFW-driven reductions in dissolved nutrients are likely most relevant for 450 

regulating CO2 emissions, whereas sustained CH4 and N2O mitigation likely relies on 451 

microbial consumption or physical processes. Consistent with these assumptions, we 452 

observed stronger CO2 emission reductions in the second monitoring year, coinciding with 453 

more pronounced organic nitrogen level reductions. In contrast, the magnitudes of CH4 and 454 

N2O emission reductions were comparable between monitoring years. Together, these 455 

findings suggest that CFW-driven emission reductions likely arise from a combination of 456 

enhanced greenhouse gas consumption (CO2, CH4, and N2O) and nutrient-driven suppression 457 

of production (CO2 only) over longer timescales. Nevertheless, further emission reductions in 458 

CH4 and N2O may be achieved through targeted operational management actions such as 459 

periodic sludge removal to limit anaerobic production. 460 

 Wetland plant harvesting is a critical management practice to sustain plant growth and 461 

maximise nutrient uptake by the plants on the CFW (Huth et al., 2021). Across our study 462 

period, a total of 969.65 kg of plant biomass was removed through harvesting (refer to Table 463 

S1). Notably, immediately after harvesting events, we observed significant, albeit temporary, 464 

increases in CH4 emissions in the treatment channel after the CFW. These short-lived spikes 465 

in CH4 emissions may reflect the release of accumulated CH4 due to the physical disturbance 466 

of the root mats and/or due to reduced plant-mediated CH4 oxidation in the root systems 467 

following the removal of plant shoots. Comparable short-term spikes in CH4 emissions after 468 

harvesting have been reported in constructed wetlands with rooted vegetation, where 469 

disturbance-driven release and reduced plant-mediated CH4 oxidation were identified as the 470 

primary mechanisms of short-term spikes in CH4 emissions (Zhu et al., 2007). Importantly, 471 

these temporary spikes in CH4 emissions can offset some of the long-term emission-reduction 472 

benefits of CFWs, with CO2-equivalent reductions ranging from 22% when including post-473 

harvest CH4 spikes to 31% without these spikes. Consequently, balancing harvesting 474 
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frequency to maintain strong nutrient removal while minimising disturbance-based emissions 475 

is critical. Beyond emission management, harvested biomass further represents an 476 

underutilised carbon resource. In our study, harvested plant material was burned for disposal. 477 

However, converting such harvested biomass into stable carbon forms, such as biochar, could 478 

further help inset carbon emissions (the implementation of emission reduction or 479 

sequestration projects within an organisation’s own value chain; Ebersold et al., 2023) 480 

through enhanced carbon sequestration and storage, while producing materials that are 481 

beneficial for soil amendment or wastewater filtration (Chiaramonti et al., 2024; Xiang et al., 482 

2020). Integrating low-disturbance harvesting (e.g., phased or partial harvesting) with 483 

sustainable plant biomass processing could therefore further improve the climate performance 484 

of CFWs by simultaneously reducing post-harvest CH4 release and enhancing long-term 485 

carbon storage. 486 

 As with other emission reduction approaches, the economic feasibility of installing 487 

and maintaining CFWs is an important consideration for their large-scale implementation in 488 

wastewater treatment systems globally. In our study, the CAPEX and OPEX costs equated to 489 

AU$873 m-2 (US$567 m-2) and AU$107 m-2 year-1 (US$70 m-2 year-1), respectively, with 490 

total project costs accumulating to AU$360,016 (US$234,010) over the two-year monitoring 491 

period. These values are largely comparable to cost ranges reported by Awad et al. (2025), 492 

who documented CAPEX ranging between US$15-780 m-2 and OPEX between US$0.5-38 493 

m-2 year-1. However, our CAPEX and OPEX estimates also included the quantification and 494 

reporting of greenhouse gas fluxes in addition to standard CFW construction and 495 

maintenance costs and nutrient monitoring. Although our channel-scale measurements 496 

precluded direct calculation of the cost per tonne of CO2-equivalent mitigated, the observed 497 

22-31% reduction under limited surface coverage suggests that lagoon-wide implementation 498 

could yield substantial emission abatement if appropriately scaled. Compared to capital-499 
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intensive alternatives such as aeration upgrades, lagoon covers, or biogas capture systems, 500 

which often require substantial investments of tens or hundreds of millions of dollars, 501 

depending on the scale of upgrades (Guo et al., 2014), CFWs may offer a relatively low-cost, 502 

low-infrastructure complement for addressing both nutrient loads and greenhouse gas 503 

emissions. Future work integrating whole-lagoon emission quantification with economic 504 

modelling will be essential to refine cost-effectiveness estimates and support sector-wide 505 

adoption. 506 

 507 

Limitations and future directions 508 

Our study provides valuable insights into the potential of CFWs to mitigate greenhouse gas 509 

emissions from wastewater lagoons. Nevertheless, there are several limitations that warrant 510 

consideration. First, we quantified emission reductions using a paired, channelised design 511 

within a single lagoon. This approach allowed for a robust comparison between treatment and 512 

control conditions under identical hydraulic and climatic settings, but it does not capture 513 

whole-lagoon emission responses. Scaling these findings to lagoon-wide emission reductions 514 

will require studies that explicitly account for CFW coverage, lagoon hydrodynamics, and 515 

spatial heterogeneity in emissions. Second, the study was conducted at a single site using one 516 

CFW configuration, vegetation assemblage, and surface coverage (~7.4% of lagoon area). 517 

Although this design reflects realistic operational constraints, additional studies across a 518 

broader range of lagoon types, climates, hydraulic retention times, and CFW coverages are 519 

needed to develop predictive, generalisable estimates of greenhouse gas mitigation potentials 520 

across the water sector. Third, the mechanistic understanding of observed greenhouse gas 521 

reductions remains limited. Although relationships among nutrient concentrations, dissolved 522 

oxygen, and greenhouse gas fluxes suggest possible pathways for emission reductions, we did 523 
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not directly investigate microbial community composition or process-level rates (e.g., CO2 524 

uptake, methanotrophy, or N2O reduction). Future work integrating microbial, isotopic, or 525 

sediment-based measurements would help disentangle production versus consumption 526 

pathways and strengthen mechanistic attribution. Finally, although we quantified the capital 527 

and operational costs associated with the CFW installation, monitoring, and maintenance, the 528 

lack of whole-lagoon emission estimates precluded the calculation of cost-effectiveness 529 

metrics such as cost per tonne of CO2-equivalent mitigated. Integrating full-scale emission 530 

measurements with economic assessments will be essential to robustly evaluate the cost-531 

effectiveness of CFW deployment and to support decision-making for large-scale 532 

implementation in wastewater treatment systems. 533 

 534 

Conclusions 535 

Our findings demonstrate that CFWs can deliver rapid and substantial reductions in 536 

greenhouse gas emissions from open wastewater holding lagoons. Across our two-year 537 

monitoring period, the installation of a CFW resulted in an average reduction of 22-31% in 538 

CO2-equivalent emissions from the treatment channel, driven primarily by reduced CH4 539 

emissions (32-66%), with additional reductions in CO2 (24-36%) and N2O emissions (18%). 540 

We further found an average reduction of 12% in dissolved organic nitrogen, whereas nitrate 541 

and phosphorus levels remained unaffected. Notably, emission reductions emerged even in 542 

the absence of strong nutrient effects, suggesting that enhanced microbial and algal 543 

greenhouse gas consumption, coupled with reduced surface gas transfer due to partial water 544 

coverage by the CFW, may have been key drivers. To fully realise the mitigation potential of 545 

CFWs, future research should focus on scaling to whole-lagoon applications under 546 

operational conditions and disentangling the microbial and physical mechanisms driving 547 
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CFW-associated greenhouse gas reductions. Importantly, the installation of CFWs can have 548 

other potential benefits beyond emission reductions, including mitigating pollutant 549 

concentrations like per- and polyfluoroalkyl substances (PFAS), toxic metals, 550 

pharmaceuticals, and other contaminants (Awad et al., 2024; Shahid et al., 2018), as well as 551 

providing habitat for a range of native species or acting as stepping stones to improve habitat 552 

connectivity in urban areas (Calheiros et al., 2025; Karstens et al., 2022), making them a 553 

multifunctional and comprehensive nature-based solution within the water sector. However, 554 

broader adoption across the water sector will likely depend on the ability to address practical 555 

barriers such as upfront capital costs, ongoing maintenance requirements, and the need for 556 

stronger regulatory guidance and empirical evidence under full-scale operational conditions. 557 

With targeted research, policy support, and demonstration projects, CFWs could become a 558 

viable and multifunctional nature-based option to reduce Scope 1 emissions from wastewater 559 

treatment plants while delivering wider benefits for water quality and biodiversity. 560 

 561 
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Figures 572 

 573 

Figure 1: Control (on the left) and treatment (on the right, with the CFW) channels created 574 

by baffle curtains in the wastewater holding lagoon. The inflowing water is distributed 575 

between the two channels by a splitter box. The floating greenhouse gas sensors (Pondi) were 576 

deployed at the start (inlet) and end (outlet) of each channel. 577 
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 578 

Figure 2: (a) Total Kjeldahl nitrogen, (b) nitrate nitrogen (NO3-), and (c) total phosphorus levels (all in mg L-1) at the start and end of the control 579 

(orange) and treatment (blue) channels over the sampling period. Baseline (T0) indicates baseline measurements before the CFW was installed. 580 
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 581 

Figure 3: Overall (a) total Kjeldahl nitrogen, (b) nitrate nitrogen (NO3-), and (c) total 582 

phosphorus levels (all in mg L-1) in the control (orange) and treatment (blue) channels across 583 

the sampling period. Semitransparent points are the raw data, opaque points are the predicted 584 

means and standard errors from the best-fitting statistical models. 585 

 586 
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 587 

Figure 4: Average (a) carbon dioxide (CO2; in g CO2 m-2 day-1), (b) methane (CH4; in g CH4 m-2 day-1), and (c) nitrous oxide (N2O; g N2O m-2 588 

day-1) fluxes at the start and end of the control (orange) and treatment (blue) channels over the sampling period. Baseline (T0) indicates baseline 589 

measurements before the CFW was installed. Red arrows indicate plant harvesting events. Points are means, error bars indicate standard errors. 590 
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 591 

Figure 5: (a) Carbon dioxide fluxes (CO2; in g CO2 m-2 day-1) during sampling year 1 (T1-592 

T10) and sampling year 2 (T11-T19), (b) methane fluxes (CH4; in g CH4 m-2 day-1) at the 593 

start and end of the control (orange) and treatment (blue) channels, and (c) nitrous oxide 594 

fluxes (N2O; in g N2O m-2 day-1) across both sampling years in the control (orange) and 595 

treatment (blue) channels. Semitransparent points are the raw data, opaque points are the 596 

predicted means and standard errors from the best-fitting statistical models.  597 
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 598 

Figure 6: Relationships between carbon dioxide fluxes (CO2; in g CO2 m-2 day-1) and (a) 599 

total nitrogen (in mg L-1) and (b) dissolved oxygen (in %) in the control (in orange) and 600 

treatment (in blue) channels. Points are the raw data, lines of best fit are the predicted linear 601 

relationships from the best-fitting statistical models ± 95% confidence intervals. 602 
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Table 1: Estimated capital (CAPEX) and operational (OPEX) costs associated with the installation, monitoring, and maintenance of the CFW 603 

over a two-year period. All costs are presented in Australian (AU$) and United States dollars (US$) using 2025 conversion values (AU$1 = 604 

US$0.65). Reported costs are based on actual project expenditures and supplier quotes from Victoria, Australia (2025). 605 

Item Details CAPEX (AU$ / US$) OPEX (AU$ / US$) 

CFW modules 
60 modules at AU$550 m-2 (US$356 m-2), including substrate and 

plants. Price also includes design, manufacturing, and transport. 
179,916 / 116,945  

Handrails 
Installed around the perimeter of the CFW for operational health and 

safety (OH&S) compliance. 
6,000 / 3,900  

Bird netting Protective netting to reduce plant predation during establishment phase. 8,000 / 5,200  

Access ramp Access to CFW for maintenance and plant harvesting. 7,000 / 4,550  

Baffle curtains 

Vinyl baffle curtains to create separate control and treatment channels. 

Note that these components are not typically associated with CFW 

installation but were specific to this experimental setup. 

8,000 / 5,200  

CFW installation Labour: five staff over five days. 10,000 / 6,500   

Plant harvesting & other 

CFW maintenance 

Labour: three days for plant harvesting plus periodic inspections and 

general upkeep. 
 21,100 / 13,715 

Pondi loggers 
16 Pondi for continuous greenhouse gas flux measurements 

(manufacturing included). 
64,000 / 41,600  

Water quality analysis Routine nutrient and general water quality monitoring. 6,000 / 3,900  

Greenhouse gas flux 

monitoring and data analysis 

Labour: staff time for five days per month over two years for flux data 

analysis, reporting, and instrument maintenance. 
 50,000 / 32,500 
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Total estimated cost 288,916 / 187,795 71,100 / 46,215 

Grand total for 2 years AU$360,016 / US$234,010 

 606 
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Supplementary material 751 

 752 

Figure S1: Example of 10 days of hourly carbon dioxide (CO2), methane (CH4), and nitrous 753 

oxide (N2O) flux data collected in the wastewater holding lagoon. The arrow indicates a 754 

venting event, where the external air pump injected ambient air into the chamber to reset gas 755 

concentrations to environmental levels. Note that greenhouse gas fluxes were calculated from 756 

the linear increase in gas concentrations, excluding periods of saturation. 757 

 758 
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 759 

Figure S2: (a) total Kjeldahl nitrogen (in mg L-1), (b) nitrate nitrogen (NO3-; in mg L-1), (c) 760 

total phosphorus (in mg L-1), (d) surface water temperature (in °C), (e) dissolved oxygen 761 

(DO; in %), and (f) pH at the start and end of the control (orange) and treatment (blue) 762 

channels during baseline monitoring. 763 
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 764 

Figure S3: (a) Carbon dioxide (CO2; in g CO2 m-2 day-1), (b) methane (CH4; in g CH4 m-2 765 

day-1), and (c) nitrous oxide (N2O; g N2O m-2 day-1), and (d) CO2-equivalent (g CO2-eq m-2 766 

day-1) fluxes at the start and end of the control (orange) and treatment (blue) channels during 767 

baseline monitoring. 768 

 769 

 770 
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 771 

Figure S4: Overall (a) surface water temperature (in °C), (b) pH, and (c) dissolved oxygen 772 

concentrations (DO; in %) in the control (orange) and treatment (blue) channels across the 773 

sampling period. Semitransparent points are the raw data, opaque points are the predicted 774 

means and standard errors from the best-fitting statistical models. 775 

 776 

 777 
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Table S1: Biomasses of wetland plants and weeds that were removed from the CFW during 778 

harvesting events. 779 

Time point Harvested biomass (kg) Target plant species 

November 2023 280 Weeds 

September 2024 
194 Weeds 

20 Phragmites australis 

March 2025 

120.9 Bolboschoenus caldwellii 

27.15 Baumea articulata 

327.6 Phragmites australis 

Total plant biomass removed:  969.65 kg 

 780 

 781 
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Table S2: Outcome of linear models testing for the effects of channel (control or treatment) 782 

and sampling location (start or end of channel) on (a) carbon dioxide (CO2), (b) methane 783 

(CH4), and (c) nitrous oxide (N2O) fluxes during baseline monitoring. DF are degrees of 784 

freedom. 785 

 DF F-value P-value 

(a) Carbon dioxide (CO2) 

Intercept 1 65.15 0.0005 

Channel 1 0.34 0.58 

Sampling location 1 0.82 0.41 

Residuals 5   

(b) Methane (CH4) 

Intercept 1 135.04 <0.0001 

Channel 1 0.58 0.47 

Sampling location 1 6.58 0.03 

Residuals 8   

(c) Nitrous oxide (N2O) 

Intercept 1 12.77 0.009 

Channel 1 0.22 0.66 

Sampling location 1 0.36 0.57 

Residuals 7   

 786 

 787 
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Table S3: Outcome of linear mixed effects models testing for the effects of sampling year 788 

(year 1 or year 2), channel (control or treatment), and sampling location (start or end of 789 

channel) on (a) overall total Kjeldahl nitrogen, (b) nitrate nitrogen (NO3-), and (c) total 790 

phosphorus levels. DF are degrees of freedom. 791 

 Numerator DF Denominator DF F-value P-value 

(a) Total Kjeldahl nitrogen 
Intercept 1 56 518.79 <0.0001 
Sampling year 1 18 0.06 0.81 
Channel 1 56 0.004 0.95 
Sampling location 1 56 2.27 0.14 

Channel ´ sampling 

location 
1 56 4.45 0.04 

(b) Nitrate nitrogen (NO3
-) 

Intercept 1 58 106.16 <0.0001 

Sampling year 1 18 0.21 0.65 

Channel 1 58 0.08 0.78 

Sampling location 1 58 6.74 0.01 

(c) Total phosphorus 

Intercept 1 58 336.23 <0.0001 

Sampling year 1 18 0.13 0.72 

Channel 1 58 0.08 0.78 

Sampling location 1 58 1.37 0.25 

 792 

 793 
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Table S4: Outcome of linear mixed effects models testing for the effects of sampling year 794 

(year 1 or year 2), channel (control or treatment), and sampling location (start or end of 795 

channel) on (a) surface water temperature, (b) pH, and (c) dissolved oxygen levels. DF are 796 

degrees of freedom. 797 

 Numerator DF Denominator DF F-value P-value 

(a) Surface water temperature 

Intercept 1 55 2825.91 <0.0001 

Sampling year 1 17 0.03 0.86 

Channel 1 55 0.05 0.83 

Sampling location 1 55 0.5 0.48 

(b) pH 

Intercept 1 58 13951.41 <0.0001 

Sampling year 1 18 4.46 0.05 

Channel 1 58 1.97 0.17 

Sampling location 1 58 0.53 0.47 

(c) Dissolved oxygen 

Intercept 1 45 346.06 <0.0001 

Sampling year 1 14 0.76 0.39 

Channel 1 45 2.79 0.1 

Sampling location 1 45 5.84 0.02 

Channel ´ sampling 

location 
1 45 5.94 0.02 

 798 

 799 
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Table S5: Outcome of linear mixed effects models testing for the effects of sampling year 800 

(year 1 or year 2), channel (control or treatment), and sampling location (start or end of 801 

channel) on (a) carbon dioxide (CO2), (b) methane (CH4), (c) nitrous oxide (N2O), and (d) 802 

and (e) CO2-equivalent fluxes. DF are degrees of freedom. 803 

 Numerator DF Denominator DF F-value P-value 

(a) Carbon dioxide (CO2) fluxes 

Intercept 1 129 23.31 <0.0001 

Sampling year 1 17 2.03 0.17 

Channel 1 129 18.92 <0.0001 

Sampling location 1 129 0.04 0.84 

Year ´ channel 1 129 4.01 0.04 

(b) Methane (CH4) fluxes 

Intercept 1 129 218.12 <0.0001 

Monitoring year 1 17 3.91 0.06 

Channel 1 129 31.98 <0.0001 

Sampling location 1 129 6.06 0.02 

Monitoring year ´ 

sampling location 
1 129 8.13 0.01 

Channel ´ sampling 

location 
1 129 6.66 0.01 

(c) Nitrous oxide (N2O) fluxes 

Intercept 1 131 267.92 <0.0001 

Monitoring year 1 17 5.61 0.03 

Channel 1 131 3.14 0.07 

Sampling location 1 131 0.88 0.35 

(d) CO2-equivalent fluxes including harvesting-related CH4 spikes 

Intercept 1 130 105.75 <0.0001 

Monitoring year 1 17 5.38 0.03 

Channel 1 130 10.34 0.002 

Sampling location 1 130 4.17 0.04 

(e) CO2-equivalent fluxes without harvesting-related CH4 spikes 

Intercept 1 109 92.48 <0.0001 

Monitoring year 1 14 5.82 0.03 
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Channel 1 109 18.51 <0.0001 

Sampling location 1 109 2.73 0.1 

 804 

 805 
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Table S6: Outcome of linear mixed effects models testing for the effects of channel (control 806 

or treatment), sampling location (start or end of channel), dissolved oxygen levels, and total 807 

nitrogen (total Kjeldahl nitrogen + nitrate nitrogen) on (a) carbon dioxide (CO2), (b) methane 808 

(CH4), (c) nitrous oxide (N2O), and (d) CO2-equivalent fluxes. DF are degrees of freedom. 809 

 Numerator DF Denominator DF F-value P-value 

(a) Carbon dioxide (CO2) fluxes 

Intercept 1 34 28.1 <0.0001 

Channel 1 34 9.77 0.003 

Sampling location 1 34 5.27 0.03 

Total nitrogen 1 34 7.21 0.01 

Dissolved oxygen 1 34 4.29 0.04 

Channel ´ total 

nitrogen 
1 34 7.07 0.01 

Channel ´ dissolved 

oxygen 
1 34 2.96 0.09 

Channel ´ sampling 

location 
1 34 4 0.05 

(b) Methane (CH4) fluxes 

Intercept 1 35 118.09 <0.0001 

Channel 1 35 26.86 <0.0001 

Sampling location 1 35 39.42 <0.0001 

Total nitrogen 1 35 0.36 0.55 

Dissolved oxygen 1 35 0.27 0.61 

(c) Nitrous oxide (N2O) fluxes 

Intercept 1 41 227.57 <0.0001 

Channel 1 41 3.21 0.08 

Sampling location 1 41 0.01 0.99 

Total nitrogen 1 41 0.37 0.17 

Dissolved oxygen 1 41 1.94 0.17 

(d) CO2-equivalent fluxes 

Intercept 1 35 157.78 <0.0001 

Channel 1 35 10.19 0.003 

Sampling location 1 35 0.22 0.64 



 52 

Total nitrogen 1 35 0.27 0.6 

Dissolved oxygen 1 35 1.95 0.17 

 810 

 811 


