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Constructed wetlands (CWs) are an effective means to treat nutrient and sediment pollution in urban stormwater runoff to minimise impact on receiving waterways. Maintenance of devices is recognised as a major contributing factor to performance. There is a lack of evidence-based guidance on maintenance activities to optimise treatment, due to a paucity of data from long-term field studies into CW performance before and after maintenance. In this study, the nutrient and sediment removal efficiency (% RE) of a CW was evaluated by calculating removal efficiencies of nitrogen (N), phosphorus (P) and total suspended sediment (TSS) following a long-term sampling program under baseflow and event flow conditions. Sampling was carried out before, during and after maintenance. Maintenance involved removing all aquatic vegetation and 200–300 mm of sediments over a 3-week period, aiming to improve the wetland’s performance. Assessment of dissolved and particulate nutrient fractions allowed a comprehensive investigation into drivers of nutrient removal efficiency. Under baseflow conditions differences in inflow and outflow pollutant concentrations were used to calculate removal efficiency and pollutant loads were used during event flow conditions. Before maintenance, during baseflow conditions the wetland was removing total N (36% RE) but exporting total P (-52% RE) and total sediment (-94% RE). During event-flow conditions all target pollutants were being removed (total N 63% RE, total P 25% RE and TSS 69% RE). phosphorusDuring maintenance, the device continued to remove total N (18% RE) but the physical disturbance of the maintenance resulted in mass export of total P (-120% RE) and total sediment (−2,000% RE) over a short time period, effectively undoing previous treatment. After maintenance, during baseflow conditions, the wetlands’ ability to treat total N decreased (28% RE), improved for total P (1% RE), and became a chronic source of suspended sediment (−127% RE). During event flow conditions, total N was no longer being treated (−19%) but total P and total suspended sediment were being retained (74%, 80% RE respectively). This study showed that the physical disturbance resulting from large-scale maintenance activities can potentially reverse years’ worth of treatment if not adequately planned and carried out with suitable controls.
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INTRODUCTION
Diffuse sources of pollution such as urban stormwater runoff have been identified as some of the greatest threats to the health of waterways in Australia and around the world (Burton and Pitt, 2002; NRMMC, 2006; NRC, 2008; BMT WBM, 2017). Widespread urbanisation has had significant effects on runoff and the structure and function of aquatic environments (Walsh C. J. et al., 2005; Walsh et al., 2005; Lee et al., 2006; Wenger et al., 2009; Walsh et al., 2012). Urbanisation impacts water quality and ecosystem health of waterways by altering the hydrology of a natural catchment, increasing peak flow volumes, decreasing runoff response times and decreasing infiltration (Fletcher et al., 2004; Barbosa et al., 2012).
Urban stormwater typically contains relatively high concentrations, and large masses, of nutrients such as nitrogen (N) and phosphorus (P) and other potential contaminants (e.g. toxicants, microbes, litter, microplastics) (Taylor et al., 2005; Francey et al., 2010). Excessive nutrient loads from stormwater are linked with negative ecosystem impacts in downstream receiving waterways (Conley et al., 2009; Yang and Lusk, 2018). Nitrogen and P in urban stormwater exist in dissolved and particulate forms, including dissolved inorganic ions including ammonium (NH4+), nitrite (NO2−), and nitrate (NO3−) (nitrite and nitrate collectively referred to as NOx-N), and phosphate (PO43-), and organic molecules (i.e. dissolved organic N (DON) and P (DOP), and particulate organic N (PN) and P (PP) (Jani et al., 2020). Dissolved inorganic forms of nutrients are linked to negative impacts in downstream receiving waters, causing eutrophication, excessive algal growth and fluctuations in dissolved oxygen concentrations that potentially result in fish kills (Miller and Boulton, 2005; Taylor et al., 2005; Li and Davis, 2014; Lusk and Toor, 2014).
Stormwater control measures (SCMs) are structures designed to mitigate the hydrologic, water quality and ecological consequences associated with urbanisation (Collins et al., 2010; Jefferson et al., 2017; Gold et al., 2019). They are intended to intercept, treat and slowly release urban stormwater runoff; transforming and/or removing pollutants and contaminants by replicating or supplementing a variety of natural processes (Jacobsen et al., 2010; Yang and Toor, 2016; Lopez-Ponnada et al., 2020; Ahammed, 2017; Bell et al., 2017; Rivers et al., 2018).
Constructed wetlands (CWs) are SCMs designed to replicate processes that occur in natural wetlands to effectively remove various pollutants (Hatt et al., 2006; Vymazal, 2007; Lee et al., 2009; Hathaway and Hunt, 2011). CWs are extensively used in Australian and international settings to remove nutrients and sediments from urban stormwater runoff before it enters a receiving waterway (Jing et al., 2001; Greenaway and Woolley, 2003; Wu et al., 2014; Adyel et al., 2016; Adyel et al., 2017; Garcia-Chance et al., 2019).
The effectiveness of CWs at removing nutrient pollution is highly variable (Strecker et al., 2001; Collins et al., 2010; Hathaway and Hunt, 2011) with many contributing factors, including catchment characteristics, age of the urban development, sizing and design characteristics of the wetland and choice of plant species (Carleton et al., 2001; Fletcher et al., 2004; Hijosa-Valsero et al., 2012).
One factor that contributes to poor pollutant removal efficiency in CWs is excessive sediment and organic matter debris clogging outlets. This can artificially raise water levels, inundating vegetation and inhibiting biological and microbial processes that transform and remove nitrogen (Tao et al., 2006). Increased aquatic vegetation diversity has been shown to increase nitrogen removal in laboratory microcosm experiments (Geng et al., 2019), highlighting that if monospecific vegetation stands are allowed to develop in CWs, nutrient removal may be reduced (Maucieri et al., 2020). Decomposing plant and other organic matter debris can release dissolved nutrients back into the water column which is then exported to receiving waters (Chimney and Pietro, 2006). Further, unhindered vegetation growth can potentially cause other issues in CWs, from increased mosquito breeding rates (Greenway and Wooley, 2003) to organic matter export following vegetation die off (Vymazal, 2007).
Many of these issues can be addressed with a well-considered maintenance program. Above-ground plant biomass can accumulate up to 25% of the annual inflowing nitrogen in urban stormwater (Lenhart et al., 2012), highlighting harvesting and removal of vegetation may be an important maintenance consideration for permanent nitrogen removal (Blecken et al., 2017). Removing debris from outlet drains to prevent rising water levels may also maintain or improve treatment effectiveness (Hunt et al., 2011).
Appropriate maintenance of CWs and other SCMs is considered a key issue by waterway managers (e.g. CCC, 2007; NCC, 2012; LMCC, 2013; BCC, 2019; Stormwater NSW, 2020). Despite this, evidence-based guidance on the scale, frequency and type of maintenance operations to maintain optimal performance is lacking. Information about how the effectiveness of SCMs responds to different maintenance operations would enable environmental managers to make more informed decisions about timing, scale and types of maintenance operations required for different types of treatment infrastructure, leading to streamlined and more cost-effective maintenance strategies.
Typically, field-based SCM monitoring and assessment studies are carried out under one condition only, or, laboratory/mesocosm studies have been carried out to highlight differences in condition in controlled settings. Full scale field-based studies assessing CW pollutant removal efficiency over the long-term are uncommon (Vymazal et al., 2021). Furthermore, field-scale studies showing changes in efficiency in response to maintenance as an experimental intervention are rare but provide useful insight for waterway managers when developing maintenance strategies to optimise performance.
Our study addresses the question of optimal maintenance using a field-based case study to quantify the nutrient and sediment removal efficiency of a CW before, during and after large scale maintenance activities. The manager of the CW had concerns that the wetland may be performing poorly due to excessive sediment deposition and prolific plant and algal growth, and that this had implications for downstream receiving waters. Sediment build up in the inlet zone and decaying vegetation at the outlet impeded flow through the wetland and increased the water level, leading to inundation and water logging of emergent and riparian vegetation.
The objectives of this study were to compare pollutant removal efficiency of the CW: 1) when full of mature vegetation and sediments before the maintenance activity; 2) during the maintenance activity itself, and; 3) when the vegetation had been removed after the maintenance activity. We expected the nutrient and suspended sediment removal efficiency to vary greatly between sampling stages; before maintenance the CW would be most effective due to the role of plant biomass in assimilating dissolved inorganic nutrients and the organic matter enriched bed sediments facilitating removal of dissolved inorganic N through denitrification, and the complexity of the vegetated area to trap and store sediment; during the maintenance operations the physical disturbance of the activities would result in the unplanned export of sediment and organic matter, and; after maintenance the wetland would not effectively remove N or P, given the lack of plant biomass and enriched sediment available for dissolved nutrient uptake and denitrification, and sediment would be continually exported given the reduced complexity and the resuspension of bed sediments into the water column. Efficiency was assessed by quantifying changes in effluent nutrient and sediment concentrations, event mean concentrations and loads before and after removal of organic matter biomass from the wetland.
MATERIALS AND METHODS
Study Site
The approximately 10-year-old, horizontal surface flow CW in this study is in Macquarie Hills, NSW, Australia (32.95o S, 151.65o W). The area has a warm temperate climate with annual precipitation averaging approximately 1,100 mm (Bureau of Meterology station 061393, 2022). The wetland is approximately 250 m long and receives rainfall-runoff from a well-established urban residential sub-catchment (65 hectare; 58% of the catchment area is impervious surface) via a single inlet drain. The device has no high-flow bypass and responds quickly to rainfall events, with runoff entering the device shortly after rainfall commences. Inflowing runoff enters the wetland system through two 900 mm concrete pipes discharging directly to a low flow sediment basin which is bypassed during large flows by a diverting weir. A trash rack removes gross pollutants before runoff enters a long, narrow, shallow, densely vegetated zone which then opens into a large and deep (1.5–2 m) open water area with dense fringing emergent and riparian vegetation, before flowing out to a major tributary of a downstream estuary (Lake Macquarie) through a 1800 mm × 1200 mm concrete box culvert with a second trash rack (Figure 1).
[image: Figure 1]FIGURE 1 | The constructed wetland study site. Diagram is conceptual and not to scale.
Experimental Design
The study used programmed maintenance activities as an experimental intervention to investigate effects of disturbance on nutrient removal efficiencies. Maintenance involved harvesting all aquatic vegetation and between 200 and 300 mm of bed sediments from the shallow vegetated zone and open water zone with an amphibious excavator (Truxor DM5000).
We examined measures of pollutant removal efficiency in 3 time periods;
1. before maintenance (February 2014–November 2014).
2. during maintenance (February 2015–austral summer).
3. after maintenance (March 2015–December 2015).
Flow Velocity Measurements
Pressure sensors installed in the fixed cross sections of the wetland inlet and outlet drain works were used to continuously measure stage height by barometric compensation. Flow velocity measurements were carried out opportunistically across a range of different sized rainfall events by deploying an acoustic doppler current meter (Micronics Stingray) during large rainfall events and a water velocity meter (Xylem Global Water Flow) during low flow conditions at both the inlet and outlet. Discharge was calculated using the velocity area equation (Q = AV) to establish contemporary stage-discharge rating tables at both the inlet and outlet, allowing for a continuous 15-min discharge timeseries. During dry weather the stage height was minimal to zero, below the limit of detection of the pressure sensors and flow velocity equipment meaning reliable stage and flow data could not be collected. During these conditions unreliable data was discarded, and discharge recorded as less than detection limits. This resulted in no discharge data being available during baseflow conditions.
Water Sample Collection
Before and After maintenance: During baseflow conditions (defined as 0 mm of rainfall for a minimum of 7 consecutive days), water samples were collected manually at the inlet and the outlet of the wetland at intervals of not more than 14 days. ISCO 6600 automated samplers were used to collect samples during events. These samplers had a liquid-level actuator to trigger sample collection and were fitted with 24 clean PET sample bottles. Samplers were installed at the inlet and outlet to collect samples as stage height increased throughout rainfall events. A pilot study was done to determine the most suitable sampling interval for the autosamplers to enable optimal data resolution for a typical event. Based on this, autosamplers were programmed to collect samples across the hydrograph at 15-min intervals once triggered.
During Maintenance: All sampling equipment had to be removed during the maintenance period to avoid interference from the excavator. During the maintenance period, grab samples were collected manually from the inlet and outlet.
All sample collection times were recorded to the minute to allow for calculation of flow volume between sampling intervals, allowing calculation of flow-weighted data.
Sample Processing and Analytical Methods
Samples were retrieved from autosamplers within 16 h of a rainfall event and kept cool. Prior to processing, water level data were examined and the individual bottles that represented phases of the event hydrograph (first flush, peak flow, receding limb) were identified (e.g. the first x samples may have been during the “first flush” phase; and the next y during the “peak flow” etc.). Composite samples were made by combining the individual sample bottles that represent a phase of the event hydrograph in a prewashed stainless steel 10L bucket. This process was repeated in separate buckets for each phase. The resulting composite sample for a phase was sub-sampled for a range of variables. The steps of sub-sampling were to use a 60 ml disposable syringe to transfer 28 ml of unfiltered sample water into a clean vial for analysis of total nutrients; then two additional 28 ml water samples were passed through a 0.45 µm cellulose acetate syringe filter into vials for analysis of dissolved nutrients (dissolved inorganic, total dissolved). All nutrient samples were immediately frozen after collection (−20 C) until analysed. The composite sample was also subsampled for total suspended solids (TSS) by vigorously mixing the remaining sample and pouring into a 1L clean PET bottle which was stored in a refrigerator until analysis.
Relevant samples were analysed for oxidised N (NOx-N), ammonia N (NH4+), soluble reactive phosphate (SRP/PO43-), total dissolved P (TDP), total P (TP), total dissolved N (TDN), and total N (TN). Nutrient analyses were carried out by flow injection analysis (LachatTM QuikChem 8500 Flow Injection Analyser) following standard methods (APHA, 2005). Freshwater reference standards and internal standards were used for quality assurance. Oxidised N [NOx-N = Nitrate (NO3) + (NO2)] was determined using a filtered sample passed through a cadmium column to reduce nitrate to nitrite. The nitrite (originally in the sample and reduced nitrate) was determined by diazotizing with sulfanilamide and coupling with N-(1-naphthyl)-ethylenediamine dihydrochloride to form a highly coloured azo dye, which is measured by colorimetric method. For nitrite alone, the procedure is the same except the cadmium column was bypassed. Ammonia N (NH4+) was determined using the hypochlorite/phenate method and dissolved inorganic N (DIN) was estimated as the sum of NOx-N and NH4+. Soluble reactive phosphate (PO43-) was determined by ascorbic acid colorimetric method with FIA. Total and total dissolved nutrients were determined by dispensing samples into polycarbonate tubes dosed with alkaline persulfate solution, capped and digested in an autoclave at 121°C for 1 h. The alkaline persulfate digestion procedure oxidizes all forms of inorganic and organic-N to nitrate and hydrolyzes all forms of inorganic and organic-P to orthophosphate. The nitrate and orthophosphate in the digested samples were measured colorimetrically. Dissolved organic N (DON) was calculated as TDN minus DIN and dissolved organic P (DOP) was calculated as TDP minus phosphate.
In the laboratory, TSS samples were vacuum filtered through pre-washed, pre-ashed 47 mm GF/F filters at room temperature. Filters were dried at 105°C and weighed on a 4-decimal place Metler Toldeo level-balance. Sample salinity was measured before filtering, so that sample volume could be calculated based on difference in weight of sample bottles before and after filtering assuming water density of 1 g/ml.
Data Analysis
Where discharge data were available, flow-weighted event mean concentrations (EMC) of each pollutant were calculated by dividing the total pollutant mass load by the total event flow volume per rainfall event. Pollutant mass (load) was calculated using the measured interval pollutant concentrations and flow volumes within each rainfall event. Sum pollutant loads were then calculated for the inlet and outlet for each sampling period. Proportions of each dissolved and particulate fraction were determined for total N and total P. Removal efficiency calculation.
Overall removal efficiency of the CW was based on the percentage difference between pollutants flowing in and out of the wetland, in accordance with best practice guidance for assessing performance of SCMs in Australia (Stormwater Australia, 2018). Long term removal efficiency (RE%) (Equation 1) was calculated using average pollutant concentrations during baseflow conditions before, during and after maintenance, and pollutant loads during event conditions. Negative removal efficiency occurs when pollutant concentrations are greater at the outlet than the inlet, indicating net pollutant export from the CW and positive removal efficiency indicates net pollutant removal, treatment or retention by the CW.
Equation 1: Pollutant removal efficiency equation in % removal. RE% = removal efficiency. Calculated using pollutant concentrations during baseflow and pollutant loads during event flow.
[image: image]
Statistical Analysis
A one-way ANOVA was used to analyse whether the average pollutant concentrations were significantly different between the inlet and outlet during baseflow conditions, for each sampling period. Data were log transformed prior to all analyses to meet the assumptions of ANOVA. An analysis of the influence of season on RE% was not possible due to uneven data in different seasons.
RESULTS
Baseflow Conditions
Nineteen samples were collected during baseflow conditions before maintenance. Dissolved inorganic N made up the greatest average proportion of the total N pool in the inflowing stormwater. The wetland was efficiently removing total N (36% RE) (Table 1). This was being driven by treatment of dissolved inorganic forms of N (NH4+ 51% RE, and NOx-N 94% RE). However organic and particulate forms of N were being exported (DON -11% RE and PN -70% RE), highlighting that before maintenance not all forms of N were being actively treated or retained (Figure 2). Refractory dissolved organic N was the dominant form of N in the outflow. The CW was a source of total P before maintenance (Table 1; Figure 3). There was a large removal of dissolved inorganic P (phosphate) (33% RE), but export of organic and particulate P (DOP -22% RE and particulate P -135% RE). Particulate P was the dominant form of the inflowing and outflowing total P, the ongoing export resulting in no effective treatment of total P (-52% RE). TSS was not being removed, instead the CW was a chronic source of suspended sediment to downstream receiving waters (-94% RE) (Table 1; Figure 4).
TABLE 1 | Average (± standard deviation) pollutant concentrations (mg L−1) and average (± standard deviation) proportion of constituent fractions and overall removal efficiency (%) during baseflow conditions in the study CW. p value = probability level of 1-way ANOVA comparing average event mean concentrations between inlet and outlet. Significant differences in bold.
[image: Table 1][image: Figure 2]FIGURE 2 | Baseflow average (SE) nitrogen concentration at the CW inlet and outlet, before, during and after maintenance.
[image: Figure 3]FIGURE 3 | Baseflow average (SE) phosphorous concentration at the CW inlet and outlet, before, during and after maintenance.
[image: Figure 4]FIGURE 4 | Baseflow average (SE) TSS concentration at the CW inlet and outlet, before, during and after maintenance.
During the vegetation and associated sediment removal, ten samples were collected a minimum of 2 days apart to obtain independent samples. Dissolved inorganic N (NOx-N) was the dominant form of N in the inflow, and dissolved inorganic P was the dominant P form. The treatment of N and P was similar to before maintenance (Table 1); total N was being removed (18% RE), driven by dissolved inorganic N removal (NH4+ 18% RE, and NOx-N 97% RE) but organic and particulate forms were being exported (DON -34% RE and particulate N -496% RE) (Figure 2). Total P was being exported (-120% RE) as the effective removal of dissolved inorganic P (phosphate) (38% RE) was countered by mass export of organic and particulate P (DOP -212% RE and particulate P -336% RE) (Table 1; Figure 3). Dissolved organic N was the dominant form of N and particulate P was the dominant P form in the outflow. There was nearly a 30-fold increase in average TSS concentration in the outflow from the wetland during the maintenance, yielding a removal efficiency of −2,817% (Table 1; Figure 4). This indicates the disturbance of the vegetation and bed sediment removal resulted in massive export of long-stored sediment, organic material and particulate nutrients into the receiving waterway downstream. Export concentrations of this magnitude were not observed during the much longer sampling periods before and after maintenance, indicating a disproportionately large export of material in a much shorter timeframe during the maintenance operation.
Sampling recommenced in mid-March 2015 14 days after the maintenance was completed. Thirteen samples were collected during baseflow conditions after maintenance. In this period, dissolved inorganic N (NOx-N) and P (phosphate) again comprised the greatest proportion of total N and total P respectively. After maintenance with almost all plant biomass and 200–300 mm of organic rich bed sediments removed, the treatment of total N decreased slightly from 36 to 28% RE (Table 1). There were larger scale changesin the dissolved and particulate fractions, driving the overall N removal efficiency (Figure 2). Removal of NOx-N decreased from 94 to 65% RE, likely due to the lack of plants and bed sediments facilitating various pathways of removal and transformation (e.g., assimilation, denitrification in anaerobic sediments, provision of root and rhizome substrate for microbial processing). NH4+ was being exported from the wetland (−31% RE), likely due to flux from residual decaying organic matter in the wetland. Organic and particulate forms continued to be exported from the CW, with particulate N export increasing when compared to before maintenance (DON -3% RE and particulate N -167% RE). In light of this, the ongoing effective treatment of NOx-N continued to drive overall removal of total N after maintenance (Table 1). After maintenance, the CW showed improved (but limited) treatment of total P (after maintenance 1% RE) (Table 1). This improvement was driven by an increase in dissolved organic P removal (61% RE) (Figure 3). After maintenance the CW’s ability to remove dissolved inorganic P (phosphate) decreased (14%), and there was ongoing export of particulate P (−121% RE). Similar to before and during maintenance, particulate P made up the greatest proportion of the outflow total P. The CW also remained a chronic source of sediment to downstream receiving waters during baseflow conditions after maintenance, with the export of material increasing compared to before maintenance, decreasing the removal efficiency even further (−127% RE) Table 1 and Figure 4).
Event Flow Conditions
Fifteen rainfall events were sampled over 10 months before maintenance. 178.0 kg of total N and 19.0 kg of total P cumulatively entered the CW during this phase. Dissolved inorganic forms (NOx-N and phosphate) made up the largest proportion of the inflowing N and P load. At this time, the CW was removing total N and total P and all dissolved and particulate fractions (Table 2). The wetland exported 65.9 kg of total N and 14.2 kg of total-P, giving RE% of 63% total N and 25% total P. Removal of total N was being driven by treatment of NOx-N (84% RE) and P removal by particulate phosphorus retention (24% RE). Refractory DON was the largest proportion of the total N export load, highlighting the CWs strong capacity to treat dissolved inorganic N when fully vegetated (Figure 5). The largest proportion of export total P was phosphate, which had limited treatment at 5% RE. This highlights during event flow conditions there is minimal assimilation of dissolved inorganic P and overall treatment of P is likely due to adsorption to sediment, evidenced by the high removal of particulate P (Figure 6). The CW received over 9,000 kg of inflowing total sediment before maintenance. Most was retained, with over 2,800 kg exported, giving 69% RE (Table 2; Figure 7).
TABLE 2 | Pollutant load and average (± standard deviation) proportion of constituent fractions and overall removal efficiency (%) during event flow conditions in the study constructed wetland.
[image: Table 2][image: Figure 5]FIGURE 5 | Event flow sum nitrogen loads at the CW inlet and outlet, before and after maintenance.
[image: Figure 6]FIGURE 6 | Event flow sum phosphorous loads at the CW inlet and outlet, before and after maintenance.
[image: Figure 7]FIGURE 7 | Event flow sum TSS loads at the CW inlet and outlet, before and after maintenance.
Ten rainfall events were sampled over 10 months after maintenance. Overall, the CW received 42.3 kg of total N during this time (Table 2). Dissolved inorganic N (NOx-N) made up the largest proportion of the inflowing N load. Removal of the vegetation and sediments disrupted N treatment. After maintenance the CW was a source of N, exporting 50.5 kg (−19% RE), driven by export of NOx-N (−7% RE), DON (−75% RE) and particulate N (−14%) (Table 2). Dissolved organic N was the dominant form of the N export load, followed closely by NOx-N. Before maintenance, the proportion of NOx-N in the outflowing treated stormwater was 19% of the total N load. After maintenance the proportion of NOx-N in the outflow increased to 35%. This highlights the role of vegetation and organic laden anaerobic sediments in transforming and removing bioavailable forms of N in the CW and that in this condition following maintenance, greater loads of bioavailable forms of N are exported to receiving waterways (Figure 5). The CW received 25.7 kg of inflow total P, the dominant forms being dissolved organic P. 6.7 kg of total P was exported, giving 74% RE—a large improvement from the 25% RE before maintenance (Table 2). Treatment of DOP (77% RE) and phosphate (61% RE) were the main drivers (Figure 6). Retention of particulate P also improved to 43% RE. The CW, cleared of all vegetation and associated bed sediments, was acting as a sedimentation pond during rainfall events, with inflowing sediment loads being retained at a greater rate than before maintenance (Figure 7). Over 5,600 kg of sediment entered the wetland, and over 1,100 kg was exported, giving 80% RE (Table 2).
DISCUSSION
Before maintenance, under baseflow conditions the wetland was removing bioavailable forms of N and P but exporting organic and particulate forms. Sediment was also being exported. During event flow conditions the CW was actively treating all target pollutants, with export loads smaller than inflow loads. The removal efficiency of total N before maintenance is within the removal range of 40–55% reported in global comparisons of constructed wetlands under baseflow conditions, but was greater than this under event flow conditions (Vymazal, 2007). This suggests the initial perceptions of the CW manager that the ability of the CW to treat urban stormwater had declined were incorrect. Vegetation and bed sediment removal as a maintenance activity had major changes on nutrient and sediment treatment dynamics. The maintenance disrupted N treatment, but arguably improved P treatment (Figure 8).
[image: Figure 8]FIGURE 8 | Treatment dynamics of nitrogen, phosphorous and total sediment in the study CW before, during and after maintenance, during baseflow and event flow conditions.
The export and the inability of the CW to remove dissolved inorganic-N after maintenance is consistent with one of the long-held fundamental concepts of CW design i.e. plant biomass treats dissolved nutrients. Regardless of flow condition or vegetated state, the most abundant form of N in the inflowing stormwater is consistently NOx-N, which aligns with findings in reviews of stormwater composition (Taylor et al., 2005; Francey et al., 2010). With the exception of event flow conditions after the vegetation had been removed, the removal efficiency of NOx-N was always the greatest of the total N constituent fractions, making a large relative contribution to the removal of total N. The removal of the vegetation and sediments likely had multiple effects on the wetland’s ability to remove dissolved inorganic N. The relatively high and persistent NOx-N treatment suggests that the major processes of N removal in the constructed wetland may be related to both microbial activity in the sediment plant interface and direct assimilation by aquatic plants (Saunders and Kalff, 2001; Vymazal, 2007; Griffiths and Mitsch, 2017).
Plants are typically considered the major contributor to nutrient treatment in constructed wetlands by assimilation of nutrients through their roots (Zhu et al., 2021) and incorporation into plant biomass. Additionally, a significant N removal pathway in constructed wetlands is coupled nitrification/denitrification, mediated by microbial activity in anaerobic sediments (Erler et al., 2008; Payne et al., 2014; Tan et al., 2017; Gold et al., 2019; Zhu et al., 2021). In older constructed wetlands like in this study, the rate at which N is removed from urban stormwater increases as rates of denitrification increase with increased organic carbon loading in the sediments (Lin et al., 2002; Lee et al., 2009; Griffiths and Mitsch, 2017), and aquatic vegetation establishes and biomass increases over time (Abbasi et al., 2019). The rhizomes of submerged plants can provide a source of organic carbon and nutrients for microbes that live in plant surface biofilms, meaning the plants themselves drive denitrification in the anoxic environment of the plant-sediment interface, not just a process mediated by organic rich sediments (Ruiz-Rueda et al., 2009; Adrados et al., 2014; Hua et al., 2017). Furthermore, greater abundances of denitrifying bacteria have been detected in sediments around plant rhizomes compared to bare sediments in natural and constructed wetlands (Hallin et al., 2015). This highlights a strong coupling between two critical N removal processes mediated by the presence of vegetation and the sediments they interact with. Removing the vegetation and a layer of bed sediment therefore reduces the capacity for overall effective treatment of N, resulting in the export of bioavailable forms of N under both baseflow (NH4+) and event flow conditions (NOx-N).
Contradicting expectations, the P removal efficiency improved after maintenance, under both flow conditions, with total P and all dissolved and particulate forms being treated or retained, except for particulate P under baseflow. Compared to N, it is accepted that effective P treatment in urban stormwater is challenging and highly variable (Hunt et al., 2006; Maucieri et al., 2020). Some studies have highlighted that dissolved forms of P (i.e. phosphate) can be removed by direct uptake by plants, but this is largely species dependent (Perner et al., 2006; Shan et al., 2011; Maucieri et al., 2020). Other studies have highlighted that adsorption of dissolved P to the substrate material is the most effective means of removal (Brooks et al., 2000; Vymazal, 2007; Ballantine and Tanner, 2010). The maintenance activity removed 200–300 mm of bed sediments in addition to removing the vegetation, meaning the substrate in the wetland may have been completely altered, encouraging P retention. Without targeted research to directly assess P removal processes, it is difficult to attribute the improved removal to any one factor from sampling P concentrations alone. However the fate of organic and particulate P was tightly coupled to the fate of sediment under both flow conditions, before and after maintenance. Regardless of flow conditions or vegetated state, if suspended sediment is being retained, so is total P, and if suspended sediment is being exported so is total P, which is commonly observed in wetlands (Rogers et al., 1991; Noe et al., 2007; Parker, 2010; Yu et al., 2012). P removal may be linked to physical processes like sedimentation rather than algal or plant uptake (Nguyen et al., 2020). The higher export (i.e., lower removal efficiency) of suspended sediment and particulate nutrients during low flow conditions compared to retention during high flow conditions may be related to the newly deposited material being easily and readily exported from the wetland under low energy following initial settling and storage during rainfall events. Total P removal often decreases with age as wetlands become shallower with sedimentation, and phosphorus loaded sediments are more prone to resuspension and easily exported in low flow conditions (Mitsch et al., 2012; Mitsch et al., 2014; Mitsch and Gosselink, 2015; Griffiths and Mitsch, 2017).
Sediment export during baseflow conditions remained an issue after maintenance, however removal efficiency of sediment during event flow conditions improved after maintenance. After maintenance, the wetland was functionally similar to a sedimentation basin, which by design has high sediment storage capacity (Parker, 2010; Water By Design, 2010). While this was a benefit, it was offset by the continuous export of sediment during the more frequent baseflow conditions, makes any benefit negligible as continuous export places ongoing pressure on receiving environments downstream by reducing light availability to both benthic and pelagic primary producers, impacting productivity (Cloern et al., 2014).
Despite the improvements in some pollutant removal efficiency after maintenance, the physical disturbance resulted in a mass export of suspended sediment, particulate-N and particulate-P that would have been deposited over many years. This was the first significant maintenance operation on the wetland in its >10-years lifecycle. This essentially erased the benefit of several years’ worth of treatment in a 3-week period. There was an almost 30-fold increase in sediment export based on differences in total sediment concentrations, which ultimately was transported to the nearby estuarine receiving environment. This was coupled with very large export of organic matter in the form of particulate nutrients, which had the potential to be remineralised as dissolved forms in the receiving waterway (Nixon, 1981). Increased turbidity and sedimentation can cause many issues in shallow estuarine areas (Lohrer et al., 2004; Duarte, 2007; Davis et al., 2016), and organic matter enrichment can contribute to eutrophication (Hallett et al., 2019). This emphasises the need for careful planning of maintenance activities and suitable controls to minimise risk to downstream receiving environments.
In controlled settings, harvesting of submerged macrophytes has been used an effective means of maintaining constructed wetlands when carried out at an appropriate frequency and manner. Verhofstad et al. (2017) found that intermediate harvesting frequency of 2–3 times per year is appropriate when aiming to remove nutrients in a low nutrient loading scenario, as well as encouraging macrophyte cover, height and species abundance in recovery. In contrast, annual plant harvesting has also been found to significantly improve the effectiveness of CWs because harvesting plants not only directly removes nutrient and organic matter standing stocks, but also encourages the breakdown of organic matter, N and P by improving the oxygen and light conditions (Luo, et al., 2018; Wang et al., 2015). These macrocosm based studies, however, cannot account for the practical realities of harvesting full scale CWs, such as the large exports that occurred during the maintenance process. This calls into question whether the outcomes of lab-based studies can be scaled up to enhance understanding of field-scale processes, without proper consideration of practical constraints. Full-field based, whole of system studies like ours provide valuable, novel insight into the real life operation and processes occurring in CWs, and outcomes from both settings need to be considered when planning maintenance strategies.
Investigations to assess SCM effectiveness are increasingly common, yet there are gaps in our understanding of how different processes and removal and transformation pathways vary temporally (including seasonally), spatially, in response to rainfall and among interactions of different pollutants, such as N and P (Payne et al., 2014; Gold et al., 2019; Williams, et al., 2013; Duan et al., 2016). Understanding the nutrient cycling processes and removal pathways within CWs is arguably much more valuable, as it highlights why removal efficiencies identified in traditional effectiveness studies are occurring. The results of this study highlight the importance of investigating and acknowledging that the constituent fractions of N and P are responding differently to management and flow. This argues against the value of a reliance on total nutrient concentrations and loads for removal efficiency assessments. An overall assessment of a wetland might find that there was (hypothetically) a net removal of total N and net production of total P, with the mechanisms, however, being quite different. Dissolved N and P were being removed while outflowing particulate N and P concentrations were greater than inflowing concentrations, suggesting organic and particulate material was being exported as part of the total suspended material pool. In the case of P, the magnitude of the increase in particulate P was sufficient to overwhelm the removal of dissolved P. This means that the removal efficiency picture is quite different for different classes of constituents and that simple statements about overall efficiencies are missing much of the ecologically important information. Dissolved nutrients are readily bioavailable (Howarth and Marino, 2006) so if algal growth in receiving waters is of concern, then this is the most important perspective. Particulate nutrients may be a concern if they are in a labile form which might lead to oxygen reduction via organic loading (Lusk et al., 2020), but if they are largely refractory, they may be largely irrelevant. Similarly, dissolved organic forms are suggested to be refractory (e.g., humic and tannic acids; Neff et al., 2003; Fan et al., 2017), though in some circumstances they may also be considered labile (Jani et al., 2020; Lusk et al., 2020) and influence nutrient and organic matter cycling in receiving waterways (Howarth and Marino, 2006; Li et al., 2019; Garzon-Garcia et al., 2021).
Transformations and removal of dissolved and particulate forms, especially in relation to dissolved inorganic nitrogen as a proportion of N, are the drivers of total N and P removal in CWs. Improved understanding on the removal efficiency of these fractions can inform managers of how current and past conditions in CWs (vegetation cover, hydraulic residence time, water level, etc.) are enabling transformation and removal processes to occur that will be reflected in total N and P concentrations and loads. Furthermore, managers should be designing SCMs and planning maintenance operations that functionally enhance transformation and removal processes of dissolved and particulate nutrient fractions, to enhance overall removal efficiency. This understanding then needs to transfer to an analysis of the marketing material for proprietary products—so that end users can properly assess whether a product is suitable for their objectives.
CONCLUSION
Mechanical removal of all aquatic vegetation and underlying sediments caused significant physical disturbance, resulting in mass export of sediment and particulate nutrients, possibly reversing many years’ worth of retention in a 3-week period. After maintenance, the wetland was functionally similar to a sediment basin, storing sediment during rainfall events, but continuous export of resuspended sediment occurred during low flow conditions. The fate of P in the wetland followed trends in sediment. Without vegetation, the wetland’s ability to treat N diminished. The results of this study highlight that improper maintenance approaches have the potential to cause more damage than benefit, and how evidence-based advice on potential impacts is needed ahead of maintenance operations. It also highlighted that field-scale studies such as this can yield a wider range of findings when assessing pollutant removal rates of SCMs; laboratory based controlled experiments targeting specific removal rates of plants or microbial processes may not highlight whole of system processes that are occurring in operational devices. Maintenance operations of this scale and timing need careful planning and controls to minimise negative impact, and consideration of whether the benefit to the devices’ performance outweighs the risks to the receiving environment if sediment, nutrients and other pollutants are exported during the process.
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