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Executive summary 

This report summarises the Monash University research outcomes for Project B2.2/2.3—Protection and 
restoration of urban freshwater ecosystems: informing management and planning.  

Nitrogen management is imperative 

Synthetically derived nitrogen and an increase in impervious surfaces have rapidly increased the amount of 
nitrogen in rivers and coastal waters. These greater nitrogen loads can lead to economic and environmental 
losses, so their careful management is imperative. 

As urban development increases, constructed wetlands are becoming more common as tools for reducing 
nitrogen and other pollutant loads, but their effectiveness is variable and limited. In particular, information about 
temporal changes and the important processes involved in removal is limited, which makes effectively managing 
nitrogen loads difficult.  

Urban wetlands show promising potential as a management tool 

We used two different approaches to investigate the effectiveness of constructed wetlands at removing nitrogen:  

 We examined whether natural abundance stable isotopes of nitrogen (δ15N) and oxygen (δ18O) could be 
used as a functional indicator of nitrogen processing in constructed wetlands. We also examined the 
effectiveness of natural abundance stable isotopes as a potential monitoring tool (part 1). 

 We examined the isotope pairing technique using two competing nitrogen pathways: denitrification and 
dissimilatory nitrate reduction to ammonium (DNRA) (part 2). Isotope pairing uses labelled NO3

- to 
measure actual rates of nitrogen pathways (denitrification and DNRA) under in situ conditions, to 
determine the effectiveness of denitrification as a removal process across temperature and carbon 
conditions. 

Our study has some important implications for nitrogen management:  

 Nitrogen processing is dynamic on a temporal scale (seasonal and diurnal), which should be considered 
when developing monitoring programs. 

 The nitrogen processing capacity of the Melbourne wetlands we studied was variable, and as such, more 
site-specific management strategies may be appropriate.  

 Denitrification is an important nitrogen removal pathway. To better understand the importance of 
assimilation, ammonium uptake should be considered because primary producers prefer NH4

+ over NO3
-.  

 This is one of the first studies to simultaneously measure denitrification and DNRA with a suite of co-
predictors (temperature, organic carbon, porewater iron and sulfide, nitrate, and chlorophyll-a), and it 
emphasises that DNRA can be favoured under certain conditions that promote nitrogen recycling.  

 Groundwater-fed constructed wetlands give rise to new complexities for management and monitoring 
because of significant variability on both a temporal and spatial scale (within the wetland).  

More research is needed into wetland function over time  

This study highlights the importance of gathering a ‘whole picture’ view of wetland function. From our results, it is 
unclear whether constructed wetlands effectively remove a significant amount of nitrogen from stormwater over 
time, without studying nitrogen removal efficiency over a wetland’s lifetime. In addition, more research is needed 
into how wetlands behave during event conditions when a significant portion of the annual nitrogen load is put into 
the system. 
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Introduction 

It is well known that synthetically derived nitrogen (for example, from the Haber-Bosch process) and an increase 
in impervious surfaces have led to a rapid increase in the amount of nitrogen transported into rivers and coastal 
waters (Brabec et al., 2002; Bernhardt et al., 2008). These increased nitrogen loads can lead to eutrophication 
and enhanced primary productivity (algal blooms) and result in both economic and environmental losses.  

In the urban landscape, constructed wetlands are commonly used to mitigate nitrogen loads in stormwater runoff, 
because they increase the hydraulic residence time and allow for removal through natural processes (Lee et al., 
2009). The main processes that remove nitrogen in a constructed wetland system are physical removal through 
settling, assimilation into plant material, and microbially mediated removal through denitrification (Vyzamal, 2007; 
Bernhardt et al., 2008) (Figure 1). 

With increasing urban development, constructed wetlands are becoming more common as management tools for 
reducing nitrogen and other pollutant loads (Scholes et al., 1998; Taylor et al., 2005; Wetzel et al., 2001), but the 
effectiveness of these systems can change over time. Several studies show long term nitrogen removal 
efficiencies are frequently at less than 50% (Taylor et al., 2005; Lee et al., 2009). At present, monitoring of 
constructed wetlands after construction largely looks at nutrient concentrations in the initial establishment phase 
(two to five years after construction), and often ignores the change in removal efficiency throughout the lifetime of 
the wetland (Wetzel, 2001; Farrell & Scheckenberger, 2003). Monitoring using concentrations from the inlet to the 
outlet allows removal efficiencies to be calculated, but gives little or no information about temporal changes and 
the important processes involved in this removal and, therefore, little indication of where nitrogen management 
should focus.  

As a result of increased nitrogen inputs, and the potential of wetland sediments to process and remove nutrients 
and pollutants, nitrogen cycling in wetlands has received considerable attention (Bowden, 1986; Dierberg and 
Brezonik, 1983; Valiela & Teal, 1979). In this study, we used two different approaches to determine the 
effectiveness of constructed wetlands at removing nitrogen:  

1. stable isotopes of NO3
- at the natural abundance level 

2. isotope pairing technique using two competing nitrogen pathways: denitrification and DNRA. 

We conducted the study in two parts: 

1. Part 1 looked at whether natural abundance stable isotopes of nitrogen (δ15N) and oxygen (δ18O) could 
be used as a functional indicator of nitrogen processing in constructed wetlands. We aimed to determine 
how nitrogen is transformed within a wetland system, and therefore how it could be better managed. We 
examined surface water constructed wetlands (Cascades on Clyde and Kelletts Road wetlands, 
Melbourne) and groundwater-fed constructed wetlands (Anvil Way Compensation Basin, Perth) during 
summer and winter. We also examined the effectiveness of natural abundance stable isotopes as a 
potential monitoring tool. The post-doctoral fellow employed on this project, Dr Keryn Roberts, conducted 
the research for Part 1. 

2. Part 2 applied the isotope pairing technique, which uses labelled NO3
- to measure actual rates of nitrogen 

pathways (denitrification and dissimilatory nitrate reduction to ammonium or DNRA) under in situ 
conditions, to determine the effectiveness of denitrification as a removal process across a wide range of 
temperature and carbon conditions. The PhD candidate supported by the project, Mr Md Moklesur 
Rahman, conducted the detailed mechanistic studies on several Melbourne wetlands used in Part 2.   
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Part 1 – Stable isotopes of NO3
- at the natural 

abundance level 

 

For this part of the study, we asked whether natural abundance stable isotopes of nitrogen (δ15N) and oxygen 
(δ18O) could be used as a functional indicator of nitrogen processing in constructed wetlands. We wanted to 
understand how nitrogen is transformed within a wetland system so its management can be better targeted.  

We used natural abundance stable isotopes of nitrate (NO3
-) and auxiliary water quality information to determine 

the effectiveness of surface water constructed wetlands and groundwater-fed constructed wetlands at removing 
nitrogen during the two contrasting seasons of summer and winter. The surface water constructed wetlands we 
studied were Cascades on Clyde and Kelletts Road wetlands in Melbourne, and the groundwater-fed constructed 
wetlands we studied were at Anvil Way Compensation Basin in Perth. We also examined the effectiveness of 
natural abundance stable isotopes as a potential monitoring tool. 

In brief, natural abundance stable isotopes of nitrogen can be used in aquatic environments to determine two key 
pieces of information: source and transformation of nitrogen. We focused on using natural abundance stable 
isotopes to determine the transformation of nitrogen by measuring the δ15N signature of nitrogen in the residual 
(or reactant) pool and the likely process determined from the level of fractionation1 (Fry, 2006; Michener & Lajtha, 
2007). Fractionation of δ15N-NO3

- during assimilation, for example, will lead to an increase in δ15N-NO3
- signature 

in the residual pool because the lighter isotope (14N) is an energetically more favourable reactant (Figure 1A). 
Several studies have shown the level of fractionation is predictable and varies by pathway, such as denitrification, 
assimilation or nitrification (Michener and Lajtha 2007) (Figure 1 (A)).  

 

                                                      

1 Fractionation is the process by which the relative abundance of the two stable isotopes of nitrogen, 14N and 15N, will change when they 
undergo a reaction. The more energetically favourable reactant is the lighter isotope (14N), leading to a predictable preference towards the 
lighter isotope in the product and a concentration of the heavier isotope (15N) in the reactant or residual pool (Fry 2006) (Figure 2). 
Fractionation is the amount the isotopic signature changes. Enrichment factor (ε) indicates the amount and direction of fractionation; for 
example, a positive ε indicates a depletion in the residual pool, while a negative ε indicates an enrichment in the residual pool. 
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Figure 1: (A) Conceptual model of important nitrogen pathways in a constructed wetland system and the expected levels of fractionation in 
the residual NO3

- pool. (B) Nitrogen pathways measured in constructed wetlands using the isotope pairing technique 

 

In wetlands, permanent nitrate removal through denitrification is preferable over temporary sequestration into 
plant material, and understanding the balance between these two processes could optimise wetland performance 
(Lund et al. 2000). Based on the principles of fractionation during transformation pathways, we tested the efficacy 
of natural abundance stable isotopes of nitrogen as qualitative functional indicators of nitrogen processing in 
constructed wetlands. By using natural abundance stable isotopes in addition to the nutrient concentrations 
already measured, this method could provide more information about the processes that are important in nitrogen 
removal.  

Several studies have examined denitrification in constructed wetlands using the dual isotopic composition of NO3
- 

(Sovik & Mørkved, 2008; Lund et al., 2000), but few have examined assimilation and nitrification in addition to 
denitrification using natural stable isotopes in wetlands (Itoh et al., 2011; Erler et al., 2010). In those studies, the 
wetlands were heavily influenced by sewage waste. In this study, we examined the effectiveness of this method in 
constructed urban wetlands that receive and treat stormwater (Melbourne) and groundwater (Perth).  
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Part 2 – Isotope pairing technique using two 

competing nitrogen pathways: denitrification and 

DNRA 

For this part, we applied the isotope pairing technique, which uses labelled NO3
- to measure actual rates of 

nitrogen pathways (denitrification and dissimilatory nitrate reduction to ammonium or DNRA) under in situ 
conditions, to determine the effectiveness of denitrification as a removal process across a wide range of 
temperature and carbon conditions.  

There are two competing pathways of dissimilatory nitrate reduction that can determine the degree of nitrogen 
retention within a system (Sørensen 1978):  

1. denitrification, a microbially mediated reduction pathway, reduces nitrogen oxides (NO3
- and NO2

-) to 
nitrogen gas (N2) and permanently removes nitrogen from a system (Bernard et al. 2015a). As such, 
denitrification counteracts nitrogen inputs into constructed wetland systems and acts as a ‘sink’ of 
nitrogen  

2. dissimilatory nitrate reduction to ammonium (or DNRA) competes with denitrification for nitrate, 
converting nitrate into bioavailable ammonium and retaining nitrogen in the system, which potentially 
exacerbates eutrophication (An and Gardner 2002).  

Factors controlling nitrate reduction pathways vary both temporally and spatially across different ecosystems. For 
example, the availability of NO3

-, organic carbon (OC), and concentration of dissolved oxygen (DO) have been 
identified as controlling factors on nitrate reduction processes in aquatic sediments (Burgin and Hamilton 2007; 
Inwood et al. 2007; Sgouridis et al. 2011). Further, the ratio of dissolved organic carbon (DOC) to NO3

- 
(Dalsgaard and Thamdrup 2002), temperature (Dong et al. 2011), porewater concentrations of NO3

-, sulfide and 
iron (Brunet and Garcia-Gil 1996; Fossing et al. 1995; Reyes-Avila et al. 2004; Straub et al. 1996), and salinity 
(Giblin et al. 2010) have been reported as important factors controlling the partitioning of nitrate reduction into 
denitrification and DNRA in different ecosystems. That said, very few studies have examined the role of DNRA in 
constructed wetlands and determined the potential impact of this process on retaining bioavailable nitrogen within 
the system and limiting permanent nitrogen removal via denitrification.  

Our study determined rates of nitrate reduction pathways (denitrification and DNRA) using the isotope pairing 
technique in four constructed wetlands of varying degrees of sediment organic carbon content (a known predictor 
of the partitioning between denitrification and DNRA) and temperatures. As well as measuring denitrification and 
DNRA rates under in situ conditions, we collected sediment fluxes of nutrients and oxygen, and auxiliary water 
quality and sediment data.  
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Part 1 – Summary of findings 

We looked at nitrogen cycling across a seasonal cycle2 within groundwater and surface water-fed constructed 
wetland systems in Perth and Melbourne We used natural abundance stable isotopes of nitrogen (δ15N) as a 
qualitative measure to assess important nitrogen cycling pathways, such as denitrification, assimilation and 
nitrification. 

The results indicate that the shift in different nitrogen pathways on a seasonal cycle in both system types is 
important, and system management should consider seasonal shifts in efficiency and nitrogen transformation 
pathways.  

For both of the Melbourne wetlands we studied, denitrification was an important nitrogen removal pathway during 
summer, supported by a decrease in NO3

- concentrations throughout the wetland and minimal fractionation of 
δ15N-NO3

-. In summer, water column nitrification was also an important pathway contributing to the depletion of 
water column δ15N-NO3

- moving towards the outlet (Figure 2). In contrast, during winter, we observed minimal 
fractionation within the wetland, which was consistent with limited NO3

- removal (Figure 2). This study showed 
that the removal efficiency in winter significantly decreased compared with summer months, and processes such 
as denitrification and assimilation were not significantly contributing to nitrogen removal. Many factors contributed 
to the limited nitrogen removal we observed during winter: high nutrient inputs, decreased residence time of the 
water within the wetland, high wind events leading to mixing of the water column and resuspension of particulate 
material, and lower temperatures decreasing rates of microbial activity. 

In Perth, we could only use natural abundance stable isotopes of NO3
- in winter 2015 because of low (< 5µmol L-

1) NO3
- in the oxygen-depleted inlet water during summer 2016. During winter, the isotopic signature was driven 

by the inlet signatures of δ18O and δ15N-NO3
-, with limited variation in both δ18O and δ15N-NO3

- observed 
throughout the wetland. The values of δ18O and δ15N-NO3

- changed during and after a rain event: after receding 
back to baseflow, the isotope values returned to pre-event conditions driven by a change in the inlet source of 
NO3

-. Within the wetland, denitrification was the most important NO3
- removal pathway in winter, supported by 

minimal fractionation of δ15N-NO3
- and measured rates of denitrification using the 15N-NO3

- isotope pairing 
technique (Figure 3). In winter, there was limited to no removal of NH4

+, DON and TN.  

We also reported limited removal of DON and TN for summer, with increases in both analytes observed 
throughout the wetland most likely explained by leaching of DON from plant material (Figure 3). Gross primary 
production increased throughout the wetland, supported by an increase in O2 concentration and uptake of NH4

+ 
(Figure 3). NO3

- was low during the summer months, but if present uptake via denitrification occurs as confirmed 
by the 15N-NO3

- isotope, additional experiments to determine denitrification rates should be undertaken (Figure 3). 

 

                                                      

2 The classification of seasons ‘summer’ and ‘winter’ for both Melbourne and Perth are based on typical rainfall and temperature conditions for 

the region.  
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Figure 2: Conceptual model of the main nitrogen cycling processing pathways during summer (A) and winter (B) in Melbourne constructed 
wetlands, including benthic nitrification (a-1), water column nitrification (a-2), denitrification (b), assimilation (c), and mineralisation 
(d). The water column is represented in blue; light brown sediment is oxic and darker brown sediment is anoxic. The size of the 
arrow is indicative of the importance of the process within the system. For example, water column nitrification and denitrification 
were the main pathways that influenced the residual δ15N-NO3

- during summer, while very little processing was observed during the 
winter months, with little effect observed on the residual δ15N-NO3

-. 
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Figure 3: Conceptual model of the main nitrogen cycling processing pathways during summer (A) and winter (B) in Anvil Way Compensation 
Basin, including benthic nitrification (a), denitrification (b), assimilation (c), and mineralisation (d). The water column is represented 
in blue; light brown sediment is oxic and darker brown sediment is anoxic. The size of the arrow is indicative of the importance of 
the process within the system. For example, during winter, denitrification was the main NO3

- removal pathway. 

Groundwater discharge contributed up to 20–30 per cent of the total discharge to the wetland during the sampling 
period (Figure 3), but constraints within the study meant we could not confirm the specific contribution to nutrient 
concentrations and the effect of groundwater on nutrient dynamics. Most of the groundwater bores within Anvil 
Way Compensation Basin were anoxic, with low concentrations of NO3

-, but DON, TN and NH4
+ were reported 

within a similar concentration range to the wetland surface waters, which suggests shallow groundwater 
discharge within the wetland may be an important source of nitrogen to the wetland. This requires further 
investigation. 
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In Perth’s Anvil Way Compensation Basin, we carried out a tracer release experiment over several days in both 
summer and winter, and identified large changes in O2, NH4

+ and filterable reactive phosphorus (not reported) 
concentrations on a diurnal cycle, which indicates a shift in nutrient transformation pathways on this diurnal cycle. 
For example, summer NH4

+ concentrations increased during the night when oxygen concentrations were low 
resulting from the cessation of nitrification leading to less uptake of NH4

+ from the water column and at some sites 
an efflux of mineralised NH4

+ from the sediment (Figure 3). During daylight, NH4
+ concentrations in the water 

column decreased because of an increase in dissolved oxygen (from enhanced primary production) and uptake 
via assimilation and nitrification (Figure 3).  

These large diurnal changes in nutrient concentrations need to be considered when monitoring constructed 
wetlands. For example, the wetland may shift from a net ‘source’ to a net ‘sink’ of nitrogen on a diurnal cycle; 
therefore, the time of day at which the monitoring sample is taken is important because of both diurnal and 
seasonal variations. Misinterpretation of nutrient removal efficiencies caused by a sampling artefact may have 
implications for wetland management and should be considered when monitoring wetlands with large changes in 
diurnal O2 concentrations.  

These data are a preliminary assessment of a technique that could be used in monitoring constructed wetlands in 
conjunction with the nutrient concentrations already measured, but this technique is only effective in wetlands with 
well constrained inputs and outputs, high nitrate inputs (~1mg/L inlet concentration for the method to be effective), 
and a mixed water column (to account for grab sampling). In wetlands that meet these criteria, the method proved 
to be effective, but we have some recommendations for future assessment: 

1. Using stable isotopes of NO3
- (δ15N and δ18O) is more effective if the sources of δ15N are known; for 

example, NH4
+ (nitrification), plant matter-N, groundwater-N, and porewater δ15N constituents.  

2. Within the wetlands, several nitrogen cycling pathways occur simultaneously, which makes interpreting 
δ15N-NO3

- without supporting information complex; as such, auxiliary information, in addition to nutrient 
concentrations, is required.  

3. To determine whether the method is effective across a broad range of wetlands, and to gather more 
information on the fractionation effects of different pathways in wetland systems, further testing is 
required, including on wetlands with different input sources in both groundwater-fed and surface water-
fed systems.  

4. Seasonal shifts in nutrient removal were present for both groundwater-fed and surface water-fed 
systems, and this should be considered in monitoring wetlands and calculating annual nitrogen removal 
budgets. Further, in Perth, nutrient and oxygen concentrations changed drastically on a diurnal cycle and, 
as such, sampling time during monitoring may be important in interpreting wetland function. These diurnal 
shifts in δ15N need to be investigated before this method can be effective in monitoring programs. 
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Part 2 – Summary of findings 
 

We investigated two competing nitrate reduction pathways (denitrification and DNRA) across four urban wetlands 
in Melbourne. We used the isotope pairing technique to quantitatively measure rates of denitrification: a nitrogen 
removal process, and DNRA, a nitrogen recycling process. Since these two pathways compete for available 
nitrate—a significant constituent in Melbourne’s stormwater (Taylor et al. 2005)—it is particularly important to 
determine the partitioning between these processes and to identify under what conditions denitrification is 
favoured.  

The results indicate that DNRA, the recycling pathway, is an important process throughout the year, contributing 
up to 60 per cent of total nitrate reduction, but this result is concerning because a significant portion of the nitrate 
that is reduced is recycled within the system rather than removed.  

We measured denitrification and DNRA in wetland sediments using two techniques that employ the labelled 15N-
NO3

- method3:  

1. We used the isotope pairing technique in intact cores to measure in situ rates of denitrification and 
DNRA, as well as in situ predictor variables, such as temperature, carbon, and iron and sulfide 
concentration in the porewater. We also used multiple regression analysis to determine co-predicators of 
nitrate reduction rates in wetland sediments.  

2. We measured rates of denitrification and DNRA in sediment slurries to examine the partitioning between 
the processes under optimal conditions.  

Under in situ conditions, DNRA was the dominant nitrate reduction pathway in the wetlands we studied, 
irrespective of season or site. The multiple regression analysis identified porewater iron and sulfide and  
chlorophyll-a as important controls on the DNRA rate. DNRA bacteria can use porewater iron and sulfide as an 
alternative energy source to carbon, thereby promoting DNRA over denitrification. Interestingly, chlorophyll-a was 
considered an important predictor of DNRA rates, which could be attributed to assimilatory nitrate reduction to 
ammonium (ANRA) that can be carried out by plants and benthic bacteria (Silver et al. 2001). It is difficult to 
exclude ANRA, and define the contribution to the overall DNRA rate, but the implication for management is the 
same: a large proportion of the nitrate in wetlands is recycled at the expense of denitrification.  

The concentrations of nitrate, organic carbon and chlorophyll-a were important predictors of denitrification rates, 
which conforms to the traditional paradigm. Generally, under conditions of high nitrate, denitrification is the 
favoured pathway of nitrate reduction. When the nitrate concentration increases, the ratio of organic carbon to 
nitrate decreases. Under these conditions, denitrifying bacteria are a more efficient user of nitrate (Holmes et al. 
1996; King & Nedwell 1985; Martin et al. 2001; Pattinson et al. 1998) and, as a result, denitrification increases. 

The ratio between denitrification and DNRA was most strongly associated with temperature and nitrate 
concentration, which suggests the DNRA is favoured under conditions of low nitrate and temperatures less than 
15o C (Figure 4). While the immediate concern is the high rates of DNRA observed in constructed wetlands, 
DNRA was only favoured under conditions of low NO3

- (mean ~20 µmol L-1). These results suggest that if NO3
- 

                                                      

3 PhD student Md Moklesur Rahman carried out a mechanistic study on the controls of denitrification and DNRA as part of the 

PhD project due for submission in December 2017. Please refer to the thesis for a more detailed analysis of denitrification and 
DNRA in wetlands.  
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concentrations were to increase (for example, during a storm event), denitrification would become the dominant 
pathway and lead to more permanent nitrate removal (Figure 4).  

 

 

 

Figure 4: Conceptual model of the main nitrogen cycling processing pathways examined in this study (A): a system dominated by 
DNRA, and (B) a system dominated by denitrification. 

In contrast to the in situ measurements of denitrification and DNRA, rates measured in slurries indicated 
denitrification was the dominant pathway at all sites. These results support the hypothesis that under optimal 
conditions (high nitrate and organic carbon), denitrification will be the main removal pathway. The increased rate 
of denitrification relative to DNRA observed in the slurries compared to in situ measurements, shows a dynamic 
shift between nitrate reduction pathways under changing nitrate conditions. 

This study has important implications for management. The results show wetlands will respond rapidly to change, 
including increases in nitrate loading. Further, DNRA was favoured at lower temperatures, which implies that 
increasing temperatures from global warming and the urban heat island effect will not negatively impact nitrogen 
processing in the urban stormwater wetlands studied here.  
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Conclusion 

In summary, nitrogen processing in urban constructed wetlands is dynamic at both the temporal (seasonal and 
diurnal) and spatial scale. Greater focus on the nitrogen removal efficiency of a constructed wetland over the 
lifetime of the wetland is necessary to completely assess whether these systems effectively remove a significant 
amount of nitrogen from stormwater over the wetlands lifecycle.  

The results from this study emphasise the need for further investigation into how wetlands behave during event 
conditions, when a significant portion of the annual nitrogen load is put into the system. The results from Part 1 of 
this study suggest the wetlands studied were ineffective during event conditions, but Part 2 showed denitrification 
would increase under these conditions. Although denitrification may increase under conditions of high nitrate, 
such as an event, other compounding factors may influence nitrogen removal efficiency, including residence time, 
wind resuspension of sediment, and temperature. The combined results of Parts 1 and 2 highlight the importance 
of gathering a ‘whole picture’ view of wetland function, to make informed management decisions.   

Our assessment of natural abundance stable isotopes of nitrogen as a potential management tool provided 
promising results, but these should be used with care. To obtain significant meaning from natural abundance 
stable isotopes a substantial amount of supporting data, such as water quality and other nitrogen sources was 
required. This method could be useful in constructed wetland systems with well constrained source inputs, 
however further research is required before it can be implemented in management.  

Our key findings are: 

 Nitrogen processing is dynamic on a temporal scale (seasonal and diurnal), which should be considered 
when developing monitoring programs. 

 The nitrogen processing capacity of the wetlands we studied in the Melbourne region was variable, and 
as such, more site-specific management strategies may be appropriate.  

 In both Parts 1 and 2, it was determined that denitrification is an important nitrogen removal pathway. To 
improve understanding of the importance of assimilation, ammonium uptake should also be considered 
because it has been shown that primary producers preferentially uptake NH4

+ over NO3
- (Cohen et al., 

2004; Nichols and Keeney, 1976; Dudley et al., 2001).  

 This is one of the first studies to simultaneously measure denitrification and DNRA with a suite of co-
predictors (temperature, organic carbon, porewater iron and sulfide, nitrate, and chlorophyll-a) and it 
emphasises that DNRA can be favoured under certain conditions that promote nitrogen recycling.  

 Groundwater-fed constructed wetlands give rise to new complexities for management and monitoring with 
significant variability on both a temporal and spatial scale (within the wetland).  
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