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Sediment  quality  was  assessed  at  98
urban  wetlands  across  an  urban  land-
scape.
Land  use  type  is an  important  deter-
minant  of the pollutant  profile  in
sediments.
Industrial  wetlands  have  a much
greater risk  of  exceeding  ecological
and waste  disposal  guidelines.
Age  of wetlands  and  their  catchment
geology  significantly  influences  sedi-
ment  quality.
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a  b  s  t  r  a  c  t

Constructed  wetlands  are  recognised  as a cost-effective  and  socially  acceptable  stormwater  treatment
option  within  urban  landscapes,  satisfying  a range  of  urban  design  objectives,  including  flood  protec-
tion  and treating  stormwater.  While  wetlands  also  provide  habitat  for  aquatic  biota,  and  often  act  as
a  refuge  for  wildlife,  there  is growing  concern  that  as  wetlands  become  polluted,  they  could  become
toxic  to aquatic  life and  lead  to extensive  costs  for the  disposal  of  sediments.  Currently,  there  is  little
consideration  given  to how  land  use activity  in wetland  catchments  contributes  to  this  pollution.  Here
eywords:
and use
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anagement

tormwater

we  assessed  the  sediment  quality  of  98  constructed  wetlands  across  an  urban  landscape  and  deter-
mined  whether  concentrations  of pollutants  present  can  be correlated  to  catchment  land  uses, geology
or  wetland  age.  Using  boosted  regression  trees,  we  find  that  land  use  type is an  important  determi-
nant  of  the  concentrations  of  heavy  metals  and  petroleum  hydrocarbons  in sediments.  Wetlands  with
>10%  industries  in  their  catchments  have  significantly  higher  sediment-bound  concentrations  of trace
metals  than  wetlands  draining  catchments  with  little industrialisation.  Furthermore,  these  industrial
wetlands  have  a  much  greater  risk  of exceeding  ecological  and  waste  disposal  guidelines,  while  wetlands
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with  catchments  comprising  primarily  residential  or peri-urban  have  significantly  lower  risk  of  becoming
polluted.  Results  also  suggest  that  the  age  of  wetlands  and  their  catchment  geology  significantly  influences
sediment  quality.  This  research  improves  our  understanding  of the  factors  influencing  pollution  in urban
areas  and will enable  wetlands  to  be better  designed  and  managed  to minimise  their  environmental
impacts  and  maintenance  costs.
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. Introduction

Presently, over 50% of the world’s populations live within cities,
ith significant increases expected over the next 50 years (Grimm

t al., 2008). Thus, it is critical that improvements to social, eco-
omic and environmental sustainability of cities worldwide are

mplicit and developed as part of future planning. Many chem-
cal, physical and biological features of aquatic ecosystems are
ltered by changes in land use and human activities associated
ith urban living. Increases in urban populations intensify demand

n aquatic ecosystems services, such as waste disposal and deni-
rification, affecting ecological, recreational and social values (Li
t al., 2016). While ecosystem services can provide a framework
o guide landscape planners and architects on future sustainable
rban development (Woodruff & BenDor, 2016), maintenance of
hese ecosystem services as urban development increases becomes
ncreasingly difficult (Díaz, Fargione, & Tilman, 2006). A major chal-
enge facing cities globally is how to manage stormwater. To reduce
ollutants discharged by stormwaters, several different initiatives
ave been developed worldwide, such as the National Pollutant Dis-
harge Elimination System (NPDES) in the United States, the Flood
nd Water Management Act in the UK and the Australian Guidelines
or Urban Stormwater Management in Australia 2000.

These initiatives aim to manage the quality and quantity of
tormwater entering receiving waters. It is recognised that as
mpervious areas increase, due to increases in hard spaces, such
s roofs and roads, coupled with changes in land use activities,
o do concentrations of pollutants entering receiving waters. This
an also lead to alterations to local faunal composition and diver-
ity in downstream environments (Konrad & Booth, 2005). The
tormwater pollutant profile of any catchment area (CA) is deter-
ined largely by land use and associated anthropogenic activities,
ith the relationship between land use and aquatic ecosystem con-
ition clearly demonstrated (Foley et al., 2005). Determining the
ost appropriate stormwater management option is critical for

educing the impact that stormwater inputs have on receiving envi-
onments. For some time, constructed wetlands have been used
s a cost-effective, socially acceptable and efficient way to treat
tormwater (Malaviya & Singh, 2012), although their implementa-
ion for treating stormwater has been somewhat varied in terms of
esign guidelines and management across the world (Lucas, Earl,
abatunde, & Bockelmann-Evans, 2015).

Though constructed wetlands are built primarily to protect
ownstream environments from pollutants, they are also often
sed as ecological refuges for a range of biota, including frogs,
irds, fish and macroinvertebrates. However, as wetlands accumu-

ate pollutants, the possibility has been raised that poor quality
etlands could become ecological traps that may  reduce the fit-
ess of local species and increase the risk of extinction to local
opulations (Hale, Coleman, Pettigrove, Swearer, & Strecker, 2015;
ilton, 1995). This is especially true if they are particularly attractive

o wildlife due to high quality habitat (Pérez-García, Sebastián-
onzález, Alexander, Sánchez-Zapata, & Botella, 2014). In addition,
onstructed wetlands have a finite lifespan before they require
ither de-commissioning or resetting (sediment dredged from
hed  by Elsevier  B.V.  This  is an  open  access  article under  the  CC  BY  license
(http://creativecommons.org/licenses/by/4.0/).

macrophyte zone). This can quickly escalate maintenance and
treatment costs (Steer, Aseltyne, & Fraser, 2003; Taylor & Fletcher,
2004), especially when contaminants in dredged sediments exceed
local soil hazard disposal thresholds (Sharley, Carew, & Pettigrove,
2012). For example, dredged sediments exceeding local disposal
guidelines in our study region are not only subject to various levies
per tonne depending on pollution levels (Table 1), but local environ-
mental authorities also request polluted sediment be transported
to prescribed waste facilities, further increasing costs. To improve
urban wetland planning and stormwater management best prac-
tice, it is critical that managers and planners are informed on the
broad-scale factors influencing generation of pollutants from urban
landscapes.

Wetland designs consider several factors including catchment
impervious area, aesthetic value and landscaping to maximise
stormwater filtration efficiency and ecosystem services (IWCW,
2000). However, planners and designers rarely consider the impli-
cations of catchment land use and locality within the landscape on
long term ecological and asset sustainability. Studies have shown
that adjacent land use can affect water and sediment quality
(Houlahan & Findlay, 2004; Simon, Snodgrass, Casey, & Sparling,
2009) as well as ecological condition (Findlay & Houlahan, 1997;
Houlahan & Findlay, 2003). A recent study by Kellar et al. (2014)
showed that stormwaters discharged from catchments with indus-
trial activity are more likely to have higher concentrations of heavy
metals, hydrocarbons and other pollutants, compared to other
land use types. By using boosted regression tree (BRT) models, we
examine potential relationships between land use characteristics,
age of wetland, underlying geology and sediment quality. Boosted
Regression Trees, unlike traditional statistical approaches work by
combining many single models to improve model performance
(i.e. Boosting), using recursive binary splits to relate responses
to predictor variables (i.e. Regression trees) (Elith, Leathwick, &
Hastie, 2008), which is useful when assessing complex ecological
datasets (Hale, Marshall, Jeppe, & Pettigrove, 2014; Lewin, Mehner,
Ritterbusch, & Bramick, 2014).

The objective of this study was  to determine how urban land
use characteristics and other factors such as age of wetland and
underlying geology significantly influence sediment quality in con-
structed wetlands. Our study area was  the urban area of Melbourne,
Australia. This city offers a variety of wetlands with over 600 con-
structed in this area in the past 30 years. In addition, there are
two distinct catchment geologies (Silurian Sedimentary Sands and
Tertiary Basalts) with distinct soil metal profiles and different prop-
erties in adsorbing heavy metals (Pettigrove & Hoffmann, 2003).
Assessing sediment quality from 98 wetlands and land use char-
acteristics from each subsequent watershed, we investigate how
generation of pollutants from catchments affect sediment quality,
disposal costs and ecological condition of constructed wetlands. We
discuss our results in the context of integrating watershed charac-
teristics into the decision-making process when deciding on the

most appropriate stormwater treatment option for a given urban
landscape.
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Table 1
Occurrence of heavy metals, hydrocarbons and common pesticides in wetland sediments, >TEC and >PEC is the number of exceedances of the Threshold Effect Concentration
(TEC)  and the Probable Effect Concentration (PEC) respectively (MacDonald et al., 2000). Where no guideline values exist, fields are left blank. Prescribed waste disposal
limits  determined by (EPA, 2009). *Threshold values were taken from the Australian sediment quality guidelines (Simpson et al., 2013).

Detect frequency (%) >TEC >PEC >disposal upper limit Min  (mg/kg) Max  (mg/kg) Mean (mg/kg) Median (mg/kg)

TPH* 93.9 15 63 40 <50 18800 1505.8 720
Zinc  100 35 27 49 12 4940 486.3 188
Nickel  100 41 7 3 4 159 26.5 21
Lead  100 25 7 1 9 456 46.0 23
Copper  100 39 8 15 6 1090 60.7 30
Silver* 2 1 2 0 <2 6 5.0 –
Mercury  28.3 12 1 1 <0.1 2.9 0.2 –
Cadmium 12.1 11 1 3 <1 11 1.2 –
Antimony 20.2 – – – <5 17 5.9 –
Arsenic  56.6 19 4 6 <5 51 9.0 6
Chromium 100 35 2 – 12 121 40.2 36
Iron  100 – – – 6360 46100 23838.5 23000
Aluminium 100 – – – 6850 37100 17069.1 16700
Manganese 100 – – – 25 1850 180.2 136
Titanium 100 – – – 20 960 170.3 100
Barium  100 – – – 40 430 129.8 120
Strontium 100 – – – 6 1060 40.7 22
Vanadium 100 – – – 14 130 40.2 38
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Cobalt  100 – – – 

Tin  48.5 – – – 

Molybdenum 13.1 – – – 

Beryllium 37.4 – – – 

. Materials and methods

.1. Site selection

We  initially selected 111 urban wetlands from the Greater Mel-
ourne metropolitan Area (GMA) comprising a broad range of land
ses representative of planning zones across Melbourne (Fig. 1).
rom the preliminary list of 111 sites, we selected 98 sites for sam-
ling. We  excluded sites that were either unsafe to sample or where
oundary delineation was difficult to ascertain with accuracy. We
onsidered several factors such as underlying geology and age of
etland during the site selection. Underlying geology was split

nto either basalt or sedimentary, as these broad geological dif-
erences are known to influence sediment toxicology (Pettigrove

 Hoffmann, 2003). Age of watershed was estimated based on
erial photography, satellite imagery, and wetland GIS information,
nd was divided into two broad classes: catchments with signifi-
ant greenfield development within the last 20 years were classed
s new, all others as old (Supplementary data Table 1). Site and
atchment characteristics are also provided in (Supplementary data
able 1).

.2. Sediment collection and analysis

We  sampled sites between February and May 2015. At each
etland, a composite sample of surficial (<10 cm)  sediment con-

isting of three samples from each wetland was  collected using
 scoop. Sediment samples were wet sieved with the fine frac-
ion (<63 �m)  retained for analysis to reduce inherent variability
ssociated with site differences, grain size, organic carbon and lab-
ratory methods (ANZECC, 2000). Filtered sediment samples were
tored at 4 ◦C in 10 l buckets overnight. Overlying water was  then
ecanted and sediment transferred to acid-washed oven-baked
lass jars and transported on ice for chemical analysis. Sediments
ere analysed for a range of trace inorganic and organic pol-

utants commonly associated with urbanisation, including trace

etals, petroleum hydrocarbons, and total organic carbon. Trace
etals were digested from 1 g of sediment using hot nitric (4 ml;

0% HNO3) and hydrochloric (10 ml;  20% HCl) acids (USEPA, 1994)
ethod 200.2) and analysed by inductively coupled plasma –

tomic emission spectrometry (ICP-AES) (USEPA, 1994) Method
2 31 10.6 10
<5 48 9.4 –
<2 13 2.3 –
<1 2 1.0 –

200.7). Total petroleum hydrocarbons (C10-C36) were extracted
from 5 g of sediment by shaking with surrogate and 10 ml methanol
(USEPA SW 846 – 5030A) prior to analysis by purge and trap cap-
illary gas chromatography – flame ionisation detector (GC-FID)
and quantified against alkane standards over the range C10–C36
(USEPA SW 846 8015A). Percent solids were determined by drying
sub-samples at 103 ◦C for reporting on a dry weight basis. All anal-
yses were completed by a commercial laboratory certified to ISO
17025. Whole sediment samples were collected prior to filtration
and subsequently analysed for particle size in 2012 by laser diffrac-
tion (AS4863.1-2000). The proportion of silt (<63 �m),  median Phi
units and Wentworth Size classification is presented (Supplemen-
tary Table 1).

Quality assurance and control procedures for chemical analysis
consisted of the estimated metal recovery for internal standards in
every batch of 20 samples analysed (% recovery), duplicate analysis
of samples in every batch of 10 samples (percent relative standard
deviation, % RSD) and blank reagent checked for one in every 10
samples. All blanks were below the limit of detection. Duplicate
precision, percentage recovery and the limits of reporting (LOR)
are presented in Table 2.

2.3. Sediment quality guidelines

Trace metal concentrations were compared with consensus-
based sediment quality guidelines, including a probable effects
concentrations (PEC); above which adverse effects are expected to
occur and a threshold effects concentrations (TEC); below which
adverse effects are not expected to occur (MacDonald, Ingersoll, &
Berger, 2000). Total petroleum hydrocarbon (TPH) concentrations
(C10-C36) were compared to sediment quality guidelines devel-
oped in Australia (Simpson, Batley, & Chariton, 2013). Trace metals
and TPH were also compared to disposal thresholds as determined
by the EPA Victoria Industrial waste resource guidelines for soils
and sediments (EPA, 2009).
2.4. Catchment land use

Individual wetland sub-catchments were first determined from
their primary catchment 10 m flow-weighted Digital elevation
models (DEMs) in ArcGIS 10.3 using methods adapted from
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Fig. 1. map  of the 98 constructed wetland catchments surveyed and associated catchments. Age represents whether the wetland was  new (<20 years) or old (> 20 years)
and  geology represents underlying geology of the region.

Table 2
Method limits of reporting (LOR), replicate analytical analysis (expressed as percent relative standard deviation (RPD%), n = 43) (mg kg−1), analytical precision (percent range
of  spike recovery, n = 23), consensus sediment quality guidelines (MacDonald et al., 2000) Threshold Effect (TEC) and Probable Effect (PEC) Concentrations and hazard waste
disposal  guidelines (EPA, 2009), *Disposal limits are based on hexavalent chromium. **Threshold values were taken from the Australian sediment quality guidelines (Simpson
et  al., 2013).

Method Limit of reporting Laboratory QA/QC TEC mg/kg PEC mg/kg EPA disposal limits mg/kg

Duplicate (RSD%) Spike recovery %
Arsenic <5 0−10 79 − 113 9.79 33 20
Cadmium <1 0−10 87 − 115 0.99 4.98 3
Chromium <2 0−8.3 89 − 113 43.4 111 −*

Copper <5 0−11.3 90 − 116 31.6 149 100
Lead <5 0−10.9 85 − 107 35.8 128 300
Mercury <0.1 0−36.5 85 − 103 0.18 1.06 1

 − 11
 − 10

 − 13
 − 11

(
e
c
F
t
C
u
s
Q
M
c

e

Nickel <2 0−8.6 89
Silver** <2 04.6 80
TPH** <50 0−23.1 65
Zinc  <5 0−10.4 89

Kunapo, Chandra, & Peterson, 2009). Using the spatial analyst
xtension, DEMs were derived using TOPOGRID from LiDAR 5 m
ontours, with flows conditioned to stream layers and wetlands.
ill function was used to remove any sinks and then flow direc-
ion and accumulation layers were created using spatial analyst.
atchments were calculated from flow and accumulation layers
sing the hydrology toolbar. Watershed rasters were converted into
hape files and clipped as required to adhere with quality control.

uality control checks were performed by comparing to streams,
elbourne Water and council drains, minor catchment layers, and

atchments derived for Melbourne Water sediment ponds.
Catchment land use was determined from current planning lay-

rs supplied by the Department of Environment, Land, Water and
1 22.7 48.6 60
8 1 4 10
1 280 550 1000
1 121 459 200

Planning (ID: ANZVI0803002909). Planning zones were reclassi-
fied into eight broader land use categories. Underlying reclassified
planning zones were extracted by within analysis and the areas
tabulated.

2.5. Statistical analysis

Where pollutants had a high proportion of results below the

limit of reporting, descriptive statistics such as mean and median
were summarised with an Empirical Cumulative Distribution Func-
tion (ECDF) for censored data using the Kaplan-Meier method in R
(R version 3.2.2 – “Fire Safety”, R-Studio Version 0.99.473) using
the NADA package (Lee, 2015). We  examined the influence of
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Fig. 2. Principal components analysis (PCA) biplot for 11 most common pollutants
measured in 98 urban wetlands. Colours represent underlying geology and symbols
4 D.J. Sharley et al. / Landscape an

redictor variables (land use zones, geology and age of wetland)
n sediment chemistry using boosted regression tree models. This
pproach is useful when trying to assess associations between
any co-correlated variables; such is the case in this study where

and use proportions for each land use type are dependent on each
ther. Models were constructed with the GBM package (Ridgeway,
015) in R, with additional code published in (Elith et al., 2008).
odel over-fitting was avoided by cross validation (CV), whereby

he model was trained on nine of ten folds (subsets) of the data
nd tested on the remaining (independent) fold (Elith et al., 2008).
odel performance was measured by the average deviance from

en of these tests. Three parameters were adjusted to maximise
odel performance: the proportion of data randomly selected at

ach iteration of the CV procedure (the ‘bag fraction’), the contri-
ution of each tree to the growing model (the ‘learning rate’) and
he number of nodes (interactions) in each tree (‘tree complexity’),
Elith et al., 2008). Bag fraction controls the degree of randomness
n the model building process, with higher randomness improving

odel performance up to a limit, which varies with the data and
umber of variables involved. The learning rate controls the contri-
ution of each tree as it is added to the ensemble, with high learning
ates requiring shorter computation times, but at the expense of
redictive power. Tree complexity controls the number of nodes

n each tree, with more nodes able to model complex interactions
t the expense of computation times. Since small samples are best
odelled with simple trees (Elith et al., 2008), the tree complex-

ty was set to two. To determine optimal settings for learning rate
nd bag fraction, we conducted preliminary exploratory modelling
nd inspection of plots of predictive deviance against number of
rees. We found a bag fraction of 0.9 yielded models with consis-
ently lower deviance, while a learning rate of 0.005 yielded models
ith acceptable predictive power and computation times across

ll response variables examined. See Elith et al. (2008) for further
etails on methods for BRT model optimisation.

Model performance was evaluated using the CV correlation (the
orrelation between predicted and raw data withheld from the
odel) and explained deviance (an indication of goodness of fit)

Leathwick, Elith, Chadderton, Rowe, & Hastie, 2008). Unimportant
ariables were dropped from the models following the model sim-
lification methods in (Elith et al., 2008), analogous to backward
ariable selection in regression models. We  present only the final,
implified models, based on catchment land use. Models were run
n arcsine-transformed data for land use variables and log10 trans-
ormed chemistry data. BRT delivers the relative importance of
he predictor variables in the model (Friedman, 2001). The relative
mportance is based on the number of times a variable is selected
or splitting, weighted by the squared improvement and averaged
ver all trees. The relative importance of each of the predictor vari-
bles from the boosted regression tree models for important urban
ollutants were plotted in R (R version 3.2.2 – “Fire Safety”, R-
tudio Version 0.99.473), using the package ggplot2 (Wickham &
hang, 2015). We  also tested for interactions between variables as
er (Elith et al., 2008) and examined these using two-dimensional
artial dependence plots. A one-way analysis of variance (ANOVA)
as conducted to examine the effects of land use on sediment qual-

ty. Where assumptions of normality or homogeneity were not met
Shapiro-Wilks test and Bartlett’s test, respectively) and only two
roups were compared, a Mann-Whitney-Wilcoxon was  performed
sing the base stats package in R. We  used Principle Components
nalysis (PCA) to assess whether there were any differences in
ollutant concentrations based upon underlying geology using the

rcomp function in the base stats package in R. The biplot was plot-
ed using the package ggbiplot version 0.55 in R. All other figures
ere plotted using ggplot2.
represent: Total petroleum hydrocarbons (TPH); zinc (Zn); lead (Pb); copper (Cu);
arsenic (As), cadmium (Cd); silver (Ag); titanium (Ti); nickel (Ni); chromium (Cr);
strontium (Si).

3. Results

3.1. Sediment pollutants

Thirteen metals were detected in all sediment analysed
(Table 1), while other metals such as silver (2%), cadmium (12%)
and antimony (20%) were occasionally detected and selenium, thal-
lium and boron were always below detection limits (Table 1). Total
Petroleum Hydrocarbons (TPHs) were detected at most sites (94%)
(Table 1).

Selected sediment quality guidelines for the protection of
aquatic ecosystems were exceeded by TPH at two thirds of sites and
by zinc at one third of sites, suggesting the possibility of widespread
toxicity due to these pollutants (Table 1). While nickel, lead and
copper were detected at all sites, only around 8% of sites exceeded
PEC thresholds for these pollutants (Table 1). In total, nine pollu-
tants exceeded disposal thresholds in at least one wetland, while
at approximately half of the wetlands zinc and TPH exceeded dis-
posal waste guidelines, while copper exceeded disposal guidelines
at 15% of wetlands (Table 1).

The PCA results for underlying geology and concentrations of
commonly occurring pollutants are displayed in a biplot (Fig. 2). The
first two principal components account for 49.1% (PC1) and 18.8%
(PC2) of the total variance respectively, i.e. 67.9% of the cumulative
variance. The loading along PC1 indicates a change in several pol-
lutants (TPH, zinc, lead, arsenic, copper, silver and cadmium) not
affected by geology. The loading along PC2 demonstrates an influ-
ence of underlying geology on other pollutants (titanium, nickel,
chromium and strontium) with segregation between basalt and
sedimentary catchments. This implies that pollutants loading along
PC1 are likely influenced by other factors possibly related to land
use.

3.2. Sediment particle size

Particle size distribution of sediments collected varied across

wetlands (Supplementary Table 1), with median particle size distri-
bution ranging from 7.13 �m to 492 �m.  The proportion of <63 �m
also varied across wetlands ranging from 10.50 to 99.5 of the per-
centage volume for whole sediment.
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ig. 3. Relative influences of different land use zone categories on a) zinc, b) coppe
n  98(?) urban wetland catchments based on a simplified boosted regression tree m

.3. Land use

Median catchment size across the 98 catchments assessed was
38 ha (Ha). We  were able to identify the relative importance of
ach land use in the final simplified BRT models for seven prior-
ty pollutants (Fig. 3). The corresponding two-dimensional partial
ependence plots for the most dominant predictors with interac-
ions are displayed in Fig. 4. Model performance varied for each

etal, with copper and chromium the best-modelled variables
Table 3). The selected model demonstrated that industrial land use
ad the greatest relative influence on zinc, copper, TPH, and cad-
ium (Fig. 3a, b, d, e respectively), while lead was  influenced more

y commercial activities and age of catchment (Fig. 3c). Geology
ad the greatest relative influence on nickel and chromium con-
entrations, with industrial land use a strong influence on nickel
nd chromium concentrations (Fig. 3f and g).

Sediment concentrations for zinc, copper, TPH, cadmium and
hromium increased substantially as industrial land use exceeded
.1–0.15 of total CA, and nickel increased when industrial land
se exceeded 0.2 CA (Fig. 4a–f). Total petroleum hydrocarbon con-
entrations were also negatively affected by rural areas, being
articularly low where rural land use exceeded 0.1–0.15 CA
Fig. 4h). Lead concentrations were most strongly influenced
y commerce and increased when commerce exceeded 0.1 CA
Fig. 4g). The two categorical variables, age and geology of the wet-
ands displayed interactions with the simplified BRT for different
ollutants. Zinc (Fig. 4a), TPH (Fig. 4c and h) and lead (Fig. 4g) dis-
layed an interaction with wetland age. Chromium (Fig. 4e) and

ickel (Fig. 4f) displayed an interaction with underlying geology.
hile, copper (Fig. 4b) and cadmium (Fig. 5d) did not display an

nteraction with either geology or age.
Based on the simplified BRT model, wetlands with industrial

ones exceeding 0.1 of CA had higher sediment pollution than other

able 3
erformance of Boosted regression tree models from final simplified models.

Contaminant Deviance explained Cross V

Zinc 0.37 0.42(0.
Chromium. 0.25 0.59(0.
TPH  0.16 0.552(0
Copper 0.25 0.64(0.
Nickel 0.38 0.459(0
Lead 0.29 0.586(0
cadmium 0.15 0.535(0
ad, d) total petroleum hydrocarbons, e) cadmium and f) nickel, g) chromium levels

wetlands. To investigate this further the data was  divided into
‘industrial’ (>0.1 CA industrial zone) and ‘non-industrial’ (<0.1 CA
industrial zone) catchments and the contamination of these groups
were compared to guidelines (Fig. 5). Both zinc (F(1,97) = 31.06,
p < 0.001) and TPH (W = 913, p < 0.001) concentrations were signif-
icantly higher in industrial relative to non-industrial catchments
with concentrations exceeding both ecological and disposal thresh-
olds for both pollutants (Fig. 5a and c). Copper (F(1,97) = 29.92,
p < 0.001) (Fig. 5b), lead (W = 906, p < 0.001) (Fig. 5d), chromium
(F(1,97) = 22.85, p < 0.001) (Fig. 5e), and nickel (F(1,97) = 27.27,
p < 0.001) (Fig. 5f) concentrations were also significantly higher
in industrial catchments. Although the overall median concentra-
tion of copper and nickel across all wetlands did not exceed either
threshold, several sites exceeded either guideline in industrial
catchments for these pollutants (Fig. 5b and f, respectively). Fur-
thermore, TPH concentrations in non-industrial catchments were
also near or exceeding ecological and disposal thresholds (Fig. 5c).
These results suggest an increased likelihood of ecological and dis-
posal thresholds being exceeded once industrial activity exceeds
10% CA within a watershed and identifies TPH as a concern regard-
less of catchment.

4. Discussion

Urban landscapes are a mosaic of different land uses that con-
tinually change. Over time, changes to the urban montage can be

dramatic. The objective of this study was to determine how urban
land use characteristics and other factors such as age of wetland and
underlying geology influence sediment quality of constructed wet-
lands, and discuss in more detail implications for local ecological
condition and sediment management.

alidation correlation (proportion of total) Goodness of fit

08) 0.74
06) 0.81
.06) 0.75

05) 0.81
.09) 0.76
.06) 0.82
.14) 0.63
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f  the references to colour in this figure legend, the reader is referred to the web ve

.1. Ecological implications
The result of the BRT models clearly demonstrate that pollu-
ants generated for urban catchments are intrinsically linked to
and use type, which could influence the ecological condition of
ation of a) copper, b) zinc, c) total petroleum hydrocarbons, d) cadmium and e)
ion of the catchment and h) total petroleum hydrocarbons to rural proportion of the

red, old: yellow) and geology (basalt: green, sedimentary: blue). (For interpretation
of this article).

constructed wetlands based on internationally recognised sedi-

ment quality guidelines (MacDonald et al., 2000). When industrial
land use exceeded 0.1 CA, concentrations of zinc and TPH were
likely to cause toxicity to benthic fauna, while nickel and copper
concentrations were approaching levels likely to cause toxicity.
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EPA, 2009) and the Probable Effect Concentration (PEC) guideline (MacDonald et al
t  al., 2013).

he strong association between trace metal and TPH pollution and
ndustrial land use is not surprising given the attention industrial
ischarges have received through the NPDES and other pollution
eduction policies around the world. This raises important ecolog-
cal implications for construction of wetlands to treat stormwater
riginating from industrialised catchments. The aesthetic appeal
f wetlands in urban environments is closely linked to well-
andscaped habitats, which in turn attracts wildlife (Scher & Thièry,
005). Nevertheless, the function of constructed wetlands as a col-
ection point for sediment-bound pollutants creates the potential
or adverse effects on wildlife that use these wetlands as habitat
Snodgrass, Casey, Joseph, & Simon, 2008). This effect is potentially

agnified in industrial areas where the availability of other high
alue habitat would be scarce (Fig. 6), thus increasing the concern
ead, e) chromium and f) nickel in wetlands with > 10% industrial catchment area
ive to Victorian EPA hazardous categorisation disposal threshold (vEPA) guideline
). TPH was  compared to ANZECC/ARMCANZ sediment quality guidelines (Simpson

that these habitats would be acting as ecological traps (Robertson
& Hutto, 2006).

Boosted regression tree modelling results also confirms that fac-
tors such as age of the wetland and underlying geology influence
pollution of wetland sediments and ecological risk to wildlife, with
age having the greatest relative influence on lead concentrations
and geology on nickel and chromium concentrations. Sediments
are a major sink for hydrophobic toxicants such as metals and
other organic chemicals that bind to sediment particles (Karickhoff

& Morris, 1985), thus the longer sediments can accumulate in
wetlands the more likely pollutants will also increase, posing
greater potential risk to wildlife. This effect seems to be magni-
fied by the influence of underlying geology, where in this instance,
basalt dominated catchments significantly increased both nickel
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f  a large industrial area could potentially become an ecological trap due to isolatio

nd chromium concentrations (Fig. 4e and f), with geology having
he biggest relative influence on pollutant concentrations for both
hese pollutants (Fig. 3f and g). This is consistent with earlier find-
ngs by Pettigrove and Hoffmann (2003) that found background
oncentrations of both nickel and chromium were significantly
igher in basalt soils compared to sedimentary soils. These results
uggest wetlands built in basalt-dominated catchments may  need
o be managed with more caution due to the increased background
oncentrations of both nickel and chromium. It is unclear as to why
oils with an underlying basalt geology would be accumulating
igher concentrations of pollutants compared to sedimentary soils.

ettigrove and Hoffmann (2003) did demonstrate that unpolluted
asalt soils tend to have significantly higher concentrations of Cu, Cr
nd Ni than sedimentary soils, although differences in background
oncentrations were unlikely to totally account for these differ-
nces. While it is possible other factors such as pH, carbon content,
 suburbs of Melbourne, highlighting how high value habitat located in the middle
 other habitat.

depth to underlying geology or particle size may contribute to the
differences in pollutant concentrations, further research is required
to elucidate these differences.

There is no doubt that constructed wetlands are efficient at
removing pollutants such as trace metals and hydrocarbons from
stormwater, however there is relatively little information around
the ecological effects long-term accumulation of toxicants within
constructed wetlands is having on the benthic fauna. Recent inter-
est in this area has resulted in ecotoxicological studies that have
evaluated pollutant exposure to freshwater biota (Bouldin, Farris,
Moore, Smith, & Cooper, 2007; Brown, Sutula, Stransky, Rudolph, &

Byron, 2010), while other studies have focused on assessing life his-
tory traits and ecological fitness (Brand & Snodgrass, 2010). While
findings from this study suggest only a small amount of industrial-
isation is required to increase the likelihood of sediment toxicity,
thus increasing the likelihood of biotic stress, more research is
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equired to assess how different biotic groups may  respond to
ifferent levels of pollution. For instance, in urban environments
here natural wetlands have been replaced with constructed wet-

and systems, these may  provide productive habitat for frogs and
ther species, (Brand & Snodgrass, 2010; Furman, Scheffers, Taylor,
avis, & Paszkowski, 2016). Results from this study suggest pollu-

ant levels in wetlands located in residential areas are unlikely to
ause ecological stress to wetland biota, other factors such as habi-
at quality and hydrological condition should be considered when
ssessing wetland condition (Gallagher et al., 2014; Simon et al.,
009). Furthermore, while zinc pollution seemed to be driven by
he industrialisation in this study, it is also likely activities com-

on  with urbanisation, such as increased vehicle emissions, tyre
ear and degradation of galvanised roofs could be major contribu-

ors to zinc pollution (Nazzal, Rosen, & Al-Rawabdeh, 2013; Veleva,
eraz, & Acosta, 2010).

.2. Sediment management implications

A major consideration when water authorities, developers or
ocal governments set out to design and construct wetlands for
he treatment of waste and stormwater within an urban landscape
re the capital and on-going costs associated with maintaining the
ystem over its lifespan. Land costs, wetland establishment, rou-
ine maintenance and sediment removal are among some of the
ssociated costs of maintaining a properly functioning wetland sys-
em. Lifecycle analysis is often used to assess these costs (Taylor

 Fletcher, 2004), and is important for determining whether wet-
ands are an economical and practical option compared to other
tormwater treatment options. Performance objectives for con-
tructed wetlands often centre on nutrient removal efficiencies and
ydraulic residence times to reduce nitrogen, phosphorus and/or
otal suspended solids to achieve specific water quality targets
Wong, Breen, Somes, & Lloyd, 1999b). Only recently has the effi-
acy of wetlands for removal of pollutants such as metals and to

 lesser degree hydrocarbons gained much attention (Marchand,
ench, Jacob, & Otte, 2010), and while the trapping of pollutants
ay  afford protection for downstream receiving environments

Nelson, Specht, & Knox, 2004), it also increases the potential cost
f sediment disposal once wetlands require resetting.

Globally, the cost of disposing of contaminated soils or sed-
ments are substantial, with contamination threshold guidelines
ften published by local environmental authorities. For instance, in
ictoria, Australia, the Environmental Protection Authority sets the
oil hazard categorisation thresholds (EPA, 2009), which regulates
ow sediment dredged from wetlands is disposed. Usually if sedi-
ents breach disposal guidelines, the costs rise substantially. In this

xample for Victoria, once sediment exceeds the EPA hazard thresh-
ld for clean fill, an additional $64 U.S./wet-tonne is imposed for
ategory C and $230 U.S./wet-tonne for Category B waste (Table 2).
or instance, if zinc concentrations exceed 200 mg/kg, category B
evies apply to the disposal of that sediment, while category C levies
pply if zinc concentrations exceed 35000 mg/kg (EPA, 2009). In
ddition, transporting contaminated sediments to a landfill also
ncreases the total cost of remediating wetlands. Results from
his study indicate that the use of constructed wetlands to treat
tormwater from industrialised catchments is likely to result in sed-
ments with zinc, copper and TPH concentrations above prescribed

aste guidelines, compared to non-industrialised catchments as
etlands mature, potentially decreasing both the ecological and

conomic feasibility of these wetlands.

Of the 98 wetlands assessed, over half exceeded prescribed

aste guidelines for both zinc and TPH, similar to an earlier study
hat found around 40% of constructed wetland ponds around Mel-
ourne were contaminated with metals above prescribed waste
uidelines (Sharley et al., 2012). While contaminated sediment
an Planning 162 (2017) 80–91 89

guidelines differ both nationally and internationally, results pre-
sented here clearly show that land use considerations are critical
when planning and designing constructed wetlands for the man-
agement of stormwater quality, providing further evidence for
seeking alternative stormwater management solutions for indus-
trialised catchments. Furthermore, dredging activities themselves
have been shown to have ecological implications, with re-
suspension of contaminants often having significant environmental
impact (Birdwell & Thibodeaux, 2007). Limiting constructed wet-
lands to non-industrialised catchments would inherently reduce
the risk of contaminants entering the food chain through the re-
suspension processes (Thomann, Connolly, & Parkerton, 1992).

4.3. Land use and planning implications

In addition to providing habitat for plants and animals, and
increasing protection of downstream receiving environments from
stormwater pollutants, wetlands provide many social benefits and
can contribute to the well-being of the community by acting as
urban green spaces, which provide aesthetic appeal, landscape
diversity and recreational opportunities. Nonetheless, results from
the BRT modelling clearly indicate that alternatives to constructed
wetlands should be considered when designing and planning
catchments that are going to include some industrialisation. Water
sensitive urban design now includes a range of design elements
such as sediment basins, bio retention swales, rain gardens in addi-
tion to constructed wetlands, which are often used in a treatment
train to maximise capture of most pollutants originating from the
urban environment (CSIRO, 1999).

Most metals and other hydrophobic pollutants bind more read-
ily to smaller particle sizes due to the relatively large surface
area of fine sediments and their higher cation exchange capac-
ity (Dong, Chesters, & Simsiman, 1984). Particle size distribution
results indicate that sediments accumulating pollutants in con-
structed wetlands across Melbourne is mostly silt, with a high
proportion of particles <63 �m in size (Supplementary Table 1).
The retention of finer sediment within the macrophyte zones of
wetlands explains why  these areas are so efficient in removing
metals and other hydrophobic pollutants from stormwaters. Yet
macrophyte zones are also well vegetated and attractive to wildlife,
thus making them susceptible to becoming ecological traps (Tilton,
1995). There is, therefore a clear need to look at existing treatment
options available to water managers and landscape architects when
designing treatment elements for industrial areas. For instance,
modifying the design of sediment ponds to allow larger retention
times of stormwater flows, thus capturing finer sediment parti-
cles (<125 �m)  and associated hydrophobic pollutants before they
reach the macrophyte zones might be beneficial (Wong et al.,
1999b). Minimising or removing vegetated areas to reduce the
attraction to wildlife may  provide a management option for reduc-
ing the ecological risks associated with pollution, however further
studies are essential before adopting this type of approach to wet-
land landscaping.

It was expected that wetland macrophyte zones would primar-
ily accumulate finer silty material due to the use of sediment ponds
and other pre-treatment measures to reduce the velocity of inflows,
trap coarse sediment and generally protect the macrophyte zone
(Wong et al., 1999b). However, the large variation in particle sizes
of sediments in wetlands suggests pre-treatment measures may
not be consistently removing coarser material thereby increasing
the likelihood of scouring and damage to macrophyte zones. It is

widely accepted that <63 um fraction is the most important frac-
tion for assessing ecological stress in benthic macroinvertebrates
(Tessier, Campbell, Auclair, & Bisson, 1984) as higher surface areas
and greater sorption capacity can bind pollutants more readily
(ANZECC, 2000). While we  assessed concentrations of toxicants
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n fine sediments to standardise our estimates of ecological risk,
here may  be less chance of whole sediments exceeding disposal
uidelines at wetlands with higher amounts of coarse particles.

It is accepted that macrophyte zones generally have a life span
f 20 years compared to 5 years for sedimentation ponds before
ediment is dredged and systems are reset (Allison & Francey,
005). Although dredging frequency can vary depending on sedi-
ent accumulation rates (Sharley et al., 2012). Dredging frequency

ould have major implications for long-term sediment manage-
ent, as the longer sediment can accumulate before dredging, the
ore likely pollutants may  exceed hazard categorisation thresh-

lds. Dredging sediments more often in high-risk wetlands such as
hose located in industrial zones potentially could reduce the risk
f sediment exceeding hazard categorisation thresholds. This could
ot only reduce the costs associated with disposal of sediments, but
ay  allow other options to be considered such as sediment re-use

Linkov et al., 2006). Nonetheless, other factors such as wetland
ydrodynamics, rainfall and pollutant transformation may  affect
he residence time of metals within wetland systems (Wong, Breen,

 Somes, 1999a) and should be considered when assessing alter-
ative management strategies.

It was also clear from the BRT modelling results that other
and use types such as residential or peri urban areas are unlikely
o require such modifications to existing stormwater treatments
s the ecological and economic risk from hydrophobic pollutants
ould not be as great as from areas with industrial activities. This

urther emphasises the need for stormwater planners to critically
valuate landscape activities on a catchment by catchment basis
efore deciding on the most appropriate stormwater treatment
ption. While it was outside the scope of this paper to discuss in
etail how and what stormwater management treatment options
ould be best for managing stormwater originating from industri-

lised catchments, the findings clearly suggest planning solutions
hat minimise wildlife habitats and allow for some form of adaptive
ediment management should be considered.

. Conclusions

The amount and type of pollution in urban wetland sediments is
nfluenced by urban land uses (particularly the presence of indus-
ries), catchment geology and age of the wetland. This influences
he risk posed to aquatic life and costs associated with disposal
f sediments. Understanding the likelihood of pollution in urban
etlands given the types of land use activities in the catchment
ill allow stormwater and urban planners to better integrate wet-

ands into the landscape, minimising both ecological impairment
nd on-going management costs. Importantly, this study high-
ights the need for planners to evaluate landscape activities on a
atchment-by-catchment basis before deciding on the most appro-
riate stormwater treatment option available to them.
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