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ARTICLE IMPACT STATEMENT

That contaminated urban wetlands are readily occupied by frogs has implications for

conservation.

ABST

Global urh | and the rising popularity of water-sensitive urban design (WSUD) has
led to a;: number of wetlands constructed to collect and treat stormwater run-off in

cities arou!d the world. However, contaminants such as heavy metals and pesticides present

-
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in stormwater adversely affect the survival, growth and reproduction of animals inhabiting
these wetlands. A key question is whether wildlife can identify and avoid highly-polluted
wetlands. investigated this question using pond-breeding frogs across 67 urban wetlands
in Melbo lia, to determine if frogs are attempting to breed in wetlands that affect
the ﬁtn:sssm offspring. We found little evidence for any important relationships
between spgciesgichness and the concentration of any of the contaminants assessed, and
frogs were t and calling at even the most polluted wetlands. The proportion of fringing
Vegetatiorwmnd had the greatest positive influence on the number of frog species
present and the peobability of occurrence of individual species, indicating that frogs inhabit
wetlands wi dant vegetation, regardless of their pollution status. These wetlands
ﬁant levels similar to urban wetlands around the world, and at levels which

contained

reduce largal ibian survival. These results are, thus, likely generalizable to other areas,

an managers could inadvertently be creating ecological traps in countless

cities, with si ant conservation implications. Wetlands are important tools for the
management of urban stormwater run-off, but we need to ensure their construction does not

facilitate c!clines in wetland-dependent urban wildlife.

INTRODU®

More than‘alf the world’s population lives in urban areas (WHO 2017). As cities expand, the

requirer, and safe, reliable and sustainable sources of water are changing the

nature anwtion of wetlands within urban landscapes (Kentula et al. 2004). A rise in

water-sensitive urban design (WSUD), for example, has seen wetlands constructed in cities

1d to intercept stormwater and the pollutants it carries (Kentula et al. 2004).
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With tens of thousands of these wetlands built in residential, commercial and industrial areas

(Tixier et al. 2011), they have become a common feature of urban landscapes.

{

While stor wetlands are inhabited by a variety of animals (Brand & Snodgrass 2010; Le

P

Viol et al. 11 & Anderson 2015), their ecological benefits are unclear because they

. . . . .
progressivgly accumulate toxic contaminants such as heavy metals and pesticides that can

£

adversely affectfitness of animals (i.e. survival, reproduction, growth; Bishop et al. 2000; Tixier

etal. 2011}

C

Serrano et al. 2012). Global analyses indicate that while the species richness

and populdtigli déhsities within urban wetlands can be comparable to those in natural wetlands,

S

the fitness g duals is often compromised (Sievers et al. 2018a).

U

Amphibians are susceptible to anthropogenic alterations to wetlands (Sievers et al. 2018a), and

are sufferifig high rates of extinction (Monastersky 2014). Many species are considered

E)

sensitive t taminants that urban wetlands sequester (Hamer & McDonnell 2008; Wake

d

& Vredenbufg 8), and exhibit reduced survival and impaired growth following exposure

(Lefcorte

8; Snodgrass et al. 2008; Gallagher et al. 2014). Contaminants also cause

physic ities (Reeves et al. 2010; Ruiz et al. 2010) and affect behaviour (Shuman-

M

Goodier & Propper 2016; Sievers et al. 2018b), with consequences for fitness related end-

1

points. Fo , copper increased tadpole activity levels, and combined with elevated

temperat eased the frequency of predatory attacks from larval dragonflies (Hayden et

o

al. 2015). ikegthese impacts, amphibians are frequently found occupying and breeding in

i

urban und the world (e.g. Brand & Snodgrass 2010; Scheffers et al. 2013).

{

Most studies of urban amphibian communities focus on how vegetation structure (Scheffers &
Paszkowski hydroperiod (Hamer & Parris 2011), water quality (Ramesh et al. 2017),

predators r & Parris 2013) and wetland size (Scheffers & Paszkowski 2013) influence

Au

species ric d occupancy. A recent survey found that amphibian richness and, for some
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species, occurrence was negatively influenced by the concentration of heavy metals in wetland

sediments (Ficken & Byrne 2013).

Contamina icht influence occupancy if frogs avoid poor-quality habitats, or if population
persistenc&d at inappropriate sites.

I
Although !gs can modify their oviposition behaviour to avoid pesticides (Takahashi 2007;

Vonesh & @)7), when all available wetlands suffer moderate to high levels of pollution,
suchasinh

rbanized areas, frogs may be less capable of discerning wetland quality. The

ecological ct)of urban wetlands will be exacerbated when frogs mistakenly live and breed

S

in wetlan ing harmful levels of contaminants, causing these to function as ecological

U

traps (i.e. that animals find equally or more attractive than other available habitat,

despite anfinals that prefer that habitat having lower fitness than if they selected an available

)

alternativ son & Hutto 2006). We have recently shown that urban wetlands can act as

d

ecological spotted marsh frogs (Limnodynastes tasmaniensis), with some individuals

choosin ed in wetlands with metal and pesticide levels that reduced tadpole survival and

interfe anti-predator behaviours (Sievers et al. 2018c).

M

Given the increasing prevalence of stormwater wetlands around the world, and growing

T

evidence t ants they accumulate impact larval amphibians, it is pertinent to assess how

frequentl ay be attempting to breed in polluted wetlands. We used 67 urban wetlands

througho ater Melbourne Region, Australia as a case study to explore relationships

betwe

h

hness and occupancy and a range of habitat- and landscape-scale

t

characteristics, with a focus on the concentration of metals and pesticides within sediments. As

with many other @ities, constructed wetlands are a common stormwater treatment option in

J

Melbourne ese habitats show considerable spatial variability in their contaminant loads

(Marshal 16; Sharley et al. 2017). If frogs inhabit and attempt to breed at urban

A
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wetlands irrespective of contaminant levels, managers could be unintentionally creating

ecological traps (Hale et al. 2015a), which have the potential to threaten conservation efforts.

H
I
METHOD

[

Amphibia@ surveys

©

We condugtedifivglreplicate nocturnal call surveys (runs) at 67 urban wetlands within the

S

Greater M Region, Australia (Appendix S1) over two breeding seasons for

U

spring/su eeders (September 2015-March 2016 and October 2016-February 2017).

The order@n which we surveyed wetlands was randomized within each run, but stratified based

A

on geogra tion (i.e. clusters of sites). Following Parris et al. (1999), two people listened

d

for adverti alls at each wetland for 5 min, followed by a physical search of the

surroun nks and vegetation using headlamps for a minimum of 10 min.

V]

Pollution leyels

As part of l@ring program conducted during the first year of surveys, the Centre for

OF

Aquatic Polkuti entification and Management (CAPIM; www.capim.com) measured the

1

concen 4 heavy metals and nine pesticides in urban wetland sediments (Table 1; For

|

detailed déscriptions of sediment collection and analysis see Marshall et al. 2016; Sharley et al.

u

2017). From thesg)data, we calculated a heavy-metal index based on benchmark values set by
The Australj New Zealand Environment Conservation Council (ANZECC & ARMCANZ
2000; Fic rne 2013). We also compared levels of heavy metals within the sediments of

our study wetlands with those from Snodgrass et al (2008) and Sievers et al (2018c), which
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caused significant mortality of amphibian larvae (Table 1). We chose to use an index in our

models as the concentrations of most metals were highly correlated with each other.

W amined the effects of bifenthrin, diuron and trifloxystrobin within wetland
sedimentsariables. These three pesticides are relatively common in urban wetlands

I
around th@world (Brown et al. 2010; Mimbs IV et al. 2016), and based on limits of reporting,
were detecggd greater proportion of our study wetlands (bifenthrin: 82%, diuron: 88%,
triﬂoxystrp’/o) than the other six pesticides. Bifenthrin is a synthetic pyrethroid used in
residentia lgpments (e.g. for termite control); diuron is a photosynthesis-inhibiting
herbicide arily for weed control; and trifloxystrobin is a strobilurin fungicide
commonlm‘c‘ontrol mildews and brown patch of turf grass (Marshall et al. 2016; Allinson

et al. 20174, These pesticides can adversely affect fish and invertebrates at low concentrations

S

(Nebeker mema 1998; Amweg et al. 2005; Zhu et al. 2015), but little is known about their

impact on though see Belden et al. 2010). Given their considerable toxicity to algae,

plants, a r aquatic animals, however, it is likely that frogs could experience direct (e.g.

mortal uced growth) and indirect (e.g. reduced food availability, immunological impacts

and endocrine disruption) effects across one or more life stages.

L

Habitat an scape characteristics

We cal;etland surface area using the spatial analysis tools on www.nearmap.com.

We estimata tHe proportion of the wetland surface area covered by fringing and emergent

vegetation durin;he first round of surveys and these two proportions were averaged to
provide a v n index ranging from 0 to 1. During each survey, we recorded water
temperat nd pH.
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We also included the underlying catchment geology (sedimentary or basalt), the area of
wetland within a 500m radius of each survey wetland (using GIS software), and the proportion
of the smnt classified as urban and as road (Table 2; see Sharley et al 2017 for the
calculatio @ ecific definitions of these variables). Area-informed metrics, such as the
amoun o flav@ildBle habitat within a given radius of a wetland as used here, can predict the
1ikelihoodhgration (Bender et al. 2003). Although information on the movement ecology
of our spe is lifhited, we assumed 500 m to be an achievable dispersal distance (Sinsch

2014).

NUSC

S tatisticats

We assessed ioteitlal explanatory variables for collinearity and only included uncorrelated

variables n the same model (Appendix S2). We examined the influence of eleven
habitat ape-scale variables on the number of frog species detected as adults (i.e.
species ri using Bayesian Poisson regression modeling with uninformative priors for the

intercept term (a ~ dnorm|[0, 1.0 x 10-6]) and regression coefficients (f; ~ dnorm[0, 1.0 x 10-6],
where j is sﬁxglanatory variable) in OpenBUGS (Lunn et al. 2000; Spiegelhalter et al. 2007).
We used 1 gression with the same explanatory variables to identify the influence of the

variables o ccurrence of the five most common species (runs were combined to account

for detect&ility; we considered five surveys to give a high level of confidence of detecting a

speciesMsent at a site; Canessa et al. 2012).

We trans;med the heavy metal index (In[x + 1]), wetland area, and water and pesticide
variables (1 ior to analysis to meet statistical assumptions. We included one null model
(M1; cons ), and to aid convergence we centered all explanatory variables by

subtracting their means. We used OpenBUGS to generate 100,000 samples from the posterior
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distribution of 12 models after discarding an initial “burn-in” of 10,000 samples. We obtained
95% Bayesian credible intervals (BCI) from the 2.5th and 97.5th percentiles of the distribution.
We assmlative fit of the models against model complexity using the deviance
informatia @ on (DIC) and considered the best models to be those with a ADIC < 2
(Spiegetholieme&®al. 2007). We assessed the relative importance of the explanatory variables by
calculatin icative effect sizes and 95% BCls (Appendix S3; Hamer & Parris 2011; Hamer

etal. 201

Cr

Follsp€cie§ that occurred at fewer than 20% of wetlands (‘rare species’), we conducted

S

principal nt analysis to compare sites occupied by a rare species to sites that weren’t

U

(using all odel variables), and to make the same comparison for a subset of the

variables (@roportion of vegetation in the emergent and fringing zones, the heavy-metal index

1l

and specie

s).

used canonical correspondence analysis (CCA) to assess the relative
importance o independent variables used previously on community composition. We
exclud ies and six unoccupied wetlands. CCA was performed using the vegan

package (Qksanen et al. 2007) in R 3.2.2 (R Development Core Team 2015).

O

Ethics tron permits

This reseagch waggapproved by the University of Melbourne Animal Ethics Committee (permit

no. 151353 conducted under DELWP research permit no. 10007589.

<
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RESULTS

Amphibial surv’s
We detecties of frogs during field surveys (Table 3). Crinia signifera (common

eastern‘rws the most common species, detected in 58% of wetlands, while Litoria
peronii (Phe frog), Litoria raniformis (growling grass frog), L. fallax (eastern dwarf tree

frog) and B verredxii (whistling tree frog) were detected in fewer than 20% of wetlands (Table

G

3). We detmaverage of 2.5 species per wetland (SE: 0.2; range: 0-6), with six wetlands

unoccupie

Species riE

The best-@j model of species richness included only the proportion of the emergent and
fringin ign at a wetland (Model 2, Table 4). Model 3, which also included the heavy-
metal index = 1.5), and Model 4, which also included the habitat area in a 500m radius
(ADIC =1.2) both had some support. The proportion of emergent and fringing vegetation had a

substanti:gositive effect, with the number of species at the most vegetated wetland 2.1-2.4
times high the number of species at the least vegetated (Fig. 1). There was less evidence
that heavy ffected species richness; although multiplicative effect sizes were
consist(£negative, means were close to zero with considerable uncertainty surrounding
estimates Flﬁ 1 lfimilarly, although there was some evidence for positive effects of habitat
areainab ius, urbanization, geology and trifloxystrobin concentration, BCIs

overlappe ig. 1). There were also no clear relationships between species richness and
the cow<(inof any of the specific metals or pesticides (Fig. 2), and seven of the nine frog
species were preseént at wetlands with metal concentrations above probable effect
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concentrations identified by consensus-based sediment guidelines (MacDonald et al. 2000).
These guidelines are based on biological effects on macroinvertebrates and microcrustaceans,

and whiIe tese consensus-based freshwater quality guidelines provide an interesting

reference, be interpreted with caution.

) 20)
H I

Species od€urren

Crinia signiféra fcommon eastern froglet)

Common eastermyroglets were more prevalent at wetlands with a high cover of emergent and

fringing ve , with the probability of occurrence increasing by 66—-82% (Fig. 3;
percentag nd below represent the change in occurrence probability between the
wetlands MOwest and highest value for that variable, while holding all other variables

found evidence of an important positive effect the amount of wetland

radius (57-78%), and the underlying catchment geology strongly

influenced occurrence, with basalt wetlands more likely to support common eastern froglets

(Table 4; !% 3).

Limnody@smaniensis (spotted marsh frog)
The besri model of the occurrence of this species included the vegetation cover at a
wetlan ea of wetland habitat in a 500-m radius as the explanatory variables (Table
4). Spotte!marsd frogs were more prevalent at wetlands with high cover of emergent and

fringing vegetatiofl (55-67%), while the influence of wetland habitat within 500 m was less

certain, but ently positive (6-33%; Fig. 3).

10
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Limnodynastes dumerilii (eastern banjo frog)

Models inlludingonly landscape-scale variables had the most support (Table 4). The eastern

banjo fromikely to be present at basalt wetlands in highly urbanized sub-

catchment —385%). The probability of eastern banjo frogs occurring at a wetland was also
 E—

negativelydassociated with the area of wetland habitat in a 500m radius (Fig. 3). Although the

prevalenc(of roas was included in the best supported model, it had no influence on
occurrence

Limnodyn@steSperonii (striped marsh frog)

DIC value:ry similar across most models, indicating support for many different models
(Table 4). gost notably, there was evidence that wetlands in highly urbanized sub-catchments
with a high nce of roads were more likely to contain striped marsh frogs (46-51% and

50%, resp&gti Fig. 3). There was also some evidence for a positive effect of vegetation and

heavy e occurrence of striped marsh frogs, albeit with considerable uncertainty
(Fig. 3).

Litoria ewingii (southern brown tree frog)

L

Models inc nly landscape-scale variables had the most support (Table 4). Of these, the
underlyin ent geology and the prevalence of roads had a strong influence on
occurrenc! with southern brown tree frogs more often inhabiting sedimentary wetlands with

fewer roa* |75—r% decrease; Fig. 3). We also found some evidence for a positive effect of the

area of wejitat in a 500m radius (25-58%; Fig. 3).

Rare species

We found no nce that the sites occupied by rare species in the study area (Peron’s tree

frog, growling grass frog and the whistling tree frog) had different habitat conditions based on
11
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our models (Appendix S4; S5). Although rare in the study area, we did not include the eastern

dwarf tree frog as it is not native to Melbourne and is currently invading the study area.

T

Q.

Commuygpitgkespanses to urban environmental gradients

The Canonigal orrespondence Analysis (CCA) revealed considerable separation of species,
with only mon eastern froglet and spotted marsh frog close together in the plot (Fig.

4). The fir8t xis explained 49.6% of the variability in the species occurrence data and

$

the secon;plained 32.7%. The striped marsh frog and the eastern banjo frog were

positively ated with urbanisation and the prevalence of roads, and negatively associated

with the stge of wetlands, the total area of habitat around wetlands and conductivity (Fig. 4).

)

The spott frog and the common eastern froglet were positively associated with

d

vegetation, heavy metal concentrations, the size of wetlands, and the total area of habitat

around wetla nd negatively associated with urbanisation and pesticide levels (Fig. 4).

\

The oc the southern brown tree frog was mostly influenced by geology (Fig. 4).

DISCUSSI

or

More than urveyed wetlands were inhabited, with vegetation cover strongly

influen

N

ecies richness and the occurrence of most species. Although there was some

t

3

evidence that species richness was negatively correlated with the level of heavy metals and
positively wi amount of wetland within a 500-m radius, these relationships were less

clear. The 1on of the catchment classified as urban, the underlying catchment geology,

A

the concen of pesticides within sediments, electrical conductivity, wetland size, and the

prevalence of roads had little effect, with considerable uncertainty around model estimates.
12
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The rolwon in driving habitat use
For the spllutant levels recorded in this survey area, our results suggest that urban

wetlangds willbe teadily inhabited irrespective of the concentration of heavy metals and
pesticides“ Although previous studies have found amphibian richness to be influenced
by heavy mietals (Blg. Ficken & Byrne 2013) and pesticides (e.g. Gibbs et al. 2009), these studies
typically compame wetlands with highly contrasting concentrations of contaminants. In our
mtlands were in human-dominated areas and had some degree of

study, whe

contamination, wgdid not observe such strong trends, suggesting that while richness may be

Ui

higher wh mination is very low (i.e. at natural wetlands), it plateaus once contamination

1

reaches a imevel. Alternatively, there may be a wider potential pool of species to begin

with in les§-u @ areas (such as the rural areas surveyed in Ficken & Byrne 2013).

d

The he tal index and the pesticides were not included in any of the most supported

1d find some evidence suggesting the occurrence of the striped marsh and

model

]

eastern banjo frogs were influenced by heavy metals, with the former more prevalent and the

I

latter less t at wetlands with higher metal concentrations. Intraspecific differences in

tadpole be @ may mean tadpoles of the striped marsh frog spend less time in contact

with sedi are thus less susceptible to contaminants, but few inter-specific

differe wn about larvae from this genus. Alternatively, competitive exclusion may

th

be occurri ver, plots of the probability of species occurrence based on the presence or

U

absence o ecies show that competitive exclusion is unlikely to be a significant driver

(Appe

A

13
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Primarily relying on call surveys may have even underestimated the occupation of
contaminated wetlands if pollution impacts vocalisations. Indirect effects could occur through
reduceMability that increases the marginal energetic cost of vocalising (such as in
birds; Gola @ . 2012), while direct effects could occur through impacts to physiology and
behavidtr Wi@aB88rbed ions and ingestion. Cadmium, for example, adversely affects
advertisement call duration and rate in black-spotted frogs (Pelophylax nigromaculata) (Huang
etal. 2015‘, and}e fungicide vinclozolin reduces calling activity in South African clawed frogs
(Xenopus laevis 7(Hoffmann & Kloas 2010). If similar effects were prevalent, individuals present
at highly contaminated wetlands could be assumed to be absent due to reduced detection
probability, str hening our conclusion that frogs are selecting wetlands irrespective of

contamin

al

Habita cape characteristics

ing and emergent vegetation provides amphibians with shelter and protection, and

M

a place to feed, call and breed (Tarr & Babbitt 2002; Egan & Paton 2004) and is often positively

[

associate occurrence of amphibians (Hamer et al. 2012; Kruger et al. 2015). Our

results are onsistent with these findings, with species richness greatest at the most

vegetated .Itis also possible that vegetation has other impacts on habitat quality. For

N

examp ion can mitigate the toxic effects of pesticides through their removal by

L

sorptio e hydrolysis (Brogan III & Relyea 2017). Therefore, it is possible that the

relationship betwBen vegetation and amphibian assemblages is also related to vegetation

b

lowering the ntrations of other contaminants not measured here, making the wetland

more h and consequently increasing the probability of occurrence. More work

A

examining the interactions between vegetation and different pollutants, and the consequences

14
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this has for frogs would allow this possibility to be further examined.

Although ghe size of wetlands may influence species richness (via well-established

species-ar@hips; Hanski 1994; Parris 2006), we found no substantial effect of wetland

darea on sp

I
proxy for Srmanence or ephemerality - which may actually be the driver of increased richness

ss or occurrence. Unlike natural wetlands where wetland size may be a

at larger wggllan@élg, - urban wetlands fed by stormwater are often permanent regardless of size,
and other Qave similarly found no effect of wetland size on amphibians in urban areas
(e.g KrunglS). On the other hand, the total wetland area within a 500-m radius was
importantmto results from other urban wetland systems (Scheffers & Paszkowski 2013).

More habi ally means greater connectivity and, thus, a greater likelihood of colonization

(Bender egl. 2003).

In @en W landscape-scale variables exerted a substantial influence on species
occurr er, the strong effect of catchment geology on southern brown tree frogs and
common easte oglets likely reflects the matching of species ranges with regional differences
in geol an a causal relationship, as southern brown tree frogs were detected almost
exclusivels'n eastern sites that have a sedimentary geology, while common eastern froglets

were detected.almost exclusively in western sites that have a basalt geology. Wetlands with

higher levé rounding urban cover were more likely to harbor striped marsh and eastern
banjo frog ecies that commonly inhabit urban wetlands and that may be well adapted to

urban envuonmeﬁts (Hamer & Parris 2011; Ficken & Byrne 2013).

AU

15
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Ecological and conservation implications

Urban sgrﬁl an’he rising popularity of water-sensitive urban design (WSUD) has led to the

global prol of wetlands designed and constructed to intercept stormwater run-off.

Frogs occ wetlands that commonly had sediment heavy-metal concentrations above
H I

published ghresholds for likely biological effects (Fig. 2; MacDonald et al. 2000), and above those

within semhat impacted tadpole survival in other studies (Snodgrass et al. 2008; Sievers

etal. 2018c]. ever, we did not consider a range of other contaminants that are common to

urban WeWg. PAHs; Gallagher et al. 2011) and also known to impact amphibians (e.g.

salts and ondgrass et al. 2008). Further, Snodgrass et al (2008) and Sievers et al (2018c)

focused on only a limited number of species and identified considerable species-specific

vulnerabiligies. More work is needed to explore the effects of a wider range of contaminants on

frogs. Nonm the presence of frogs at wetlands along a strong pollution gradient here still
S

suggests th urban wetlands may function as sinks for some species (Pulliam 1988).

There is al ng prima facie case that some urban wetlands are ecological traps when
the results presented here are considered in conjunction with our previous research, which has
shown thawng adults oviposit in a range of habitats, including those where larval fitness
is signific uced (Sievers et al. 2018c). The Greater Melbourne Region likely
represents an 1deal model system that replicates what is occurring in many other urban areas.
For ex ge concentrations of heavy-metals within stormwater pond sediments
were him wetlands for 5 of 7 metals measured in South Carolina (Crawford et al.

2010) and for 3 ; 12 metals in Florida (Liebens 2001). Further, levels of the pesticides

bifenthrin ethrin were higher at our sites than in urban waterways in China (Li et al.
2011) an ia (Weston et al. 2005), and for diuron in France (Datry et al. 2003). This
16
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suggests urban managers could be unintentionally creating ecological traps in hundreds or

thousands of cities around the world.

S

How muc ing threat these wetlands pose to population persistence in urban landscapes
depends on whether frogs have sufficient phenotypic plasticity or evolutionary potential to

H I
adapt to h& Rollution environments. Amphibians living near agricultural areas with high levels
of pesticid@ greater tolerance (e.g. Cothran et al. 2013; Hua et al. 2015), and induced
tolerance to a single insecticide can lead to cross-tolerance to other insecticides (Hua et al.

2014). Th seiice of a range of contaminants, often at sublethal levels, within stormwater

wetlands may Ees,lfficient to drive evolutionary resistance in exposed populations (Major et al.

2018). Along with phenotypic plasticity, is an important avenue for future research to consider
the full imm

ormwater wetlands on amphibians.

Ultimatelymanagers should monitor contaminant loads within stormwater wetlands to identify

those sly high levels based on published benchmark guidelines (e.g. ANZECC &

ARMCANZ > and make efforts to reduce either their occupation by wildlife or pollution
input/levels. For example, emergent and fringing vegetation could be minimized or substituted
for altern:s vegetation (e.g. deep submerged), wetlands in areas known to produce high
contaminanould be isolated, or runoff could be pre-treated before entering these

wetlands. s are important tools for the management of urban stormwater run-off, but

we need t!ensure their construction does not facilitate declines in wetland-dependent urban
wildlife, I '
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TABLES

Table 1. ' maximum and mean (* SD) sediment quality variables for the 67 wetlands,

C

and wherefpog8ible, the low and high interim sediment quality guideline (ISQG) values from

S

ANZECC a ANZ (2000), and the concentrations of metals within wetland sediments

U

from Snod, al 2008 (Snodgrass [ - Owings Mills; Snodgrass II - New Cut Road), Sievers et

- Chandler Rd; Sievers II - Cheltenham; Sievers III Ringwood Lake), and

Gallagher et al (2011).

IS IS
Q ¢ ) ) . Gallagher
. Mean + G- G- Sno Sno Sieve Sieve Sieve
Cont t in Max . (Mean *
SE Lo Hig dI dII  rsl rsIl  rsllI
SD)
w h
Heavy metals (mg kg-1 dry
weight)
H 371 17311+ 1620 2000
Alumini 7
uminium 50 00 691 0 0 9570
AntimonO.S* 17 42+04 2 25 5 2.5% 9
Arsenic 5* 47 79+1.0 5 70 03 0.6 39 37 10
Bari 0 430 130+9 430 150 60
I 0.73
3 * * *
Berylllu:.S 2 0.04 0.5 1 0.5
. 0.77 +
Cadmium 5* 11 0.16 1.5 10 03 0.6 2 2 0.5*
40.5 + 14.
Chromium 2 121 23 80 370 9 9.4 73 48 21 55.2+8.1
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10.7 £

1 2 22 19 1
Cobalt 0.7 3 3
109 13. 46.6 +
+
Cople 0 64 +16 65 270 7 7 299 113 40 176
Iron @ 369 23859+ 2930 2800 1430
00 801 0 0 0
- 46.1 10 24.7
+ +
L s 1 4 T 22 4 17 2 4 o
ead 0 56 8.6 50 0 8 6 6 83 8 10.0
Mangan‘ ’36 496 15413 187 136 55
0.05 0.13 + 0.1
M 2.9 1 0.4 0.4 0.05*
ym 004 5
Molybdenum 1* 13 1.5+0.2 13 2 1*
. s 26.7 = 14. 63.0 =
Nickel 4 159 26 21 52 5 43 159 36 10 1524
1.07 +
Sil Cl* 6 1 3.7 1* 1* 1*
ilver 0.07
+
Strontium7 151 252'2_ 38 37 11
Thall 5% 2.5% 2.5% 2.5* 25%
Tin 2.5% 48 7.3+1.0 48 11 2.5
o 1504 +
Titanium 20 620 430 370 90
14.2
L +
Vanadium 14 130 412'(;_ 47 58 27
O 379 56. 62. 189.1 +
Zi 23 458+82 200 410 3790 2390 597
e 0 5 7 1285
Pemad&
weight) I '
39.5+
Bifenthr 330 6.6 68.4 37.2 13
Diethyltol
lethyitoiua 33 81+0.9 25 1* 15
mide
25 531
Diuron . 6 118+ 78 20 22 91
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Fenamiphos 5*

Perm i 5%

Pmm“Q

Py il

TriclosaLS*

Trifloxystsob
in

{

*

C

69.9

930.

30.8

7.6

155

49

115+
1.3

26.6 +
139

8.1+1.2

2.0+0.2

214+
3.3

10

209

2.5

7.6

155

2.5

10 15
394 328
5 27
1 5
80.8 60
2.5 5

S

Table 2. Minimumg) maximum and mean (+ SE) wetland and landscape-level attributes for the 67

U

wetlands.

N

5

Varia Min Max Mean * SE
Wetland attrE

Area (m?) 136 97282 10127 +2114
Perimh 55 4781 649 + 102
Veget@op) 0.025 0.925 58.9 £ 0.03
Close&oad ;m) 1 425 64.1 £8.0
pHH 6.8 8.6 7.66 = 0.04
Electr;uctance (uS) 87 3339 526+ 71

Landsc characteristics

A
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Urban (proportion of sub-catchment) 0 1.00 0.67 +0.03

Road irogo’ion of sub-catchment) 0 0.18 0.03 £ 0.005

Habitz) 723 323207 38966 £ 8172

* Habita m refers to the amount (m2) of wetland habitat in a 500m radius surrounding each
wetland.

Table 3. F@es detected as adults during the study and the percentage of wetlands at

which they wegesdetected.

-

Litoria ewingii Southern brown tree frog 43.3%

Litoria pem Peron's tree frog 17.9%

Family/sp Common name % occupied

Hylidae

Litoria rani Growling grass frog 6.0%
Litoria fallax Eastern dwarf tree frog 4.5%
Litoria verr ii Whistling tree frog 3.0%

Myobatrach

Crinia; Common eastern froglet 58.2%

Limnodyrjmerilii Eastern banjo frog 40.3%

Limnodynas ronii Striped marsh frog 40.3%
Limnodynas maniensis Spotted marsh frog 34.3%
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Table 4. Deyianceginformation criterion (DIC) values for the 12 regression models of species

{

richness (P@c\ljpecies occurrence (Logistic) at a wetland, with boldface values
indicating hich ADIC<2.
H I
Specie Crinia Limnod Limnod Limnod Litoria
S signife ynastes ynastes nastes ewingi
richne 9 tasman dumeri Y B . 9
ra o . peronii i
Ss iensis lii
?)/[d Variaﬁ 3 DI S ]I) S D I?I ]IJ AD ]IJ AD DI g
1 I I I
ol : C K ¢ 1c ¢ ¢ ¢ © c I ¢ I
Co 2 9 1 8 9 9 9 3
4 3. 2 8. 0.
1 ns s 1 6 3. 0. 8 3 2. 4 2. 0 3. 5.
t. ’ 1 3 2 4 4 7 0
9
Co 2 8 8 9 9 9 3
3 0 5. 0 10 1.
2 ns e 3 0 8 6 5. 0 4. ) 3. 1 5 7.
t. ) 3 9 2 5 8 1
3
Co 2 9 8 9 9 9 3
3 1 7. 2 11 0.
3 ns e M 9 5 0 6 8. 0 5. 0 2. 4 6. 8
t g : 3 0 0 7 7 0
L ’
Co V 2 8 9 9 9 3
3 1 1 8 1 10 3.
4 ns 3. 4. 5. 6. 8
¢ 9. 2 9 1 7. 3 1 1 5 1 9 2
- 8 5 2
C ; 2 8 8 9 9 9 3
© 4 2 3. 3 10 2.
5 ns “ L 8 6 2 9. 4 4. 4 4, c 8. O
t g b ! 0 4 4 9 1 4
Co :i T 2 9 1 9 9 9 8 3
H D . 4 4 5 11 4,
6 ns e W ri ) 4 4, 1 1 7 5. ) 7. 6 9. 0.
t. n f . 3 5 2 ' 0 2 5
7 Co V H C 2 2 9 9 9 4 9 9 9 1 9 3
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Key to mogel variable abbreviations: Const, model constant; Veg, total proportion of aquatic

[

vegetation

O

transform

sediment ¢ S

, area of wetland habitat within a 500m radius (In-transformed); Bif,

ation of the insecticide bifenthrin (In-transformed); Diu, sediment

ediment heavy metal concentration index (see Ficken and Byrne 2014; In+1

concentragion of the herbicide diuron (In-transformed); Trif, sediment concentration of the

th

fungicide r

U

urban; Ro
catchme

transforme

A
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obin (In-transformed); Urb, proportion of the sub-catchment classified as

rtion of the sub-catchment classified as road; Geology, sedimentary or basalt

ogy ; Area, wetland area (In-transformed), and; Cond, electrical conductivity (In-
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Figure 2. Ihcies richness plotted against the concentration of heavy metals (mg/kg) and

pesticides

concentratior

’) in wetland sediments. Dashed lines represent the threshold effect
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representge Erobable effect concentration (above which harmful effects are likely to be

observeHn MacDonald et al. (2000). Some contaminants are log-transformed to aid

visualization EaSSisks).
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Figure 3. The multiplicative effect of the explanatory variables (mean and BCIs) on species

occurrence at 67 wetlands. Only variables present in well-supported models for each species

(ADIC < ! ;tre sHown. The dark grey band indicates the best-supported model (i.e. ADIC = 0),

and the lig @ pands indicate models with some support (ADIC < 2). See Table 3 for model

numbef8 JA@SE@eture. Effect sizes > 0 indicate a positive effect of the explanatory variable on

species och while effect sizes < 0 indicate negative effects. Model 1 (constant) is not

shown.
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Figure 3 continued.
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Figure 4. Q @ n diagram (biplot) of the canonical correspondence analysis (CCA) for the
detection/non- ction of adults according to eleven explanatory variables at 61 wetlands in
the Gr rne area, Australia. See Table 3 for a description of variables.
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