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ABSTRACT

Around.cities naturalwetlandsarerapidly being destroyeaindreplaced withwetlands
constructed toreatstormwater Although the intended purpose of these wetlands is to
managesurban stormwagténey arenhabited by wildlifethat mightbe exposed to
contaminantsThese effects will be exacerbated if animals are unalbléeoentiate

between stormwatdreatmentvetlands of varying qualitandsomefunctionas
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‘ecological traps{(i.e. habitats that animals prefdespite fithesbeing lower than in
otherhabitat). To examine if urbarstormwatemwetlandscan beecological traps for
frogs, we tested isurvival metamorphosiselated measuremnd predator avoidance
behaviours of frogdifferedwithin mesocosms that simulatetbrmwatemwetlands with
different.eentaminant levels, and paired this withaéural oviposition experiment to
assess \breedirgjte preferencedVe provide the first empirical evidence thia¢se
wetlandscanfunction as ecological traps for frogs. Tadpoles had lower survivavarel
lessresponsive to predator olfactory cues when raised in more podiatedwater
wetlands, bualso reached metamorphosis earlier and at a largeAsgreater size at
metamaerphesis was likely result ofincreased per capitaod availability due to higher
mortality’cembined with eutrophicatipalthough othecompensatory effects such as
selectivemortality removing smaller individuals from leguality mesocosms may also
explain these result8reeding adults laidomparable numbers efgs across wetlands
with high and low contaminant levels, indicating no avoidance of the foSimee
stormwatertreatmenivetlands areften the only available aquatic habitat in urban
landscapewe needto betterunderstand how they perform as halsitatguide
management decisiofisat mitigatethar potentialecological costsThis mayinclude
improving wetland quality so that fitness is no longer compromised, preventing
colonisation byanimals alteling the cues anima use when selecting habitgpsetreating
contaminated water prior to releapeoviding offline wetlands nearbgr simply not
constructingstormwater treatment wetlands in sensitive ar@as study confirms the
potentiakfor urban stormwater treatment wetlands to functi@ecalsgical trap and
highlightsthe need for greater awareness oirtpeevalenceand impact at landscape

scales.

K eywords; . amphibians, behavior, constructed wetland, habitat selection, HIREC,
metapopulation, predator avoidance, urbanisation

INTRODUCTION

Urbanisatioris changingthe biological, chemical and physical characteristics of aquatic
ecosystemgWalsh et al. 2005). Within urban areaggrmwater treatmentetlands are
beingcreated tgprovideecosystem services suchfla®d control, andvater filtration
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and purification (Hammer 1989hese habitats armow ubiquitous and modify both the
distribution and nature @quatic habitataround many cities (Kentula et al. 200@9r
example, in Oregon, USA, land-use changes from underdeveloped and agricultural to
urban and residential led to almost all the palustrine emergent/open wiéerdsdeing
graded a.either fair (46%) or poor (43%) qualitfentula et al. 2004)As stormwater
treatment wetlandsfien resemi® natural wetlandsindattract animalgTixier et al. 2011,
Hassall'and"Anderson 2015), thagy provide valuable habitat urban landscapes
wheremost'natural waterbodiggmvebeenlost or heavily degraded.

One of the primary functionsf stormwatetreatmenwetlands, however, is to
capturesand,treat contaminants (e.g. nutrients, sediments, heavy metaslgs@ girior
to release into receiving watdidammer 1989). Aimalsthatinhabitthemmaythus
suffera range of deleterious effedSparling et al. 2004). For example, embryonic and
larval amphibiansveresusceptible to stormwater wetland sedimentt) shortterm
exposureftenreducing survival and growth (Snodgrass et al. 2008, Gallagher et al.
2014).Contaminants commamstormwater wetlands catsocause maladaptive
behaviows:to developia olfactory disruption (Tierney et al. 2010). For example, Cuban
tree frog.&dpolesdo not avoid predator cues aaekhyperactive following exposure to
the herbiCide atrazin@ghrsam et al. 2016).hese types of behavioural changes can
indirectly reduce fitness by increasing the probability of predation (Broor2bddl).

The impact of highlypolluted stormwater treatmewetlandswill be exacerbated
if animalsde, not recognise them as paprality habitatsand they function agtological
traps. An.ecological trap occurs when there is differential fithess between available
habitats, and aniails showa preferencésevere trappr an equabpreferencéequal-
preference trappr the habitatvherefitness is lowe(Robertson and Hutto 2006).
Ecological traps arthus defined by impacts to individuals (Robertson et al. 2013), and so
the dentification ofecological trapsequires information about how habitatgpactthe
fitness. (i€. survival, reproduction) and habpegferences of animals

Although the potential for stormwater wetlandgunction as ecological traps has
been discussed previously (Tilton 1995, Brand and Snodgrass 2010, Hale et al. 2015a,
Sievers et al. 2018), anchile we have a@arevidence that these habitaemreduce
individual fitness (e.g. Snodgrass et al. 2008, Gallagher et al.,2044urrently lackhe
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necessary informatioon habitat selection preferendesconfirm this For taxa that lack
posthatching parental care, the selection of oviposition sites is a critical decision that
directly affects offspring fitness, and ultimately, population dynamics (Reaid Downes
2004). In particular, strong selective forces should be acting on oviposition behaviour
when larvae are unable to leave unsuitable giRglolf and Rodel 2005, Resetarits and
Silberbush.2016)These decisionsan be influenced byrange of cues, such as the
presence of predators (Resetarits Withur 1989)and pesticidefvonesh and Kraus
2009),7and"'so amphibians can respond adaptively by preferring préeator-
unpollutedconditions. However, as stormwater wetlands are often the only available
breeding habitat within urban landscapes, oviposisitgselection is likely to involve
choices'between wetlands that all are contaminated to varying degrees, complicating the
decision-making process.

Distinguishng when stormwater wetlands are functioningeeslogical trapss
importantasthey represent ubiquitous and potentially valuaojeatic habitat within
urban areas. If traps are present, thédly drawanimals from higherto lowerquality
stormwaterwetlandsmpactingthe likelihood of both local and regialrpopulation
persistencéDonovan and Thompson 2001, Hale et al. 2015b). Understandintydymsv
form_and their consequendasanimalshasthusbecome an emerginganagement
challenge. In this study, oorerarching goal was to test if stormwater wetlands can
function as ecological traps for frog&/hile ecological trap studies often compare
habitatsthat,are hypothesed to be traps withnalterede.g. referencd habitats here
we examinedesponsesotpairs of stormwater wetlands of differing qualityhich better
reflect/the reality of urban landscap@ge experimentally replicated the conditioois
heavily and,.in comparison, mildly contaminated wetlandsmesocem experiment to
quantifyimpactson thefitness and behaviour of tadpoles, coupled aitield-choice
experimentto examine the oviposition preferences of breeding frogs. We hypothesized
that: (1stadpole survivand size/mass at metamorphagauild be lower within more
contaminated wetlands, af@l) their ability to respond adaptively to predator cues would
be reducedf urban stormwater treatment wetlands are ecological traps, we predicted
that females wouldot avoid wetlands whe#fspring fithessvaslower. We discuss our
results in the context of managing stormwater wetlands that are ecological traps to
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facilitate thepersistence of aquatic animals in urban landscapes.

METHODS

Study species

Marsh'frogs’(Genukimnodynastes, Fitzinger, 1843) are grourtivelling frogs native to
Australia;"New Guinea and the Torres Strait Islaids.focusedn the spotted marsh
frog Limnodynastes tasmaniensis (Gunther, 1858) and the striped marsh frog
Limnodynastes peronii (Duméril and Bibron, 1841), two species common in south-
easternvAustralia that are known to occupy and breed in urban wetlands (Hamer and
Parris 2011, Ficken and Byrne 2018pcturnal call surveys confirmed the presence of

bothspecies at all study sites.

Study sites

As of 2015y'nearly 500 wetlands had been constructed in Melbourne, with more than 80%
of those,built in the last two decades alfiHale @ al. 2015a)To examine frog responses

to stormwater wetland qualitwe selected sistormwater wetlargkhat differed inthe

level of contaminatiomvithin the Greater Melbourne Region, Australiée selected

three pairs of wetlandsach containing one hypothesized high quality (HQ) and one
hypothesized low quality (LQ) sitbased on sediment and water quality data collected

by the Centre for Aquatic Pollution Identification and Management (Marshall 206,
Sharley et al. 2017)n particular LQ and HQ status was based on the presence and
concentrations of contaminants (heangtals and pesticides; Tablethatcould have an

effect op.amphibian fitheggEgea- Serrano et al.@12).
Mesocesm design
The experiment included thsix source wetlands, each replicated eight times in a

completely randomized desigiWe established 48 circular mesocosms (150L, 875 mm
diameter x 310 mm deepj The University of Melbourne, Burnley Campus
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(37°49'47.17" S, 145°01'28.64” E). Each mesocosm was filled with 120watér
filtered through d00 um sieve 2 L offine sediment filtered througbt um mesh and 4
L of unfiltered, autoclaved sedimeinbm therespective source wetland in Septeer
2016, anccoveredwith 50% shadeloth to keep out predatorsilteredsediment was
added taallow the establishment of natufanthiccommunitiesand unfiltered,
autoclaved.sediment to provide benthic structooth methods also removed predatory
invertebrategPettigrove and Hoffmann 2003)e collectedzogplankton from an on-
campuswtetland using 40 um plankton netwith samplesliluted and added to each
mesocosm in 0.2 hliquotsafterscreeing to excludgredatorsMesocosms were
allowed:torsettle and mature for £&ks We conducted fortnightly 25 water changes
using waterfrom the respective source wetlkanaiore accurately simulate the
conditions of the source wetland for the duration of the experimeapdeated water
was replaced with aged tap watemnatural rainfallso that depth was kept consistent.
We collecteden spotted mrshfrog egg massefrom awetland(37°37°08.06” S,
145°00'10:67" E) created for the endangeremirding grassfrog Litoria raniformis
(Kefersteiny1867)Each gg mass wshatchedn an individual 2L beaker in the
laboratery andwe transferredwo-day-old tadpolesnto the mesocosms. Each mesocosm
recejvedtén tadpoles on the ®ctober 2016, one froeach of the ten egg masses

remove any confounding genetic/paremrtidcts

Fitnessresponses

Tadpoles:were removed from mesocosms as they began to metamddeinioggtail
resorption; Stage 45; Gosner 1960) atatedin individual 0.5 L plastic containers until
complete tall resorptio(Stage 46). We then recorded days to, leagitand mass at
metamorphosis, and the incidence of any physical abnormalities (e.g. missing or
malformed. limbs, scoliosispurvivalwas calculated afie number of tadpoles reaching
metamaorphosis relative to the number of tadpoles released into each mesadteasm (

accounting.for those removed for the predator avoidance sadéppendix S1Fig. S1).

Periphyton, water and sediment analysis
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After the final tadpole metamorphosed (80 daw& collectedoeriphyton, water and
sediment samples from each mesocoboestimategfood availability, ve scrapeall
attachederiphyton from a 5 x 10 cm sectiohthe mesocosm wall with a razor blade,
following the removal of the wateBamplesvereoven dried at 60°C for 24 h, weighed,
inserted.into a blast furnace at 4Z5or 18h, and reveighed to calculate adhee dry

weight (AEDW).We measuredimmonia, ririte, nitrate phosphate antbtal alkalinity

using areXact® EceCheck photometer (Industrial Test Systems, Inc, USA), and pH and
conductivity'using a WP-81 meter (TPS, Brisbane, Austra@air-dried andfiltered
sedimentd¢o /1 mm, andmetal concenations were quantified birACEESat The
Universitysof Melbourne (Appendi$2 www.chemicalanalysis.unimelb.edu)au

Predator avoidance trials

We harvesteddours from dragonfly larvae — a ubiquitous and voracious tadpole predator
commonly used in predator detection and avoidance experif@arson and Langkilde
2013) =-and conductgmedator avoidanceidfs in a choice tankvith threespatialzones
delineatedby lines drawn on the tankear predatofl0 cm section)a middle zone (30

cm) and.armaway from predator zon@0 cm; see Appendi®3for detailed experimental
design)Between each trial, the choice tank was rinsed wittodised (DI) water, towel
dried and rdilled with DI water for the next trialTrials were rurwith tadpoles (42 days

old) from two sourcevetlandpairs as insuffcient tadpoles were available frahe third

due to highwmortality. \& usedwo tadpoledrom each mesocosmexcept for the second
pair, where'two mesocosms from each source wetland did not contain enough tadpoles
(Appendix S2Fig. S1).Foreach source wetlanadie conducted 18eplicates okach of

four treatments: contrdl.e. aged tap watews control, visual cuess control, olfactory
cuesvs.control, and visual and olfactory cues combimgdontrol. Therefore, we tested
tadpoledrom the first paithree times and tadpol&®m the second pafour times, with

no singleitadpole experiencitige samereatmentype more than once.

We,placed tadpole irthecentre ofa choicetankand allowed it to acclimate to
conditions for 2 min, which allowed time for tb#actory cues to reach the centre of the
tank (i.e. tadpole; sensu Ward and Mehner 2010). The cylinder holtirepipolesvas
thenlifted with a rope ad pulley,andwe recordedhe 5min trial using aGoPro Hero 3+
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(seeAppendix S3. We alculatedthe proportion of time spent in the zone away from the
predator cues relative to the time spent in the ratrethe cues based on recording the
position of tadpoles every 30 seconds. Following trials, these tadpoles were humanely
killed.

Ovipodition.site preference
We monitored oviposition preference concurrently with mesocosm experiments so that
water and'sediment quality would &scomparable as possible. We deplojleee pairs
of 100L pre-formed rock-stylefibreglassponds around each of the siource wetlands
used inthesmesocosm experimeiitach pongair simulated eacletlandpair used
previouslyby reciprocally addingedimentaind water from source wetlandshis
provided breeding frogs with a choice between two source wetland condiitms
differing contaminant loads. We deployed pguadrsapproximatelyl0—4 m from the
wetland edgewith the two ponds$n a pairconsistently deployed 5fm aparin the same
orientation®Pondpairs wereseparated from each other &yleast 50 mSimilar to the
mesocosmeexperiments, we conducted fortnightlyer changes.

Within each pondwe added @ottad, semiaquatic planabundant athe source
wetlandsto encourage ovipositioffoliage approximately 30 cm above water level,
Carex sp.).Weinspected pnds for egg masses at leastekly over the spring/summer
breeding period. Although mesocosm and predator avoidance experiments were
conductedwith spotted marsh frogs, we could not exclude the possibility that some egg
massestaid in the oviposition experiment belortgestriped marsh frogs, given that
species identificationg@ challenging, and we did not have the capacity to raise tadpoles
from every mass to confirm specidentity. We removed and photographeghy masses
and emptied and refilled any pond containgggswith sediment and water from the

respective source wahd to avoid confounding future oviposition decisions.

Statistical analysis

Mesocosm experiment

We analyzedsurvival, mass and length at metamorphosis, development (stages per day),
total periphyton dry weighgshifree fry weight of periphytonrAFDW), water quality
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and the concentration beavy metalén sediments using linear models. For each model,
we fitted treatmentH{Q or LQ) andlocation Sourcewetland pairjasfixed effects

Ideally, here and for the below analys&sation would have been fitted as a random
effect, but due to low replication, we would be unable to accurately estimate earianc
Instead, includingt is as an interacting fixed effect allows us to estimate how consistent
the treatment effect is across wetland p&lsta werdog-transformedor all variables

exceptsurvivalto meetthe assumptions of normality and homogeneity of variances.

Predator-avaidance trials

To examine,responses to predator cues, we lussat mixed modelwvith location
(sourcewetlandpair),treatmen{HQ or LQ)and cue (control, visual, olfactoand visual
+ olfactory) and a treatment by cue interactfited asfixed effects, andadpolelD
nested within mesocosrand site (source wetlantilted as random effect¥Ve estimated
credible intervalgor the fixed effects used in figure® addition,we examined if the
proportien=ef time spent away from predatfmsthe olfactorycue-only trialswas related
to thesediment concentratiarf metals within mesocosmssinglinear regressian
Because. theoncentrations of differemhetals were highly correlated, we calculated a
heavy.metal quotientalculated as the sum of the observed concentrations divided by the
probable effects level fromlacDonald et al. (2000) using arsenic, chromium, copper,

lead, mercury, nickle and zinc.

Ovipositien=Site preference experiment

We assesseavipositionsite preference using Ghquared testsf the conditionsKQ or
LQ ponds) eggs were laid in&md the conditiondHQ or LQ source wetland) ovipositing
frogs came fronas factorswith each egg mass treated as a simfgia point. The number
of eggs per@egmass was analysedingalinear modelwith treatmentnd locatiorfitted
as fixed.effecs.

We assessed normality and homogeneity of varidnefese all analysessing Q-

Q and residual plots, respectivelye performedanalysesn R 3.2.2 (R Development
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Core Team 2015), usirtge ImerTest packag&uznetsova et al. 201%) fit mixed
effects models

RESUL LS

Fitnessresponses

All measured parameters were significantly different between HQ and LQ treatments
(Table2). Based on model estimateagdpoles raised iHQ treatmentexhibited on
averaget2:@6 higher survival, took.9 days longer to reach metamorphosis, and were
0.29 g lighter and 2.1m shorter than those raised in LQ treatments (Eilable 3. No

physical abnormalities were observed in any of the tadpoles.

Periphyton, water and sediment analysis

Periphytonwas approximately three times more abundar@ imesocosméTable2;

Fig. 1). ' Water fromLQ mesocosms aldead higher pH, conductivityotal alkalinity, and
phosphatdevels(Fig. 2; Appendix S4: Fig. S1). Although ammonia, nitrite and nitrate
wereoftendetectedn LQ treatments, levels were below the detection limit for rhs3t
treatmentgAppendix S4: FigS1). LQ mesocosmalsohadsignificantly higher
concentrations of nine of tlanalysednetals(Fig. 2; Appendix S4TableS1, Fig. S2).

Predatoravoidance trials

Controltrials with no stimuli indicateaho inherent biases in terms of preference
for one side of the tankmeanproportionof timeto left side (£ 95% CI)HQ: 0.48 + 0.14;
LQ: 0.54 + 0.15)There was a significamivo-way interaction betweetreatment and cue
type (Table$ astadpoles fronthe HQtreatmentvoidedolfactory cues from predatqrs
but thosefrom LQ conditions did not (Fig. 3). Tadpoles from both treatments did not
respond-to,visual cues in isolation, but did when both visual and olfactory cues were
provided simultaneouskFig. 3). Further, herewas asignificant, negativeorrelation
betweerthe proportion of time tadpoles spent away from predator olfactory cu¢seand
heavy metal quotierior mesocosm sediments (TalleFig. 4).
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Oviposition site preference

In total, 23 egg masses were laitbiboth high- and low-quality ponds, with no effett
the quality of the site they were laid at the conditions they were laid intg#(= 0, p =

1). Thenumber of eggs per eggass (Mean + SE) was also similar for masses laid into
different treatment condition$lQ: 1146 + 74; LQ: 1102 + 62;;/R, =0.51, p = 0.47.

DISCUSSION

We providesthe first empirical evidence thmbanstormwatetreatmentvetlandscan be
ecologieal traps for frogs. Tadpoleadlower survivaland were less responsive to
predator cues when raisedmorepolluted conditions, but breeding aduisl
comparable numbers of eggssites regardless babitatquality.

Amphibians are often considered sensitivedbitat modification and
contamination (Blaustein et al. 1994, Sievers et al. 2018), and survival differed most for
the twosourcewetland pairs witlihe greatedlifferences in environmental conditions
(Appendix S5Fig. S1). Heavy metalgLefcort et al. 1998)pesticidegEgeaSerrano et
al. 2042), hydrocarbor(gelaso tal. 2002)and nitrogen (Marco et al. 199&an all
reduce amphibian survival, and a combination of contamirantisave even greater
impacts(Relyea 2009)Metal concemationswithin themesocosmslosely matched
thosefrom initial wetlandsampling, so pesticide and hydrocarbon levels were also likely
to have'been highevithin LQ treatmentsfurther contributing to reduced survival. In
addition,we would havdikely observed even stronger fithess reductibmge also
examined the survival of eggs and embryos given they can be very susceptible to
contaminants (Brand et al. 2010).

Survival wadowerin LQ treatmentsbut tadpoles were quicker to metamorphose,
and larger when they di@his waslikely a compensatorgffect with high early
mortality“ofitadpoles resulting in survivors having more food less ¢armw@Greater food
resources within lovguality treatments may sd have beemue totheincreased
phosphates and nitrog&vels enhancing periphyton growth (Smith 1982).

A recentmetaanalysisshowedhat whilesurvival and reproductive success
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frequentlydiffer between altered and reference wetlamastamorphosiselated

measureslo not(Sievers et al. 2018These measures can be influenced by other factors
such as hydroperiod, predation and contamination (Edge et al. 2016), and can vary
considerably between species and study systgarsand Whiteman 2015). Many

studies have reported conflicting findings on the effects of pollution on metamorphosis
related.measurefor example, in Ontario, Canada, tadpoles exposed to copper suffered
reduced survival rates but increased growth rateduc et al. 2016 However the size
differences‘observed here may stilldmlogically importantand future studies should
measug a suite of traitsncluding postmetamorphisurvival,growthand reproductive
succesgo determine the full impact of environmental conditions on fitness.

Behaviour also differed between treatmeifitadpoles raised imore
contaminated conditions did not avoid olfactetynuli from predatorsyhich will likely
furtherreduce survivatates within lowquality wetlandsThe attraction towards predator
olfactory cuesy tadpoles raised in the most contaminated conditions mirrors similar
responseshserved in Cuban tree frog tadpoles after exposuhetpesticide atrazine
(Ehrsam et-al. 2016). Interestingly, when both visual and olfactory cues weretgueaen
concert,tadpoles raised i) treatmentsvoided predators (unlike when purely visual
cues.were provided when no response was observed). This result may be due simply to
chancealthough it is also possible that there is some synergism occurring between the
two sensory modalitie@Hale et al. 2017More work is needed to explore if this is a
biologieallysmeaningful result, and if so, its underlying cause.

Predator avoidance waggatively correlated with levels of the heavy metal
quotient. @pper, lead and zinc were the three metals most correlated with the heavy
metal quotientand all three can affect predator avoidance of frogs (lead and zinc: Lefcort
et al. 1998, copper in combination with elevated temperatures: Hayden et al. T2045).
interestingrend and the fitness impacts thfesealtered behavioursyarrants further
investigation.

Stormwater wetlandypically contain amixture of contaminants, ofteat
individual concentrations below those deemed biologically reldydliison et al.

2017). Therefore, although frogandiscriminate and avoid unfavorable conditions (e.qg.
Vonesh and Buck 2007), their ability to do so may be reduced when they are exposed to
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complex mixtures of contaminants. Consequemm@yalesmaylay eggs in sitethat are
highly polluted in multiple ways, rather than them beiadirected to higher quality sites
elsewherewith implications foroffspring fitness, antbcal and regiongbopulation
persistence

Habitatselectiormust be studied using an appropriate design to reflect the natural
behaviour of the faal speciesWe dfered breeding frogs a simultaneous choice between
high=andlewquality conditionsan approach tha appropriate for urban stormwater
treatment'wetlands that are often made up of multiple, connected, sectionsijotedstr
a deliberate'sequence t@ximise capture and treatment of contaminants (Lawrence and
Breen 1998). Consequenthlyithin a single stormwater wetlametwork breeding
amphibians'may be able to choose betwareas ofliffering contaminant concentrations,
with particular sections (e.g. sediment settlement gomdre likely b act as ecological
traps. While research intecological traps is still in its infancy, the discovery and
apparenprevalence ofraps is starting to increase along wigkcognitionof the
significantsproblem they pose for wildlifelale and Swearer 2016, Robertson and
Chalfoun 2016, Hale and Swearer 20R@gardless of how frogs are selectsitgs, our
resultsssuggest that contaminated urban stormwater treatment wetlands are capable of
reducingjuvenile fitness, have the capacity to attract breeding frogs, andelitima

threaten population viability because of their capacity to function as ecological traps.

Management implications
Stermwater treatment wetlandanplay animportant role in supporting wildlife
in urban areas (Hassall and Anderson 2015, Hill et al. 2017) but we need to know when
there are conflicts betwedineir intended functioas stormwater treatment devices and
the habitat requirementsf animals. For example, when detlandsthat are ecological
trapsbecome detrimental to amphibian populations, and how can we manage this risk?
We"highlight three potential options for managers. First, welreagbleto
actively'managevetlandsto ensure thepave suitable environmental conditions for
animals For example, remediating sediment to remove contaminants can improve habitat
for wildlife, leading to greater amphibian richness and dbone(Stevens et al. 2002).

Pre-treatment of runoff using hybrid filtration, deep suogich basins, settling devices,
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vegetated filter strips and sand filtratioan alsaeduce contaminant inputs (Johir et al.
2010).A regular maintenance reginigough has its limitations due to unknown pollutant
accumulation ratesntermittent pollution events, and the substantial cas$sciateavith
intensive managemerggimesWeiss et al. 2007).

The,second option is ttiscourage behaviours (Greggor et al. 2Qh4) lead to
frogs celonizing wetlands that are traps. Designing or modifying wetlands so they have
steep banks and edges, for example, may make sites less attractive than those with the
gently 'sloping, vegetated banks that suit most amphibian spegiesise, removing
fringing vegetation from wetlands elimina@sue used by many amphibians to select
ovipositioprsitegEgan and Paton 2004hese strategieme posible butrequiredetailed
knowledgerof habitat selection behavior (e.g. which cues are used), and thus they have
rarely been usethlthough see Robertson 2012, Greggor et al. 2014).

When improvingdhabitat qualityor reducinghe likelihood offrog colonizationis
unfeasible, wetlands may not eteéhe dual objectives of stormwater treatment and
suitableshabitator animals The final option then would be to redubte effects of
wetlands that are ecological trapa landscapglanning. For example, we may be able
to consider strategicallglanning where wetlands are being constructed in the landscape
(e.g,.awayfrom other wetlandsor creaé nearbyoff-line habitats that are suitable for
animals
Ecological traps are an emerging conservasene(Robertson and Chalfoun 2016).
Identifyingithe potential for habitats to function as ecological traps — as we have done
here— issimportant for minimzing the harm and realising the ecological potential of
humanaltered habitataVe need to better understand howider range of stormwater
wetlands perform as habitat, particularly in terms of the broader landssagbe-
consequenceshensome stormwater wetlands are functioning as ecological tnépsn
trapsexist.we recommendlentifying the factors responsibfer reduced fitness,
determimng thespecific cues animalgly onwhen selectindpabitats andassessg the
potentialto,manipulate these cues to eliminate the tkégde et al. 2015a)his
information can then be used to determine if managing the loeat®ff traps is
possible, or whether we need to take a more landduagesd approach. Ultimately, given

the growth in stormwater treatment wetlands in cities around the world, minimizing the
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ecological costs these artificial habitats can impose will itieadrfor sustaining wildlife

in urban environmentdhis will require a greater understanding of the net effect of urban
development on the availability of stormwater and natural wetlands within thedgeds
and the effect of these changes on localragtbnalanimalpopulationsThis knowledge

will be an.important component of managing biodiversity in urbanized landscapes.
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Tables

Table 1. Initial sediment quality data used to select @giddotomizethe wetland pairs
into high and low quality (HQ and LQ, respectively). All data collected by the Centre for
Aquatic Pollution Identification and Managementwivw.capim.com) Note: Asterisk

indicates lowest detection limit
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https://doi.org/10.4225/49/5a8f946ddcb4e�
http://www.capim.com)/�

Pair 1 Pair 2 Pair 3

HQ LQ HQ LQ HQ LQ
Lynbrook ) )
Edat Chandler Woodlands Cheltenham Yarrabing Ringwood
e
Rd Lake Rd Wetland Lake
Wetland

Heavy metals (mg kg-1 dry weight)

Aluminium 21100 16200 23800 20000 7480 9570
Antimony 2.5% 5 2.5*% 2.5*% 17 9
Arsenic 16 39 17 37 25 10
Barium 90 430 130 150 40 60
Beryllium 0.5* 0.5* 1 1 0.5* 0.5*
Boron 25* 25* 25* 25* 25* 25*

Cadmium 0.5* 2 0.5* 2 0.5* 0.5*
Chromium 45 73 43 48 12 21
Cobalt 10 19 10 13 2 3
Copper 72 299 45 113 14 40
Iron 25400 29300 26300 28000 6360 14300
Lead 29 176 24 283 13 48
Manganese 109 187 91 136 79 55
Mercury 0.1 0.4 0.1 0.4 0.05* 0.05*
Molybdenum 1* 13 8 2 1* 1*

Nickel 34 159 27 36 4 10
Selenium 2.5% 2.5*% 2.5*% 2.5*% 2.5% 2.5*%
Silver 1* 1* 1* 1* 1* 1*

Strontium 24 38 46 37 8 11
Thallium 2.5* 2.5* 2.5* 2.5* 2.5* 2.5*

Tin 2.5 48 25 11 25 25
Titanium 180 430 40 370 40 90
Vanadium 49 47 80 58 16 27
Zinc 606 3790 299 2390 138 597
HMQ 3.7 17.1 2.7 10.8 0.8 2.7

Pesticides (ppm)

Bifenthrin 136 68.4 2 37.2 25 13
Diethyltoluamide 4.8 25 17.6 1* 20 15
Diuron 165 20 6 22 3 91
Fenamiphos 69.6 10 20 10 5 15
Permethrin 49.2 209 10 39.4 5 32.8
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Prometryn 5 2.5 5 5 25 27

Pyrimethanil 1 7.6 4 1 1 5
Triclosan 69.6 155 20 80.8 10 60
Trifloxystrobin 2.5 25 5 25 20 5
Other

Moisture

Content 4.3 3 8 4.6 2.8 23
Total,Organic

Carbon 4.22 4.29 4.19 4.25 6.14 3.9
TPH 1940 21810 500 5420 1690 1170

Table2. Qutput fromanalysis of variance (ANOVA) of linear models for the mesocosm
experiment with treatment (‘*high’ or ‘low’ quality conditions) and location (wetland pair)
fitted asfixed effect. Sgnificant p-values aren boldface. Asterisks indicate measures

that were“logransformed to meet the assumptions of normality and homogeneity of

variance:

Measure Factor df MS F p

Survival Treatment 1 0.180 5.10 0.030
Location 2 0.087 2.40 0.104
Treatx Loc 2 0.085 2.30 0.111
Residuals 42 0.036

*Mass at Treatment 1 0.034 12.61 0.001

metamorphosis Location 2 0.006 2.24 0.120
Treatx Loc 2 0.006 2.09 0.137
Residuals 40 0.003

*Length at Treatment 1 0.022 14.20 <0.001

metamorphosis Location 2 0.006 3.97 0.027
Treatx Loc 2 0.004 2.53 0.093
Residuals 40 0.002

*Developmendl rate Treatment 1 0.015 13.45 <0.001
Location 2 0.036 3.18 0.052
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Treatx Loc 2 0.027 2.43 0.101

Residuals 40 0.011

*Periphyton Treatment 1 0.0034 9.85 0.003
Location 2  0.0005 1.35 0.270
Treatx Loc 2 0.0001 0.40 0.673
Residuals 42  0.0003

*Ash-free"dryweight Treatment 1 0.0022 10.30 0.003
Location 2 0.0003 1.50 0.235
Treatx Loc 2 0.0002 0.84 0.440
Residuals 42  0.0002

Table3. Output from analysis of variance (ANOVA) based aeaneralizedinear mixed
model for the predator avoidance trials with pair (source wetland pair), treatment (high
or low-guality) and cue (control, visual, olfactory or both) fitted as fixed effgttis the
interaction“between treatment and cue), aied(source wetland) and tadpole nested
within mesoecosm fitted as random effectszefues were calculated based on

Satterthwaite’s approximations, and significant values are boldface.

Factor NumDF DenDF MS F p

Pair 1 1 0.02 0.15 0.765
Treatment 1 1 0.24 1.63 0.422
Cue 3 144 0.37 252 0.061
Treatmentx Cue 3 144 0.61 4.16 0.007

Table4=Qutput from analysis of variance (ANOVA) based on a linear model for the
predateravoidance trials with treatment (Righlow-quality) andthe heavy metal

quotient(HMQ)fitted as fixed effectsSignificant p-values are boldface.

Factor df MS F p
Treatment 1 19.53 7.19 0.012
HMQ 1 26.61 9.80 0.004
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Residuals 30 2.72

FIGURE LEGENDS

Fig. 1. Bivariate plots of model estimates (+ SE) for survivaldeetlopmental rate, and
length and.periphyton dry weight based on linear models with treatment @nilghv-

quality)"andlocation (wetland pair) fitted as fixed effects.

Fig. 2. A subset of the sediment heavy metal concentrations (mg/kg), and the
conducivitys(microsiemenspS) and phosphate (PO4; ppm) concentrations within
mesocosmwateN = 24 per treatment. Asterisks indicate significant differences between
treatments at alpha = 0.05. For visualizations of all measured sediment and water

variables seédppendix S5: Fig. S1.

Fig. 3..Mean (+95% CI) model estimates from a linear mixed effects model for the
proportionwof time spent in the ‘away from predator’ zone relative to the ‘near predator
zone"in.the choice tank for both leguality (LQ) and highguality (HQ) treatments. The
dashedline shows a ote-one ratio between treatments.

Fig. 4. Relationship between the heavy metal quotientt(ogsformed) of mescosom
sediments and predator odour avoidance behaviour of tadpoles. The heavy metal quotient
is based.on.probable effect concentrations from MacDonald et al (2000). Grey signoothi
represents.standard errors based on output from general linear models usingi¢he pre

functiontin"R.
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