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Abstract. Urban stormwater treatment wetlands are constructed to treat stormwater runoff before it
enters waterways, but are often inhabited by animals that can suffer impairments. Such effects will be exac-
erbated if animals mistakenly prefer sites where their fitness is reduced, and are caught in ecological traps.
Traps can compromise the persistence of threatened species in urban landscapes, so assessing how animals
respond to stormwater wetlands, and whether their fitness varies between stormwater and natural wet-
lands, can guide management efforts. We examined the habitat selection behavior of dwarf galaxias (Galax-
iella pusilla), a threatened freshwater fish inhabiting wetlands and streams around Melbourne, Australia.
We tested whether fish respond to cues that could indicate habitat quality, and whether they can differenti-
ate between water from stormwater and non-stormwater wetlands. We also tested whether fitness (e.g.,
survival, development) was lower at stormwater wetlands. Fish responded weakly to cues and did not
avoid stormwater wetlands. Survival was lower at stormwater wetlands, and fish suffered delayed ovarian
maturation, potentially due to a lack of food. Thus, stormwater wetlands can be equal-preference ecologi-
cal traps for G. pusilla, a key finding with direct implications for conservation. For highly dispersive species
that are not selective about habitats, managing ecological traps requires a whole-of-landscape approach,
with consideration given to where wetlands are constructed. Given the investment required to remediate
existing ecological traps, this approach can also identify priority wetlands for intervention. We discuss our
results in the context of how insights from animal behavior can inform threatened species conservation in
fragmented urban landscapes.
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INTRODUCTION

Urbanization leads to habitat loss and frag-
mentation (Seto et al. 2012), and often the extinc-
tion of native species (McKinney 2006). Urban
ecosystems, however, can support comparable
biodiversity to non-urban areas (e.g., aquatic bio-
diversity in urban ponds: Hill et al. 2017) and be
hot spots for threatened species (Ives et al. 2016).
Although conservation efforts have historically

focussed on areas not disturbed by humans
(Miller and Hobbs 2002), biodiversity also needs
managing in the highly disturbed urban land-
scapes that many species inhabit.
Animals often alter their behavior when the

environment changes (Wong and Candolin
2015), allowing them to persist in urban ecosys-
tems (Sol et al. 2013). These responses are not
always adaptive though, as some animals can get
caught in ecological traps when they mistakenly
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select habitats where their fitness is reduced
(Robertson and Hutto 2006). Traps form when
the environment changes rapidly, decoupling the
links between habitat quality and preference
(Robertson and Hutto 2006), and can compro-
mise regional persistence by attracting animals
away from higher quality habitats into ones
where their fitness is compromised (Hale et al.
2015b). For threatened species, this may further
reduce the number of inhabited patches, which
can lead to habitat networks collapsing (Bulman
et al. 2007). Knowledge of animal behavior is
thus critical to understanding and managing the
effects of habitat change but is often underuti-
lized in conservation (Berger-Tal et al. 2016,
Greggor et al. 2016).

Urbanization changes the conditions experi-
enced by animals within habitats. In aquatic
ecosystems, increased stormwater runoff can
alter hydrological regimes in receiving waters, as
well as the concentrations of a diversity of pollu-
tants (e.g., nutrients, metals, herbicides, and
hydrocarbons; Malaviya and Singh 2012). Wet-
lands are often constructed to treat stormwater
(Malaviya and Singh 2012), sometimes to such an
extent they become the predominant aquatic
habitat, which is problematic if animals colonize
these wetlands and suffer lethal or sub-lethal
effects (Snodgrass et al. 2008). A potential con-
flict between the engineered purpose of these
wetlands and their use by wildlife, particularly if
they function as ecological traps, can therefore
arise (Hale et al. 2015a). Ecological traps can
be unintended consequences of management
actions when we have a poor understanding of
how habitats are altered, and how animals
respond to these changes (Severns 2011, Robert-
son et al. 2013, Hale et al. 2015a, Hale and
Swearer 2017). However, the information on
behavior and fitness needed to assess whether
wetlands are ecological traps is rarely considered
(Sievers et al. 2018a).

The dwarf galaxias, Galaxiella pusilla, is a fish
native to south-eastern Australia listed as vulner-
able on both the IUCN Red List (IUCN 2015) and
the Australian Environment Protection and Bio-
diversity Conservation Act 1999. Galaxiella pusilla
occurs in slow-flowing or still shallow habitats
(e.g., swamps, drains, backwaters, wetlands),
often containing dense macrophytes and emer-
gent plants. In urban areas within its native

range, these habitats have been largely lost (Sad-
dlier et al. 2010), but supplemented to some
degree by the construction of stormwater wet-
lands (Appendix S1: Fig. S1).
Galaxiella pusilla have traits typical of oppor-

tunistic species (Coleman et al. 2017): small size,
high fecundity, short generation time, and inhabit-
ing highly variable habitats (Winemiller and Rose
1992). Based on the congeneric Galaxiella toourt-
koort (Beck 1985), G. pusilla are likely to disperse
during floods and exist as metapopulations
(Coleman et al. 2017), with continual and rapid
population turnover through repeated local colo-
nization events similar to other opportunistic fish
species (Winemiller and Rose 1992). Opportunis-
tic species with broad habitat requirements might
be less susceptible to habitat loss (Devictor et al.
2008), particularly if they are generalists and their
fitness is comparable between habitats (Rosen-
zweig 1981). The behavioral phenotype must also
be considered, as species with low levels of
resource selection (fine-grained species) may be
less selective and thus more prone to unintention-
ally selecting habitats that are ecological traps
than coarse-grained species that are more selec-
tive (Rosenzweig 1981). If the behavior of
G. pusilla is fine-grained, they may not respond to
cues that help avoid poor-quality habitats. As
G. pusilla have been caught in stormwater treat-
ment wetlands (Appendix S1: Fig. S1), this low
level of knowledge about the environment raises
the potential that they will be unable to recognize
and avoid ecological traps (Battin 2004).
We tested whether G. pusilla (1) respond to

potential habitat selection cues, (2) can distin-
guish between water from stormwater and refer-
ence (i.e., non-stormwater) wetlands, and (3)
differ in fitness (e.g., condition, growth, survival)
between the stormwater and reference wetlands.
For Aim 1, we focussed on cues from conspecifics
(used by other fishes from the Family Galaxiidae:
Hale et al. 2008), a macrophyte (Persicaria decipi-
ens) used as an egg-laying substrate (Coleman
2014), turbidity (avoiding sites with high sus-
pended sediment could be important as it can
obscure cues, for example, from predators, or
directly cause mortality: Rowe et al. 2009), and
humic acid (HA), which could help fish identify
organic-rich wetlands that have appropriate
environmental conditions (e.g., densely vege-
tated, low-flow environments), as it is produced
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as organic matter decays (Steinberg 2003). We
tested whether G. pusilla respond to both visual
and chemical cues from conspecifics and macro-
phytes, as other fish use both senses (Ward and
Mehner 2010). For Aim 2, we examined the
responses of fish to water collected from three
pairs of stormwater and reference wetlands, and
for Aim 3, we conducted a field caging experi-
ment to test whether fitness differs according to
wetland type. Collectively, our experiments
allowed us to evaluate whether G. pusilla are
adaptively selecting habitats or whether they are
likely caught in an ecological trap.

METHODS

We conducted choice experiments to address
our first two aims, Aim 1 and Aim 2, which are
commonly used to examine fish responses to
environmental stimuli (Ward and Mehner 2010),
and to test for habitat preference (Hale et al.
2008). Here, we provide an overview of the
methods, with further details in Appendix S2.

Fish (~30 mm total length sub-adults) were
collected from Centre Road Drain (REF1;
Appendix S1: Fig. S1) throughout March–May
2016 and 2017, and trials began the following
day at the University of Melbourne following
similar protocols to published studies (Ward and
Mehner 2010). Although there is little under-
standing of the dispersal behavior of G. pusilla,
sub-adults of this size represent a critical life
stage shortly prior to breeding, where dispersal
and habitat choices are particularly important for
population persistence in this annual species
(Coleman et al. 2017). Our experimental tank
(50 cm long 9 12 cm wide 9 15 cm high, filled
with water to 10 cm) was divided into three sec-
tions along its longest axis, delineating a central
30-cm zone, and two 10-cm peripheral zones. At
each end of the tank, separate glass tanks were
used to provide visual cues, and carboys held
above to drip-feed olfactory cues. For each trial,
the tank was filled with aged tap water and a sin-
gle fish added into a clear, perforated plastic
cylinder where it was contained to acclimate for
two minutes, during which time cues were pro-
vided to the tank. The cylinder was then
removed via a pulley, and the fish were allowed
to explore the tank for five minutes. We con-
ducted preliminary dye tests, which showed that

2 min was sufficient for the cue to reach the cen-
ter of the tank, and 7 min was the limit where we
could be confident no cues had reached the
opposite end of the tank. Binary choice experi-
ments are a standard way to examine preference
and avoidance behavior in fish (Jutfelt et al.
2017), and similar acclimation and testing peri-
ods have been used in previous studies with both
marine (Dixson et al. 2014) and freshwater fish
(Ward and Mehner 2010). Trials were recorded
with a GoPro Hero 3 + (https://gopro.com/upda
te/hero3), and the location (i.e., zone) of the fish
recorded every 15 s. Limits on the number of fish
set by government permits meant fish were
tested on multiple occasions to different treat-
ment combinations, which had no effect on
responses (Appendix S3).

Aim 1: Do G. pusilla respond to cues that are
likely to indicate suitable habitat?
We exposed fish to four treatments in the con-

specific experiment: (1) control trials, with no
stimuli (visual stimuli tanks filled with aged tap
water, and aged tap water drip-fed into both
sides), (2) olfactory cues alone (olfactory cues
drip-fed into one end of the tank, aged tap water
into the other, and both visual tanks filled with
aged tap water), (3) visual cues alone (five
~30 mm total length conspecifics in one visual
stimuli tank, aged tap water in the other, and
aged tap water drip-fed into both sides), and (4)
both olfactory and visual cues provided to the
same side of the tank. In (2)–(4), responses were
compared to the control (1). Odor creation fol-
lowed Hale et al. (2009), although we used
150 mL odor/L, which is slightly higher than that
which triggered a response in the earlier study.
In the macrophyte experiment, fish were

exposed to visual (35 g of stems/leaves added to
the visual stimuli tank) and olfactory cues from
Persicaria decipiens (20 g of plant matter added to
10 L of aged tap water for 2 h; Dixson et al. 2008)
individually and together. In early experiments,
we found evidence of fish responding to olfactory
cues from conspecifics and visual cues from
macrophytes, so we also tested for interactive
effects of these cues. In the turbidity experiment,
we examined whether fish avoided turbid waters
(120 NTU created using commercial bentonite
clay), which is significantly higher than concentra-
tions that other galaxiids avoid (Baker 2003) but
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within the range observed in nearby wetlands
(e.g., up to 584 NTU; Mackintosh et al. 2015). In
the humic acid experiment, we examined the
responses of fish to 200 mg/L humic acid (Sigma
Aldrich 53680, Castle Hill, NSW, Australia), con-
sistent with other studies (Fisher et al. 2006).

Aim 2: Can G. pusilla differentiate between
stormwater and reference wetlands?

We selected two reference wetlands with high
adult and egg abundances (R. Coleman and T.
Brown, personal communications), and a third con-
structed, off-line wetland where this species breeds
successfully (Coleman 2014). We paired each to
its nearest stormwater wetland (Appendix S1:
Fig. S1). While detailed surveys have not been
undertaken at all stormwater sites, G. pusilla have
been caught at one of the stormwater wetlands
previously (R. Coleman, unpublished data), and
sites within pairs are hydrologically connected, at
least intermittently (Appendix S1: Figure S1). We
refer hereafter to sites (see Table 1) by their refer-
ence/stormwater status, then pair number. We col-
lected water from each site and tested the
responses of fish to each of three treatments for
each wetland pair: (1) stormwater wetland vs. tap
water, (2) reference wetland vs. tap water, and (3)
stormwater wetland vs. reference wetland. These
experiments were run between 7 March 2017 and
21 March 2017.

Aim 3: Is the fitness of G. pusilla lower at
stormwater wetlands?
We established three enclosures (2 m long 9

1 m wide 9 1.5 m high, mesh size 2 mm) at
each site used in Experiment 2 on 27–28 February
2017. Enclosures were placed to capture contrasts
that reflect differences in wetlands (Table 1;
Appendix S1: Fig. S1). Enclosures did not contain
a roof or floor to reduce disturbance to sediment
and vegetation during installation. To prevent
fish escaping, the bottom edge had a sleeve con-
taining 8-mm galvanized chain pinned into the
sediment. Fish and large aquatic invertebrates
were dip-netted from enclosures before the start
of the experiment.
Each enclosure was stocked with 20 fish from

REF1 to provide a consistent stock among sites;
this was also the only site with sufficient num-
bers to ensure the source population was not
substantially impacted by translocations. For
each enclosure, we randomly selected 20 individ-
uals, measured, and released them (Appendix S4:
Fig. S4). The timing of the experiment was
intended to incorporate the period leading up to
spawning, with fish typically developing
breeding coloration from March onwards
(Coleman et al. 2017). The time between capture
and release was comparable between sites, and
was always less than one hour, with <10 min
transportation.

Table 1. Broad environmental characteristics of six sites in the Hallam Valley (three stormwater and three refer-
ences) measured during fish caging experiments.

Site (label)

Water quality Water
depth

Vegetation cover

Indiv./L

Predatory
invertebrates
(abundance/
enclosure)

EC
(@ 25°C)
N = 3

pH
N = 3

Turbidity
(NTU)

Temperature
(°C)
N = 3

Mean
(CV)

Canopy
(%)

Macro.
(%)

Centre Road
Drain (REF1)

223–290 6.96–7.05 17 15.2–22 24.9 (0.19) 100 45 0.44 0

Golf Links Road
(SW1)

80–1260 6.2–6.89 14 17.4–21.6 24.5 (0.07) 0 0.5 0.11 0

O’Gradys
wetland (REF2)

170–176 5.96–6.75 56 13.9–17.7 24.3 (0.11) 80 100 7.56 0

Troups Creek
stormwater
wetland (SW2)

310–350 6.42–6.8 50 15.9–21.6 67.4 (0.11) 0 0 0 0

Hallam (REF3) 240–300 6.85–7.3 21 15.6–22 38.07 (0.14) 13 49 1.78 22
Centre Road
Stormwater
Wetland (SW3)

106–237 6.92–7.2 20 17.4–19.6 82.2 (0.07) 0 0 0 0

Notes: Indiv./L refers to zooplankton individuals. Macro refers to macrophytes. Predatory invertebrates refer to dragonfly
and dytiscid beetle larvae.
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We stocked pairs 2 and 3 on February 28 and
pair 1 on March 6, and planned to run the experi-
ment for four weeks. However, we observed
some gravid fish at REF1 (but not SW1) follow-
ing a significant rainfall event on 22–23 March,
and we thus terminated the experiment on
March 27 as this species dies after spawning
(Coleman et al. 2017). Using a long-handled dip
net (2-mm mesh), we conducted 50 dips through-
out the extent of the enclosures (preliminary tri-
als illustrated this was a sufficient sampling
effort) and calculated the recapture rate. This
rainfall event (>30 mm in 24 h vs. <5 mm in pre-
ceding month; data from Hampton Park: https://
www.melbournewater.com.au/water/rainfall-and-
river-levels#/) flooded our enclosures at the
stormwater wetlands in pairs 2 and 3, and some
fish escaped (no unstocked G. pusilla could have
entered the enclosures as no local populations
occur at these locations). However, we gently
sampled all enclosures weekly to avoid dis-
turbing sediment and vegetation to confirm fish
presence throughout the experiment. Before
flooding, fish were present at both wetlands in
pair 3 but not afterward, so we have no measure
of recapture success. For pair 2, we failed to catch
fish in one of the enclosures at SW2 after one
week and then in a second after three weeks (i.e.,
before the flood), so we present the proportion of
enclosures that contained fish during the experi-
ment as an estimate of recapture rate. Twenty fish
randomly collected from within enclosures (maxi-
mum approved under government permits) at
the four wetlands that did not flood (REF1, SW1,
REF2, REF3) were used to examine indices of
body condition. All other fish were released at the
point of capture.

We measured variables likely to be key determi-
nants of fitness: (1) pollutants, (2) macrophytes
and canopy cover (Coleman et al. 2015), and (3)
zooplankton, as an estimate of food resources
(Humphries 1986). We visually estimated macro-
phyte and canopy cover for each enclosure and
measured water depth at five random points. We
sampled zooplankton by collecting 3 L of water
randomly from the top 10 cm of the water column
throughout enclosures, which was filtered (50-lm
mesh) and preserved in 100% ethanol. Total zoo-
plankton density was enumerated under an Olym-
pus SZX7 microscope (Olympus, Tokyo, Japan) as
an estimate of food availability—the vast majority

were copepods and cladocerans, likely to be the
main prey (Humphries 1986). We sampled large
predatory invertebrates (dragonfly nymphs and
dytiscid beetles) at the end of the experiment by
sweeping a 2-mm mesh net throughout enclo-
sures. Water and sediment samples were collected
and analyzed for metals at the University of Mel-
bourne (http://chemicalanalysis.unimelb.edu.au/)
and by a commercial laboratory (https://www.
alsglobal.com/au).
Growth rates were estimated by measuring

fish before and after the experiment. In the labo-
ratory, fish were measured (TL) and weighed
(body, liver, ovary weights) to calculate the fol-
lowing common condition indices: Fulton’s K,
hepatosomatic index (HSI), and gonadosomatic
index (GSI). Ovaries were staged following Pol-
lard (1972), and liver catalase (CAT activity) was
analyzed (Appendix S5).

Statistical analysis
For all choice experiments, we calculated the

difference in the time fish spent in the two
options presented in each trial (i.e., time near
option A minus time near option B). We then cal-
culated the mean difference and its 95% confi-
dence interval for each treatment (e.g., if we ran
20 trials of Treatment A, we had 20 measures of
the time near option A minus time near option B,
and the mean of these was taken). Using mea-
sures of effect size and confidence intervals is a
more effective way to assess relationships within
data than interpreting whether differences are
significant based on P-values (Nakagawa and
Cuthill 2007). We therefore used 95% confidence
intervals to interpret whether fish had avoided
(confidence interval below zero) or were
attracted (confidence interval above zero) to dif-
ferent options. As choice experiments are often
analyzed to test for statistical significance (Fisher
et al. 2006), we also conducted t-tests to compare
whether the mean difference in each treatment
was significantly different from 0, with non-sig-
nificant results (i.e., P > 0.05) indicating no dif-
ference in the time spent near either option.
For our field experiment, we calculated the

mean (and its 95% confidence interval) of each
response variable at SW1 and REF1 to compare
differences between sites within this pair. As
above, we used these results to interpret the
magnitude and direction of effects, coupled with
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t-tests to determine statistical significance. For
the unreplicated catch rate data from pair 2, and
the gonad staging data, we present only the raw
data: the proportion of enclosures with fish for
the former, and the proportion of fish at each
stage of gonadal development at each site for the
latter. We performed analyses in R 3.4.0 (R Devel-
opment Core Team 2017).

RESULTS

Aim 1: Do fish respond to cues that are likely to
indicate suitable habitat?

Fish were weakly attracted to visual stimuli
from macrophytes, but did not respond to any of
the other cues provided (Fig. 1).

Aim 2: Can fish differentiate between stormwater
and reference wetlands?

Fish preferred reference wetland water over tap
water, but did not avoid water from stormwater
wetlands when offered a choice between urban

stormwater and either aged tap or reference wet-
land water (Fig. 2).

Aim 3: Is the fitness of fish lower in stormwater
wetlands?
Fewer fish were recaptured in stormwater than

reference wetlands (Fig. 3a and b). We found no
difference in growth, Fulton’s K, HSI, or liver
catalase between sites (Fig. 3c–f), but fish from
SW1 had lower GSI (Fig. 3f), and almost all had
stage 1 (immature) ovaries (Fig. 3 g). In compar-
ison, fish from reference sites had a greater distri-
bution of ovaries in stages 2–4 (maturing).
Reference and stormwater wetlands had com-

parable water and sediment quality/chemistry
based on the variables we measured (Tables 1,
Appendix S6). However, we detected stark dif-
ferences in other environmental variables that
might determine habitat quality for fish. Two of
the three references sites had >80% canopy cover
(the other had 13%), whereas there was no
canopy at stormwater sites (Table 1); similar

Fig. 1. Responses of Galaxiella pusilla to potential habitat selection cues in laboratory binary choice experiments.
From left to right along the x-axis, we show the responses of fish when exposed to no stimuli on either side of the
tank (control), olfactory (O), and visual (V) cues from conspecifics (conspecific) and Persicaria decipiens (macro-
phytes), olfactory cues from conspecifics and visual cues from P. decipiens (both), to humic acid (humic acid) and
turbid water (turbidity). In all plots, the y-axis shows the mean difference in the proportion (�95% CI) of time fish
spent near the stimuli of interest versus control options. Positive and negative CIs not overlapping zero provide
evidence of attraction and avoidance, respectively. The number of replicates per combination is indicated above
each line, and the P-value of a t-test testing whether the mean proportion is significantly different from zero.
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differences in macrophyte cover were also
observed. Each reference site also had consider-
ably higher zooplankton densities than their
paired stormwater site, indicating that food
availability is likely higher.

DISCUSSION

Aim 1: Do fish respond to cues that are likely to
indicate suitable habitat?

Fish were attracted to visual cues from macro-
phytes that are used for spawning (Coleman
2014). This was a weak response (mean differ-
ence 0.17, 95% CI: 0.02–0.32), and was not
observed when visual and chemical cues were
offered together (and fish did not respond to the
latter alone). Fish did not respond to any other
cues across olfactory and visual modalities, both
of which are used by other freshwater fish (Ward
and Mehner 2010), even though the cues we
selected are known to be important for closely
related species. This is unlikely a result of poor
statistical power, given we ran more trials than
comparable studies where strong responses have

been demonstrated (e.g., n = 15–16 per treat-
ment: Ward et al. 2002, Fisher et al. 2006), and
our 95% confidence intervals were generally very
wide, so increased replication would not have
led to the detection of marginally significant
effects (Fig. 1). We have conducted recent trials
with younger, newly hatched larvae and found
that they respond to visual and chemical cues
from conspecifics (T. Brown, unpublished data),
which also demonstrates that the lack of
response by older life stages here is not likely to
be due to methodological or animal welfare
issues (e.g., stressed fish behaving abnormally).

Aim 2: Can fish differentiate between stormwater
and reference wetlands?
Fish did not differentiate between stormwater

and reference site water, nor did they avoid the
former over tap water. Fine-grained species are
predicted to have a low level of resource selection
because they are either unable or do not need to
discriminate, whereas coarse-grained species are
predicted to be more selective (Rosenzweig 1981).
Galaxiella pusilla appears to be a fine-grained

Fig. 2. Responses of Galaxiella pusilla to water collected from stormwater (SW) and reference (Ref) wetlands, and
aged tap water (Tap) in laboratory binary choice experiments. We present overall responses (Overall) and for each
pair of sites (Pairs 1–3). In all plots, the y-axis shows the mean difference in the proportion (�95% CI) of time fish
spent near the stimuli of interest versus control options. Positive and negative CIs not overlapping zero provide
evidence of attraction and avoidance, respectively. The number of replicates per combination is indicated above
each line, and the P-value of a t-test testing whether the mean proportion is significantly different from zero.
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Fig. 3. (a) and (b) Estimates of recapture rates of fish experimentally translocated into stormwater and refer-
ence wetlands over 21 d: (a) proportion of stocked fish recaught at REF1 and SW1 (mean � 95% CI), and (b) pro-
portion of enclosures at REF2 and SW2 with fish present through time (prior to the flood event). Three
enclosures were set at each site. The lack of error bars at SW1 reflects that one enclosure set close to the wetland
edge partially dried and thus was excluded and that the two remaining had identical recapture rates. (c–h). Con-
dition of dwarf galaxias (Galaxiella pusilla) caged at (SW1), its paired reference site (REF1), and two nearby refer-
ence sites (REFs 2 and 3). (c) Growth during the experiment (mm), (d) Fulton’s K, (e) Hepatosomatic index (HSI),
(f) liver catalase (mean specific activity (nmol�min�1�mg�1), (g) gonadosomatic index. Means and 95% CIs are
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species, not exhibiting strong responses to cues
across two sensory modalities nor being selec-
tive to water from different wetlands, and thus
is more likely to colonize ecological traps. Inter-
estingly, diadromous species from the Family
Galaxiidae with similarly opportunistic life his-
tories are selective both in response to water
from different sites and odors from conspecifics
(Hale et al. 2008, 2009). Perhaps such cues more
reliably indicate suitable rivers to settle into
from the ocean, whereas other factors (e.g., indi-
cators of a certain wetland hydroperiod such as
vegetation communities) are more important for
G. pusilla.

Aim 3: Is the fitness of fish lower in stormwater
wetlands?

As G. pusilla is a threatened species, the level of
replication possible was restricted, and flooding
compromised the design of our field experiments.
Nonetheless, while we found no differences in
most measures related to condition (e.g., growth,
Fulton’s K, liver catalase, HSI), we found evidence
that the fitness of fish was lower in stormwater
wetlands. We caught fewer fish in two of the
stormwater wetlands relative to their paired non-
stormwater reference, which we attribute to lower
survival. Greater escape rates at stormwater sites
are unlikely the cause as the mesh was firmly
secured to the predominantly bare muddy sub-
strates. In addition, recapture rates in reference
sites were high, where bed complexity from
greater densities of aquatic macrophytes would
have increased the likelihood of small gaps below
the enclosure mesh, and thus escape. Similarly,
sampling efficiency would likely have been
poorer at reference sites, given greater macro-
phyte cover and overall bed complexity within
enclosures. Finally, although G. pusilla can bur-
row into moist habitats when surface waters are
lost (Coleman et al. 2017), all enclosures bar one

(which was excluded from analyses) retained
water for the entire experiment.
Comparable metal concentrations were observed

between stormwater and reference sites, which
were less polluted than many nearby sites
(Appendix S7). However, while mercury levels at
SW2 were above the Australian guidelines
(ANZECC and ARMCANZ 2000), they were
below the probable effects concentrations in widely
used consensus-based sediment quality guidelines
(MacDonald et al. 2000). Targeted ecotoxicological
experiments could be used to determine whether
mortality of G. pusilla occurs at the concentrations
and exposure times experienced in this study. It is
also possible that other pollutants are important.
Levels of at least some organic pollutants likely dif-
fer between reference and stormwater sites, as the
former receive water from direct rainfall and local
runoff from adjacent paddocks, whereas runoff
into the latter is predominantly from high-density
residential and industrial areas. As an example,
nearby sites in the upstream catchment have sedi-
ment concentrations of the insecticide bifenthrin
above those that cause toxicity to crustacea (am-
phipods; Jeppe et al. 2017). This could reduce zoo-
plankton densities (predominantly crustacea)
within contaminated sites, with flow-on effects to
fish growth, reproduction, and survival. While we
did not observe aerial predators near nets, preda-
tion rates may also be higher at stormwater sites
where there is less macrophyte/canopy cover. This
effect could be exacerbated by pollutants; for exam-
ple, salmon exposed to stormwater runoff can be
more likely to swim at the surface (Scholz et al.
2011) and thus more susceptible to predation.
There are three plausible explanations for the

delayed ovary maturation observed at SW1.
First, we may have stocked SW1 with less devel-
oped individuals. However, similarly sized, and
presumably aged, fish were randomly selected
from a large pool and stocked to all sites. Second,

shown. (h) Ovary development. The proportion of fish with ovaries in four developmental stages is shown: Stage
1, immature virgin (ovaries colorless, eggs difficult to differentiate); Stage 2, developing virgin (ovaries more
rounded and thickening, some eggs visible); Stage 3, developing (ovaries thickening, opaque and pale yellowish,
eggs visible); and Stage 4, maturing (ovaries enlarged, opaque, eggs large), following Pollard (1972). Bar coloring:
Stage 1, black; Stage 2, dark gray; Stage 3, light gray; Stage 4, white. The number above REF1 and SW1 in all pan-
els except b and g shows the P-value of an unpaired t-test and indicates whether differences between REF1 and
SW1 are statistically significant.

(Fig. 3. Continued)
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differences in reproductive timing could reflect
adaptations to local conditions, consistent with
geographic variation in life-history traits in the
congeneric Galaxias maculatus (Barbee et al.
2011). However, our sites were close to one
another, hydrologically connected, and had simi-
lar water temperatures. Our results thus most
likely reflect a reproductive constraint. This
could be due to a lack of food (zooplankton)
within stormwater wetlands, although it is possi-
ble that other unidentified stressors are the cause
since we did not observe concomitant changes in
body condition (e.g., Fulton’s K).

Some measures of fitness were lower in the
stormwater wetlands we examined, and environ-
mental conditions were different (e.g., lower
canopy and macrophyte cover, less food) from
those at nearby reference sites. More work is
needed to explore the generality of these
responses across a wider range of wetlands, and
to identify the causative mechanism(s), including
other factors not considered here, for example,
wetland hydroperiod, vegetation type, catch-
ment land use, and a broader suite of pollutants.
While our results show that two measures of fit-
ness (survival and reproductive condition) were
reduced at stormwater wetlands, using the wider
range of end-points we considered here will help
quantify other potential sub-lethal responses.
Environmental conditions may also vary tempo-
rally, and it will be important to determine
whether stormwater wetlands consistently or
only intermittently function as traps.

Managing ecological traps
Sensu the three criteria proposed by Robertson

and Hutto (2006), stormwater wetlands can be
equal-preference traps for G. pusilla: (1) fish
equally preferred water from different habitats,
(2) fitness differed between habitats, with recap-
ture rates lower at SW1 and SW2, and lower GSI
and less developed ovaries at SW1, and (3) fish
did not avoid water from stormwater sites. To
our knowledge, this is the first demonstration of
an ecological trap for a freshwater fish, although
they have been hypothesized to form previously
(Pelicice and Agostinho 2008, Jeffres and Moyle
2012). Studying animals with differing traits and
behaviors will help us better understand the
underlying causes and resultant consequences of
traps. For example, traps for birds are often

caused by predation (Ekroos et al. 2012),
whereas aquatic species might be more suscepti-
ble to traps that arise in other ways, such as the
effects of stormwater pollution on frogs (Sievers
et al. 2018b). Only recently has the sensitivity of
different species to ecological traps begun to be
explored (Robertson et al. 2018), and an
improved library of empirical studies is an
important initial step (Hale and Swearer 2016).
Ecological traps can be mitigated by improving

habitat quality or reducing attractiveness (Robert-
son and Hutto 2006). Given that fish were not
selective about habitats, the latter is not an option.
In terms of habitat quality, our results suggest
water quality, vegetation cover, and food
resources are important. Replanting stormwater
wetlands can augment habitat (Scheffers and
Paszkowski 2013), but depends on the elements
that are most needed (e.g., canopy increases but
not food). Although we focussed on the impacts
of vegetation and pollution, the effects of the inva-
sive mosquitofish (Gambusia holbrooki) also need
to be considered. Recent work found G. holbrooki
at 39% of sites where G. pusilla were present
(Coleman et al. 2017) and this species might inter-
act aggressively (e.g., fin nipping) or predate on
the early life-history stages of G. pusilla, as occurs
with amphibians (Pyke 2008). If G. pusilla do not
recognize this threat, it could be another way eco-
logical traps arise. Gambusia holbrooki are small-
bodied, so preventing colonization of wetlands
(e.g., via screens on inlet pipes) is not feasible.
Managers often must decide between prioritiz-

ing efforts to improve individual habitat patches,
or to maintain and enhance connectivity (Cabral
et al. 2016). The focus is typically on the former,
through actions targeted at improving conditions
at individual or multiple sites. We need to con-
sider though how individual patches fit within
the broader landscape (Lindenmayer et al. 2008),
and how habitat selection behavior can affect
regional species persistence (Hale et al. 2015b).
Our results highlight that managing individual
patches is likely to be problematic when we do
not consider the population structure, behavior,
and life history of highly dispersive species.
Adopting a broader landscape perspective is
thus essential if we wish to understand how indi-
vidual patches influence metapopulation persis-
tence, particularly if animals preferentially
colonize patches that are ecological traps.
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How then do we manage ecological traps for
G. pusilla? Our results illustrate that ensuring
wetlands have suitable environmental character-
istics (cover and food) will be important, but
maybe less so than considering the landscape
context of habitats. Ecological traps will compro-
mise metapopulations most when they are a
large proportion of habitats, are attractive to ani-
mals, and severely reduce their fitness (Hale
et al. 2015b). Our results highlight this is likely
true for G. pusilla, given that stormwater wet-
lands dominate the landscape, are not avoided,
and have the potential to compromise both sur-
vival and reproduction. This geographical con-
text is likely to be an important consideration for
species conservation in highly urbanized land-
scapes, when the choice for many animals may
only be among poor-quality habitats (Sievers
et al. 2018b). More information about how fitness
varies across a wider range of wetlands, coupled
with a better understanding of the dispersal ecol-
ogy of G. pusilla is critical. This information can
then help inform planning, for example, by
guiding where to build alternative stormwater
treatment systems (e.g., biofilters), or to provide
alternative high quality habitat nearby to storm-
water wetlands.

For species that exhibit strong habitat prefer-
ences, we may be able to discourage settlement
into ecological traps by removing their preferred
cues (e.g., perches for birds; Robertson 2012).
However, species that are poorly informed about
their environment (e.g., do not recognize cues/
habitats) may be more likely to become trapped
(Battin 2004). For these species, conservation will
be more successful when we expand our thinking
to how ecological traps fit within the broader land-
scape (Hale et al. 2015b, Hale and Swearer 2016).
More work exploring these complexities will help
us better understand and manage the effects of
habitat fragmentation and loss on animals.
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