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Although human-modified habitats often result in a loss of biodiversity, some have been found to serve as habitat
refuges for threatened species. Given the globally declining status of amphibians, understanding why some spe-
cies are found in heavily modified environments is of considerable interest. We used the endangered green and
golden bell frog (Litoria aurea) as a model to investigate the factors influencing their distribution toward indus-
trial areas within a landscape. The number of permanent waterbodies within a kilometer of surveyed sites was
the best predictor of L. aurea occupancy, abundance and reproduction. It appears that industrial activities, such
as dredging andwaste disposal inadvertently created refuge habitat for L. aurea to fortuitously persist in a heavily
modified landscape. Future conservation plans should mimic the positive effects of industrialization, such as
increasing the number of permanent waterbodies, especially in areas containing ephemeral or isolated
waterbodies and threatened with drought. Our findings also suggest that despite amphibians being relatively
small animals, some species may require a larger landscape than anticipated. Recognizing life history traits, in
combination with a landscape-based approach toward species with perceived limited motility, may result in
more successful conservation outcomes. Identifying why threatened species persist in heavily disturbed land-
scapes, such as industrial sites, can provide direction toward future conservation efforts to prevent and reverse
their decline.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Habitatmodification fromanthropogenic activities such as urbaniza-
tion, agriculture, and industrialization is one of the primary causal
agents in the global decline of biodiversity (Bar-Massada et al., 2014;
Pekin and Pijanowski, 2012; Pereira et al., 2012; Vié et al., 2009). Chang-
es to natural landscapes can directly affect species by reducing survival
and reproductive output, or indirectly by disrupting ecological process-
es (Dodd et al., 2003; Sanderson et al., 2002). For example, habitatsmay
become unsuitable for species due to changes in hydrological regimes
(Paul and Meyer, 2008; Poff et al., 2006), disruptions to community
structure (Pereira et al., 2012), alterations in nutrient cycles (Pereira
et al., 2012; Vitousek et al., 1997), the accumulation of pollutants
(Gallagher et al., 2014; Laurance et al., 2009; Paul and Meyer, 2008),
and the fragmentation or complete loss of habitat (Bar-Massada
et al., 2014; Hamer and McDonnell, 2008; McKinney, 2002). Anthro-
pogenic activity can also lead to the introduction of invasive predators,
competitors and diseases, which can further reduce species richness
),
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(Bar-Massada et al., 2014; Bradley and Altizer, 2007; Laurance et al.,
2009; Leprieur et al., 2008; Pereira et al., 2012).

Although anthropogenic disturbances often result in a loss of bio-
diversity, it can also benefit a select few species which are better able
to adapt to these environmental conditions, such as crows (Corvus
spp.), foxes (Vulpes vulpes), skunks (Mephitis mephitis), and possums
(Trichosurus vulpecula) (Bar-Massada et al., 2014; McKinney, 2002).
Similarly, heavily disturbed landscapes, like industrialized areas,
have been found to serve as habitat refuges for a small number of
threatened species such as limestone quarries for arthropods and
plants (Beneš et al., 2003; Krauss et al., 2009; Tropek et al., 2010;
Tropek and Konvicka, 2008); gravel pits for butterflies (Lenda et al.,
2012) and waterbirds (Santoul et al., 2004); rock quarries (Moore
et al., 1997) and sandpits (Heneberg et al., 2013) for peregrine falcons;
and fly ash deposits from coal combustion for bees and wasps (Tropek
et al., 2013). Military training sites have also been found to create a
mosaic of habitats that mimic natural conditions. As a result, they can
contain unusually high rates of biodiversity and providehabitat for a va-
riety of threatened plant, mammal, bird, and amphibian species (Rivers
et al., 2010; Warren and Büttner, 2006; Warren et al., 2007).

Given the current globally declining status of amphibians (Bishop
et al., 2012; Vié et al., 2009), their significance as indicator species,
and importance in ecological communities (Blaustein and Wake,
1995; Blaustein et al., 1994), the question of why some species are
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currently found in heavily modified environments is of considerable
interest. Although disease has been a key contributor to their global
decline (Bishop et al., 2012), amphibians are also sensitive to many
other human derived environmental perturbations due to their high
skin permeability, limited mobility, small ranges and biphasic life histo-
ry (Blaustein and Wake, 1995; Pope et al., 2000; Semlitsch, 2002; Vos
and Chardon, 1998; Wilbur, 1980; Wyman, 1990). As a result, amphib-
ians are more likely to be found in areas with decreased human distur-
bance, and it is this reason that land usage is often a better predictor of
their distribution even when compared to climate (Brum et al., 2013).

Despitemost amphibian species responding negatively to human in-
duced changes within their environment, some continue to persist in
these disturbed habitats (Hamer and McDonnell, 2008; Hamer and
Parris, 2011; Price et al., 2011; Scheffers and Paszkowski, 2012;
Smallbone et al., 2011). These species are usually broadly adapted, gen-
eralist or colonizing species with r-selected traits and large distributions
that range across disturbed areas as well as their undisturbed source
habitats (Hamer and Mahony, 2007). There are, nevertheless, species
that do not fit this paradigm, including those that paradoxically persist
in highly disturbed environments while being absent or declining
in their “natural” ones. Examples include the threatened natterjack
toad (Bufo calamita) (Denton et al., 1997; Warren and Büttner, 2008),
yellow-bellied toad (Bombina variegata) (Canessa et al., 2013; Warren
and Büttner, 2008), growling grass frog (Litoria raniformis) (Heard
et al., 2008) and the green and golden bell frog (Litoria aurea)
(Darcovich and O'Meara, 2008; Hamer et al., 2002; Mahony et al.,
2013; White and Pyke, 1996).

To better understand this phenomenon, we used the endangered
Australian green and golden bell frog as a model. This species once
occurred as regional metapopulations throughout coastal natural
wetlands and agricultural flood plains of eastern New South Wales but
has since undergone a directional range contraction toward the coast-
line with more than 90% of historical sites now extinct (Hamer and
Mahony, 2007;Mahony et al., 2013;White and Pyke, 2008). The species
now persist in a series of isolated populations, often in highly disturbed
landscapes and freshwater impoundments, such as brick pits, quarries,
and various other industrial and mining sites (Hamer et al., 2002;
Mahony et al., 2013; Pickett et al., 2014; Pyke and White, 2001). For
this study, we investigated the factors influencing the distribution of
an L. aurea population in a heavily modified landscape where the de-
cline pattern highlights a contraction away from a national park and
persistence in industrial areas echoing that of other populations and
the species as a whole. Our aim was to investigate the landscape attri-
butes that drive occupancy, abundance and reproduction; and identify
differences in habitat features between the industrialized habitat and
a national park. Recognizing the landscape characteristics which pro-
mote persistence in industrialized environments will aid conservation
efforts by allowing similar habitat features to be incorporated into
created or existing habitats.

2. Methods

2.1. Study area

The study was conducted on the reclaimed Ash and Kooragang
Island complex situated in the Hunter River estuary, New South
Wales, Australia (32° 51′ 49S, 151° 44′ 29E). This landscape was origi-
nally made up of deltaic islands and mudflats used for agriculture
from the early 1800s (NCIG, 2013). Land reclamation occurred after
the 1950s by joining the islands from dredged river sediment, slag,
and industrial pollutants (Albrecht, 2000; Irwin, 1968; NCIG, 2013).
Kooragang Island was then used for industrial activities and disposal
of hazardouswaste (Albrecht, 2000; NCIG, 2013). These activities main-
ly occurred in the southeastern half of the island which still remains
heavily industrialized and is currently amajor coal export port, contain-
ing industrial waste emplacement sites, railways, and coal loading
facilities for the Port of Newcastle (Albrecht, 2000; NCIG, 2013). The for-
merly agricultural northwestern half of Kooragang is currently in the
process of being rehabilitated and belongs to the Hunter Wetlands
National Park system. This area is dominated by mangroves, kikuyu
pasture, wetlands, and salt marsh. Kooragang Island supports one of
the last remaining and the largest L. aurea populations in the region,
with the nearest extant population located 60 km away on Broughton
Island in Myall Lakes National Park (Stockwell et al., 2015). Although
L. aurea occurs throughout Kooragang, the species exist as a patchy
population which disproportionally occupies the industrialized area
(Hamer and Mahony, 2010; Hamer et al., 2002).

2.2. Amphibian surveys

We surveyed 58 waterbodies across Kooragang Island over 3 breed-
ing seasons (between October and March) from 2011 to 2014. All
waterbodies were sampled 4 times within a breeding season, with 32
located in the Hunter Wetlands National Park and 26 within the indus-
trial area. We recorded the relative abundance of calling L. aurea and
other frog species through standardized auditory surveys (Scott and
Woodward, 1994). Auditory surveys were conducted in the evening
and consisted of listening for callingmales for 3min at each waterbody,
followed by imitating L. aurea calls for 1min and another 3min of listen-
ing.We then conducted standardized visual-encounter surveys (VES) at
eachwaterbody, covering the entire perimeter of the pondonce (Crump
and Scott, 1994). These surveys consisted of searching the emergent
and fringing vegetation within the waterbody and terrestrial habitat
with 1 m of the water's edge. The VES were conducted in a manner so
searchers did not overlap with each other and completed when all the
areas were thoroughly searched. Every L. aurea encountered was cap-
tured in a thin disposable plastic bag which was inverted and tied to
contain the individual. At the end of the survey, we recorded the total
number of L. aurea detected at each waterbody.

The age class and gender of captured individuals were determined
by their size and secondary sexual characteristics. Those with snout
to vent length (SVL) less than 45 mm were recorded as juveniles
(Hamer, 1998). Individuals with an SVL greater than 45 mm were re-
corded as males if nuptial pads were present and as females if nuptial
pads were absent. All newly-captured individuals larger than 35 mm
were implanted with passive integrated transponder (PIT) tags injected
subcutaneously into the dorsal lymph space. We scanned all captured
animals with a Trovan LID-560ISO PIT-tag reader to identify previously
tagged individuals. All animals were subsequently released back at their
point of capture.

We also conducted 4 tadpole trapping surveys per season across all 3
breeding seasons to determine the presence of tadpoles, relative abun-
dance of fish, and aquatic invertebrate family at all waterbodies follow-
ing the methods of Shaffer et al. (1994). Mesh fish funnel traps
(dimensions: 23 × 23 × 43 cm)were used with a 13 cm fluorescent yel-
low glow-stick and 10 fish food pellets as bait to attract tadpoles and
aquatic vertebrates (Grayson and Roe, 2007). Traps were set during
the late afternoon in the edge of waterbodies and tied to emergent veg-
etation with a third of the trap sitting abovewater to provide air to cap-
tured individuals. Traps were left overnight and inspected the following
morning with the species of tadpoles and invertebrate taxa recorded.
Since trapping effortmay not be sufficient to detect tadpoles, we also in-
cluded the presence of metamorphic individuals during trapping and
VES surveys to identify a breeding event at a waterbody.

2.3. Survey and site covariates

Water quality parameters (pH and salinity levels) at eachwaterbody
were measured prior to VES surveys using an YSI Professional Plus
water meter. Measurements were taken from 1 to 4 areas at each site,
by placing the probe near the middle of the waterbody so that it was
completely covered with water and not stuck in sediment. We defined
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hydrology for each waterbody as permanent (retained water through-
out the 3 years) or ephemeral (dried out at least twice during the 3
years).

Prior to each VES, we also measured weather variables known to
alter amphibian activity patterns and detection probability. A Kestrel
3500 weather meter was used to measure air temperature, relative
humidity, and average wind speed.We expected abundance and calling
to increase with higher air temperature and relative humidity and
decrease with higher wind speeds (Crump and Scott, 1994). We also
visually estimated the percentage of cloud cover, which has been
found to negatively affect detectability (Crump and Scott, 1994). Since
periods of heavy rainfall and flooding events initiate L. aurea activity
and reproduction (Daly, 2014; Hamer et al., 2008; Pyke and White,
1996), we hypothesized greater abundance, calling males and repro-
duction with larger rainfall. The total amount of rainfall in both the
previous 24 h and 30 days prior to each survey was determined from
the Bureau of Meteorology website (www.bom.gov.au, Newcastle
University, Station 061390, 4 km away).

Biotic variables such as the number of amphibian species and inver-
tebrate taxa at each waterbody were quantified. We expected the vari-
ables to be representative of amphibian habitat quality, with greater
diversity increasing L. aurea occupancy and reproduction. The relative
abundance of the introduced mosquito fish, Gambusia holbrooki, was
also recorded. We hypothesized greater numbers of G. holbrooki to
decrease abundance and reproduction, as they are thought to predate
on tadpoles and negatively affect L. aurea presence (Daly et al., 2008;
Morgan and Buttemer, 1996).

L. aurea is known to disperse to and from permanentwaterbodies at
greater rates (Hamer et al., 2008), and can travel over a kilometer be-
tween waterbodies (Clulow et al., 2012; Pyke and White, 2001).
Therefore, we used ArcGIS to determine the landscape variables
such as the distance of the nearest permanent waterbody and the
number of permanent waterbodies within a 1 kilometer radius of
each surveyed site. We predicted shorter distances of the nearest
permanent waterbody and greater number of permanent waterbodies
within a kilometer would lead to greater occupancy, abundance, and
probability of reproduction.

2.4. Statistical analysis

2.4.1. Occupancy
Multi-season robust design occupancy modeling was conducted in

programMark 8.0 (White and Burnham, 1999), incorporating imperfect
detection. This design assumes that primary survey periods are separat-
ed by long intervals during which site extinction and colonization may
occur (Amstrup et al., 2005; MacKenzie et al., 2003; MacKenzie et al.,
2002). Secondary survey periods occurred within primary survey pe-
riods, and were assumed to be closed to extinction and colonization
(Amstrup et al., 2005; MacKenzie et al., 2003; Nichols, 2005; Pollock,
1982). Base models in the candidate set were compared where occu-
pancy (Ψ), colonization (γ), extinction (ε), and detection probabilities
(p) were held constant, varied with hydrology, or time. We used the
Akaike information criterion corrected for small sample sizes (AICc) to
assess the best supported model (Burnham and Anderson, 2002).
All models in the set were ranked by AICc and ΔAICc values calculat-
ed by subtracting the lowest AICc score from the othermodels.ΔAICc
of less than 2 were considered to be the best of the candidate set
(Burnham and Anderson, 2002). We then added hydrological (salinity,
pH), biotic (frog species diversity, invertebrate diversity, tadpole diver-
sity, G. holbrooki abundance), and landscape (number of permanent
waterbodies within 1 km, the distance of the nearest permanent
waterbody) covariates individually and retained if it improved the
best base model. Correlations between significant variables in the
modelwere identified using Pearson's correlation coefficient (Appendix
1). If highly correlated predictor variables (r N 0.6 or r b−0.6) occurred
in the model, we removed the variable most difficult to interpret.
2.4.2. Abundance and reproduction
All site and survey covariates, aswell as year,were selected as poten-

tial predictor variables that may influence L. aurea abundance, the num-
ber of calling males, and the probability of a breeding event. For L. aurea
abundance and the number of calling males, we used generalized linear
models (GLM) with the package ‘pscl’ in program R, version 3.0.2. Tests
for both over-dispersion and zero inflation were conducted due to the
VES and auditory count data containing a high proportion of zero values
which may bias model parameter estimates (Zeileis et al., 2008; Zuur
et al., 2009). For probability of a breeding event, a binomial regression
modelwith a logit functionwas used to determine the factors predicting
the probability of a breeding event.

For all 3model sets, we first used a forward and backwards stepwise
selection procedure separately on each covariate category (weather,
hydrological, biotic, and landscape), retaining all significant variables
(p b 0.05). The procedure was then repeated with only the retained
variables until the model only contained significant terms. Correlations
between significant variables in the model were identified using
Pearson's correlation coefficient (Appendix 1). If highly correlated pre-
dictor variables (r N 0.6 or r b−0.6) occurred in themodel, we removed
the variable that was most difficult to interpret. Interactions between
predictor variables were then examined, and retained if significant.

2.4.3. Landscape overview
A t-test was used to compare the average number of waterbodies

within a kilometer distance to eachwaterbody and the average distance
of the nearest permanent waterbody between the national park and
industrialized area. We also used a t-test to determine any differences
in amphibian and invertebrate diversity between the two areas on
Kooragang Island.

3. Results

We detected L. aurea in 17 waterbodies in 2011, 20 in 2012, and 26
in 2013 (naïve occupancy estimates of 0.29, 0.34, and 0.45, respective-
ly). In 2012, individuals were found in 5 sites which were not occupied
in 2011 (naïve colonization estimate of 0.12) and nonewere detected in
2 waterbodies which were occupied in 2011 (naïve extinction estimate
of 0.12). In 2013, L. aureawas detected in 12 sites whichwere not occu-
pied in 2012 (naïve colonization estimate of 0.32) and no individuals
were found in 6 waterbodies which were previously occupied in 2012
(naïve extinction estimate of 0.30).

3.1. Occupancy

Parameter estimates were obtained from the best fitting model
which had occupancy, extinction, colonization, and detection probabil-
ity constant with the number of permanent waterbodies a function of
occupancy and colonization, and invertebrate diversity, amphibian
diversity, and the distance of the nearest permanent waterbody a func-
tion of extinction (Table 1). Collinearity was not found between signifi-
cant covariates in the final model. The estimated occupancy, extinction,
colonization, and detection rates are presented in Fig. 1a. The likelihood
of a waterbody being occupied increased with the number of perma-
nent ponds within a 1 km radius (Fig. 1b). The probability of extinction
for previously occupied waterbodies was negatively correlated with
both amphibian (Fig. 1c) and invertebrate (Fig. 1d) diversity, and posi-
tively correlated with distance of the nearest permanent waterbody
(Fig. 1e). Colonization of previously unoccupied waterbodies was posi-
tively correlated with the number of permanent ponds within 1 km
(Fig. 1e).

3.2. Abundance

The datawas over-dispersed but not zero inflated (Z=−0.011, p=
0.991), so we conducted a negative binomial test to investigate the
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Table 1
Top 5 sets with covariates modeling Litoria aurea occupancy on Kooragang Island. Models
are ranked by ascending ΔAICc, used to estimate occupancy probability (Ψ), extinction
probability (ε), colonization probability (γ) and detection probability (p),modeled as con-
stants (.) or as functions of hydrology (hyd). Covariates that improved model include the
number of permanent waterbodies within 1 km (perm1k), invertebrate diversity
(invertdiv), frog species diversity (frogdiv), and the distance of the nearest permanent
waterbody (nearestperm). AIC = Akaike's Information Criterion, w = weights in favor
of each model having the best fit, and K= number of parameters.

Model AICc ΔAICc w K

Ψ(perm1k) ε(frogdiv, invertdiv, nearestperm)
γ(perm1k) p(.)

454.712 0 0.91 9

Ψ(.) γ(frogdiv, invertdiv, nearestperm) ε(perm1k)
p(.)

461.466 6.753 0.03 8

Ψ(.) γ(frogdiv, invertdiv) ε(perm1k) p(.) 461.814 7.102 0.03 7
Ψ(perm1k) γ(frogdiv, invertdiv, nearestperm) ε(.)
p(.)

463.422 8.709 0.01 8

Ψ(.) γ(invertdiv, nearestperm) ε(perm1k) p(.) 464.137 9.424 0.01 7

Fig. 1. Parameter estimates and standard error from the bestmodel predicting occupancy, detectio
between the covariates and parameter estimates predicting occupancy colonization, and extinct
number of permanentwaterbodieswithin 1 km (b); the probability of site extinction and the num
permanent waterbody (e); and probability of site colonization and the number of permanent po
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relationship between abundance and covariates. Significant variables
predicting L. aurea abundance include frog diversity, invertebrate diver-
sity, waterbody permanency, number of permanentwaterbodieswithin
1 km, and an interaction between permanency and the number of per-
manent waterbodies within 1 km (Table 2). The number of L. aurea at a
waterbody was predicted to increase by 2.54 and 1.29 for every addi-
tional amphibian species and invertebrate taxa, respectively (Table 2).
We also found L. aurea abundance in ephemeralwaterbodies to increase
by 1.23 individuals for each additional permanent waterbody within a
kilometer distance (Table 2).

3.3. Reproductive behavior

Calling males were heard at 20 separate waterbodies during the
study, ranging from 1 to 10 individuals. The number of chorusing males
was over-dispersed but not zero-inflated (Z =−0.096, p = 0.923) so a
n, colonization, and extinction probabilities of L. aurea onKooragang Island (a). Relationships
ion rates with 95% confidence intervals, including the probability of site occupancy and the
ber of amphibian species (c), the number of invertebrate taxa (d), and distance of the nearest
nds within 1 km (f).



Table 2
Estimates of abundance odd ratioswith standard error (SE) for variables in the bestmodel
predicting L. aurea abundance on Kooragang Island during the 2011–2014 breeding
seasons.

Explanatory variable Abundance
ratio

SE Z score p

Frog diversity 2.54 1.14 7.11 b .001
Invertebrate diversity 1.29 1.07 3.77 b .001
Permanent (ephemeral as reference group) 31.56 1.81 5.84 b .001
Number of permanent ponds within 1 km 1.26 1.04 6.42 b .001
Ephemeral × permanent waterbodies within
1 km

1.23 1.05 −4.10 b .001
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negative binomial GLM was used. We found the number of waterbodies
within 1 km and amphibian diversity significantly predicted the number
of calling L. aurea (Table 3). Tadpoles and/or metamorphs were found at
6 distinct waterbodies. The odds of a breeding event occurring in a
waterbodywere greater with an increase in the number of waterbodies
within a kilometer, amphibian species, and L. aurea abundance
(Table 3). For every part per thousand increase in salinity, the odds of
a breeding event decreased 4 fold (Table 3).

3.4. Landscape overview

We classified a total of 27 waterbodies as permanent and 31 as
ephemeral. The average number of waterbodies within a kilometer dis-
tance of surveyed siteswas higher in the industrial area than the nation-
al park (t = 8.7, p b 0.001) (Fig. 2a). Our results also indicated that the
average distance to the nearest permanent waterbody of surveyed
sites was higher in the national park (t = −4.99, p b 0.001) (Fig. 2b).
No difference was found between amphibian diversity (t = −1.18,
p = 0.238) and invertebrate diversity (t = 1.22, p = 0.225) between
the two areas on Kooragang Island (Fig. 2c).

4. Discussion

The most important variable found within this study was the num-
ber of permanent waterbodies within a kilometer of a surveyed
waterbody, which positively influenced L. aurea occupancy, coloniza-
tion, abundance, number of calling males, and the probability of a
breeding event. As a generalist and colonizing species, L. aurea opportu-
nistically disperse after periods of heavy rain and whenever adequate
hydrological resources become available (Daly, 2014; Hamer et al.,
2008; Mahony et al., 2013; Pyke and White, 1996). Although previous
studies have proposed typical L. aureamovement betweenwaterbodies
to be a few hundred meters (Hamer et al., 2008; Mahony et al., 2013;
Pyke and White, 2001), they have been observed to disperse up to
10 km in a season and over a kilometer in a single night (Daly, 2014;
Pyke and White, 2001; White and Pyke, 2008). As a colonizing species,
dispersing over relatively long distancesmay be an inherent component
of their life history. These large movements have been found to be es-
sential not only for opportunistic adults, but for post-metamorphic
Table 3
Estimates of abundance and odds ratio with standard error (SE) for variables in the best
model predicting the number of L. aurea calling males and probability of reproduction
on Kooragang Island.

Explanatory variable Ratio SE Z score p

Calling Number of permanent ponds
within 1 km

1.09 1.03 2.83 .005

Amphibian diversity 4.05 1.22 7.04 b .001
Reproduction Number of permanent ponds

within 1 km
1.15 1.04 4.48 b .001

Amphibian diversity 4.01 1.30 1.68 b .001
L. aurea abundance 1.08 1.03 1.06 0.01
Salinity −4.85 1.74 2.97 b .001
juveniles which actively disperse up to a kilometer to avoid conspecific
predation and to colonize new sites (Clulow et al., 2013; Goldingay and
Lewis, 1999; Hamer et al., 2008; White and Pyke, 2008). Future studies
may aim to investigate what differences, if any, exist in the movement
patterns between the different sex and age classes.

Our results indicate that L. aurea populations may require perma-
nent hydrology, albeit indirectly. Traversing long distances in the open
may lead to a high risk of desiccation and predation (Semlitsch, 2000),
whereby an increase in the number of permanent waterbodies across
this distance may improve chances of survival by acting as reliable
stepping stones for individuals to disperse and colonize sites further
away (Hamer and Mahony, 2010). Permanent waterbodies within
possible dispersal distances can also serve as a safety net if an occupied
site reaches carrying capacity or becomes unsuitable. This phenomenon
may explain the positive relationship found between the probability of
extinction and distance to distance of a particular waterbody to the
nearest permanent waterbody. A positive relationship was also found
between L. aurea abundance in ephemeralwaterbodies and the number
of permanent waterbodies found within a kilometer. Permanency is
particularly important within the landscape as ephemeral waterbodies
are at risk of drying out, quickly removing resources for growth and
continued survival (Semlitsch, 2000). Having nearby permanent
waterbodies can serve as a buffer in areas with highly variable climatic
conditions, such as periods of drought, which commonly occur on
Kooragang Island (Hamer et al., 2008; Hartel et al., 2007).

In this study, the number of permanent ponds within a kilometer of
a waterbody positively influenced the number of calling males found
and the likelihood of a breeding event. Permanent waterbodies have
been found to serve as source habitats, with L. aureamovements occur-
ring from and between these habitats during the breeding season
(Hamer et al., 2008). With more nearby permanent waterbodies,
males have a chance to aggregate in larger numbers to chorus, while fe-
males are more likely to disperse from nearby permanent waterbodies.
Moreover, conspecific attraction has also been proposed as a possible
mechanism which would further lead to greater abundance at a site
(Hamer et al., 2002; Pizzatto et al., 2015). This increase in aggregated
individuals would be expected to result in greater reproductive oppor-
tunities. This was observed in our results, with the probability of a
breeding event increasing with greater abundance.

Invertebrate and amphibian species richnesswere also found to pre-
dict L. aurea distribution and reproductive behavior on Kooragang Is-
land. Since invertebrates are the major food resource of L. aurea, a
higher level of diversity should correspond to a greater variety of prey
items and resource availability (Bower et al., 2014; Hamer et al., 2002;
Pyke and White, 2001). Following this reasoning, more food resources
should increase L. aurea abundance while decreasing the probability of
site extinction, as was observed in this study. However, caution should
be advised as some aquatic invertebrates have been found to be poten-
tial predators of L. aurea tadpoles (Hamer, 1998). We also found that
greater amphibian species richness corresponded to occupancy, abun-
dance, reproductive activity (callingmales and probability of a breeding
event), and a decrease in the probability of extinction. Although compe-
tition may potentially be higher when more amphibian species are
present, L. aurea prey on sympatric species and their young, thus pro-
viding greater food resources (Bower et al., 2014; Daly, 2014; Pyke
and White, 2001). In addition, high amphibian diversity is likely to be
indicative of high quality amphibian habitat that is able to support a
larger and healthier population. Although some species may act as a
host for infectious diseases, greater amphibian diversity has been hy-
pothesized to help reduce its risk, such as the infectious chytrid disease
caused by the fungal pathogen, Batrachochytrium dendrobatidis (Bd). In
particular, recent studies have found that through the dilution effect,
greater amphibian diversity results in lower environmental Bd zoospore
loads and in turn, transmission rates (Becker et al., 2014; Searle et al.,
2011; Venesky et al., 2014). Thus, waterbodies with greater amphibian
diversitymay represent a refuge for L. aurea, especially since chytrid has



Fig. 2. The average number of permanent waterbodies (a), the average distance of the nearest permanent waterbody (b), and the average number amphibian species and invertebrate
diversity (c) with standard errors between the national park and industrial sites on Kooragang Island.
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been implicated as the primary driver of its decline (Mahony et al.,
2013). However, it must be stated that these results may be related to
a habitat variable that was not measured in this study, leading to a per-
ceived correlation. For example, species richness is usually representa-
tive of a complex community structure and habitat that provides a
diversity of niches and greater environmental resources (Dennis et al.,
1998; Tews et al., 2004). Further research is required to investigate
the relationship between species richness and L. aurea distribution to
determine whether future reintroduction projects should release indi-
viduals into waterbodies with greater invertebrate and amphibian
diversity.

Our results parallel previous research for L. aurea on Kooragang
Island, which have found similar rates of extinction and detection
(Hamer and Mahony, 2010). However, we found a lower probability
of occupancy and higher colonization rate in this study. This difference
may be attributed to our much larger sample size or the effect of a
drought in the previous study, which may have restricted movement
between waterbodies and increased site fidelity. Similar rates of occu-
pancy, extinction, and detection were also found with the closely relat-
ed growling grass frog (Litoria raniformis) (Heard et al., 2006, 2012).
Consistent with Hamer et al. (2002), we found no effect of G. holbrooki
or water variables on occupancy or abundance. Additionally, although
males have been found to disperse from permanent to ephemeral
waterbodies during periods of prolonged heavy rains to chorus
(Hamer et al., 2008), this study encompassed periods of varying climatic
conditions whereby this relationship was not detected. Moreover,
although distribution trends had been attributed to the inhibitory ef-
fects of salinity on chytrid infection (Stockwell et al., 2015), a negative
relationship was found between high salinity levels and likelihood of a
breeding event. While L. aurea tadpoles display high salinity tolerance
(Kearney et al., 2012), these results indicate that there may be a trade-
off between reproductive success and utilizing high salinity habitats to
survive infection. The relationship to elevated salinity levels should be
a focus of future investigations.

This study demonstrates that the L. aurea population on Kooragang
Island may inhabit the industrialized area due to the increased number
of permanentwaterbodies locatedwithin a kilometer of other sites. As a
generalist species, L. aurea has been found to inhabit virtually any type
of freshwater habitat and are most abundant where there are large
amounts of freshwater (White and Pyke, 1996). That situation occurs
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in the industrial area due to water being impounded by the railway em-
bankment, unused industrial waste cells, and sedimentation ponds cre-
ated by dredging that have resulted in the creation of large and in some
cases interconnected permanent bodies of freshwater habitat (Irwin,
1968; NCIG, 2013; Williams et al., 2000). Although this industrial activ-
ity modified the original floodplain, it inadvertently created large areas
of permanent freshwater habitat that supported the L. aurea population
on the island. This is in stark contrast with the few bodies of permanent
freshwater foundwithin the national park portion of the island. The as-
sociation between L. aurea and quarries, dams, and mining areas
throughout their range may also be explained by the unintended crea-
tion of large permanent waterbodies within the landscape (White and
Pyke, 2008).

Priority for L. aurea conservation efforts on Kooragang Island and
other at-risk sites should, in addition to focusing on ways to counter
the deadly effects of chytrid, also increase the number of permanent
waterbodies present within a kilometer of occupied sites. This is impor-
tant in landscapes containing a large proportion of ephemeral and
isolated waterbodies, especially in areas with highly variable climate
and unpredictable rainfall patterns. However, ephemeral sites must
also be conserved or created, as they may facilitate successful breeding
and recruitment during wet years for L. aurea and other aquatic breed-
ing amphibians (Hamer et al., 2008; Semlitsch, 2002).

This study is an example of a fortuitous situation where an endan-
gered species is managing to persist in an industrial landscape. Heavily
modified habitats can act as a habitat refuge for many reasons, and un-
derstanding them can give us important insight into the conservation
needs of these species. Our findings suggest that, despite amphibians
being relatively small animals, some species may require a much larger
interconnected landscape than anticipated due to their inherent long
distance dispersal behavior. Therefore, recognizing life history traits, in
combination with a landscape-based approach toward species with
perceived limited motility, may result in more successful outcomes in
conservation efforts. Nevertheless, caution must be exercised as some
species may appear to thrive in these habitats, but will not persist in
the long-term due to ecological time lags and extinction debts. Further-
more, some industrialized landscapes may merely contain threatened
species by providing a critical level of protection due to infrequent
human visitation from restricted access. By investigating these paradox-
ical ecological settings and their dynamics we can better understand
and identify key habitat features necessary to provide direction for
future conservation efforts.

5. Conclusion

Although human-modified landscapes are usually detrimental
for biodiversity, they can also unintentionally create an environment
which simulates natural processes and sometimes benefit biodiversity
(Warren et al., 2007). Heavily disturbed and polluted sites may support
not only urban species which can adapt to these harsh environments,
but rare and endangered species as well (Kozlov and Zvereva, 2007;
Tropek et al., 2010;Warren et al., 2007). With human-dominated habi-
tats increasing and encroaching on even more species, ecological re-
search must focus not only on pristine conservation areas, but also on
heavily modified landscapes which may contain habitat refuges for
threatened species. Understanding why threatened species and biolog-
ical communities persist in these areas can help us create successful
conservation management plans to help us prevent and reverse future
declines elsewhere.
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