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Abstract
Context.Achieving successful conservation outcomes in habitat creation and reintroductions requires an understanding

of how species use their habitat and respond to these interventions. However, few initiatives directly compare microhabitat
selection between remnant andmanaged habitats tomeasure effectiveness and evaluate outcomes. Probability of detection is
also rarely included in studies on microhabitat use, which may lead to erroneous conclusions if detectability varies between
variables.

Methods. In this study, we used the endangered green and golden bell frog (Litoria aurea) to compare differences in
microhabitat-use patterns in both a remnant and a constructed habitat. A detectability studywas also conducted to determine
detection probabilities among microhabitats.

Key results.Aquatic vegetationwas usedmore than expected in both the remnant and constructed habitats, and rock piles
were utilised less than expected in the constructed habitat, despite their recommendation inmost habitat templates.We found
that detection probabilities altered the outcomes of abundance estimates for nearly all the measured microhabitat variables.

Conclusions. Future management for this species should focus on providing high proportions of aquatic vegetation.
Furthermore, although rockpiles have beenutilisedgreatly in pastL. aureahabitat creation, placing large rocks on amanaged
site is expensive and time consuming. Future management initiatives may need to focus on providing smaller proportion of
rocks, which would be a more appropriate use of resources.

Implications.With conservation management projects increasing over the next few decades, understanding habitat use
before implementing strategies should be a priority as it will provide important insights and inform decision-making for
optimumhabitat creation and restoration. Furthermore, accounting for detectability inmicrohabitat use studies is essential to
avoid wrong conclusions that may negatively affect the success of ecological management strategies.
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Introduction

Conservation management strategies such as habitat creation
and/or restoration, translocations and reintroductions are used
to mitigate the decline of a species. An understanding of how
species use habitats within remnant landscapes is required to
identify the correct mix of habitat variables necessary to
achieve successful outcomes. Presumably, individual fitness is
maximised in optimal habitats (Garshelis 2000), with habitat
preferences affecting their distribution across a landscape
(Morris 2003). Understanding patterns of habitat use can provide
important insights for determining the effect of environmental
changes on a species (Mao et al. 2005; Saïd et al. 2012) and
can inform decision-making in the development of optimum
management strategies when landscape interventions are
required (Chetkiewicz et al. 2006; Kowal et al. 2014; Steen
et al. 2014).

A major assumption is that mitigation strategies based on
species’ perceived habitat preferences will result in successful

conservation outcomes. However, although prior information
on habitat selection can generate reasonable estimates in
identifying important habitat components (Cook et al. 2010;
Mladenoff et al. 1999), it may not predict how habitat use will
operate in practice or how a species will respond to management
intervention. In previous studies, a priori habitat selection
models were assessed for black bears (Ursus arctos) after their
reintroduction to the Italian alps (Peters et al. 2015), and for a
mule deer population after the development of a natural gas
field (Odocoileus hemionus) (Sawyer et al. 2006). However,
despite prior habitat models correctly identifying important
habitat features, these studies found habitat preferences of the
target species were different from what the model initially
predicted. Recognising these discrepancies and updating
previous information can improve the long-term viability and
success of management programs. Furthermore, few studies
directly compare habitat selection between remnant and
managed populations or areas. Of those that do, most are
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conducted for mitigation strategies such as translocations (Butler
et al. 2005; Warren et al. 1996) and habitat restoration (Fletcher
and Koford 2002; Teo and Able 2003), and rarely for habitat
creation and reintroductions. Because habitat creation often
requires a greater amount of time and resources, it is crucial to
construct quality habitat from the onset. Identifying habitat
selection patterns of a species following mitigation strategies
is therefore a critical step for measuring the effectiveness of
interventions and evaluating outcomes.

An additional factor that should be considered when
assessing habitat use is the impact of detectability in survey
methodologies. Imperfect species detection has long been
known to potentially lead to erroneous conclusions and
distorted ecological models (Bower et al. 2014; Comte et al.
2013; Gu and Swihart 2004; Lahoz-Monfort et al. 2014;
MacKenzie et al. 2003; MacKenzie et al. 2002; Mazerolle
et al. 2005; Monk 2014). Incorrect interpretation can arise for
cryptic species and erroneous conclusions can be made about
the relationship between a species and their environment
(MacKenzie 2006; Mazerolle et al. 2005). This can result in
distorted distribution maps with low predictive power (Archaux
et al. 2012; Comte et al. 2013; Kéry et al. 2010; Lahoz-Monfort
et al. 2014), or cause overestimating and/or underestimating
the use of specific habitats (Gu and Swihart 2004; Kajin and
Grelle 2012;Wintle et al. 2004). Although habitat occupancy and
distribution modelling incorporate probability of detection (Kéry
et al. 2010; MacKenzie 2006; MacKenzie et al. 2003; Royle
et al. 2005), they are rarely used in microhabitat use–availability
studies (Afonso and Eterovick 2007; Bennett et al. 2013;
González-Bernal et al. 2015; Heard et al. 2008; Morales et al.
2008), and assume that detectability is constant between
microhabitats. However, if detection probability varies with
the variables being investigated, it may hide the occurrence of
important types of microhabitats or lead to incorrect habitat
determinates being identified (Dorazio 2012; MacKenzie
2006; Royle et al. 2005; Tyre et al. 2003). Therefore,
addressing the question of detectability should be a vital
component of any assessment of microhabitat use.

Due to the globally declining status of amphibians (Alford
and Richards 1999; Bishop et al. 2012; Stuart et al. 2004; Vié
et al. 2009), the capacity to recognise threatening processes
may aid in future interventions to ensure their survival.
Although disease has been a key contributor to their global
decline (Bishop et al. 2012), amphibians are also sensitive to
habitat disturbances due to their limited mobility, small ranges
and biphasic life history (Blaustein and Wake 1995; Semlitsch
2002; Wyman 1990). A review of conservation programs by the
Global Amphibian Assessment (GAA) reported 110 programs
involving amphibian reintroduction or captive breeding
programs (Griffiths and Pavajeau 2008). However, little
published evidence exists for management programs that have
had successful outcomes. Only 13 cases of species intervention
resulted in self-sustaining populations, with the majority of
these occurring only after a decade or more of involvement in
these programs. Despite much research on the general
autecological habitat requirements (Baldwin et al. 2006;
Graeter et al. 2008; Laurila 1998; Wassens et al. 2010;
Williams et al. 2012) and microhabitat preferences (Blomquist
and Hunter 2010; Garnham et al. 2015; Hamer et al. 2003; Heard

et al. 2008; Hossack et al. 2009; Seebacher and Alford 2002;
Smits 1984) of threatened amphibians, there is still a large
failure rate in the establishment of self-sustaining populations.

These conservation challenges are evident for the threatened
green and golden bell frog (Litoria aurea). Due to their
frequency of occurrence in areas of high development activity,
L aurea has been the subject of the largest number of
conservation management proposals of any Australian
amphibian (Germano et al. 2015). As a generalist and
colonising species with r-selected traits (Hamer and Mahony
2007; Mahony et al. 2013; McFadden et al. 2008), L. aurea
should be a model candidate for successful conservation
outcomes in conservation management. However, despite the
use of microhabitat templates based on perceived habitat
selection paradigms, nearly all habitat creation and
reintroduction plans to date have been unsuccessful in
producing self-sustaining breeding populations (Daly et al.
2008; Pyke et al. 2008; Stockwell et al. 2008; White and Pyke
2008). The only successful program has been in Sydney
Olympic Park, which had considerable financial backing, a
large extant population, the quarantining of several habitat
areas from development and required a 19-fold increase in
habitat to achieve no net loss in population size (Darcovich
and O’Meara 2008; O’Meara and Darcovich 2015; Pickett
et al. 2013). Furthermore, little information has been provided
on the potential reasons for these failures or ways to ensure
future success. More importantly, previous programs have not
undertaken systematic studies to determine how the created
habitats were being utilised.

In this study, we constructed trial habitat for L. aurea to
inform a broader compensatory habitat program to offset
development impacts from industry. We monitored and
compared habitat selection within a reintroduced population
in the constructed system with that of a naturally occurring
population in a nearby unmanaged area of the landscape.
A detectability study was also conducted to account for the
effects of imperfect detection when evaluating microhabitat
selection. The aim of this study was to determine the
following: (1) whether L. aurea actively selects and uses
microhabitat features within a constructed habitat in a similar
manner to an extant population within the same landscape;
(2) whether microhabitat availability differs between the
two sites; and (3) what differences, if any, were found when
accounting for detectability among microhabitat types.
Comparing microhabitat selection between the two sites will
help determine if the created habitat is effective in supporting
the released population, and identify which microhabitat
features should be considered in future management plans.

Materials and methods
Study species

Litoria aurea is an Australian amphibian that once occurred
throughout the coastal natural wetlands and agricultural flood
plains of eastern Australia (Mahony et al. 2013). During the last
half century, L. aurea have disappeared from more than 90% of
their historical sites and are now found mostly in fragmented
populations on the south-eastern coastline (Mahony et al. 1999;
Mahony et al. 2013;White andPyke1996).Theycurrently persist
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in less than 40 isolated populations (Mahony et al. 2013) and
have been listed as an endangered species in New South Wales
under the Threatened Species Conservation Act 1995, and as
nationally vulnerable under the Environmental Protection and
Biodiversity Conservation Act 1999. This species is considered a
generalist and are found in a wide variety of natural habitats
such as wetlands, marshes, swamps, ponds, dams, creeks and
rivers (Pyke and White 2001). However, they are also typically
found in highly disturbed anthropogenic 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;
Valdez et al. 2015).

Study area

The study was conducted across Kooragang Island in New
South Wales, Australia (32�510, 151�440). This landscape
represents one of the last remaining and the largest extant
L. aurea population in the region (Hamer and Mahony 2010).
Kooragang Island is a flat (3-m elevation) heterogeneous
estuarine island located in the Hunter River estuary. The island
has an area of 35.4 km2 and contains a range of habitats
including wet pasture, salt marsh, remnant forest, mangrove
and freshwater wetlands (Day et al. 1999). It also has a history
of extensive land clearing and hydrological alterations for
agricultural and industrial use (Hamer and Mahony 2010). The
north-west half of the island has been reclaimed after extensive
use as an agricultural zone and is nowpart of theHunterWetlands
National Park, with the south-east of the island still heavily
industrialised and containing the coal-loading facilities for the
Port of Newcastle (Hamer and Mahony 2010; Mahony et al.
2013).

To mitigate the effect of development in the industrial area, a
compensatory habitat was constructed in the National Park
area situated in former agricultural kikuyu grasslands where
L. aurea have been known to historically occur. However, pre-
construction visual encounter and auditory surveys found no
evidence of the species at or near the trial sites. Microhabitats
for foraging and shelter were included such as large rock-piles,
terrestrial vegetation and emergent vegetation as recommended
per the standard L. aurea habitat template (Pyke and White
1996). The constructed ‘trial site’ habitat, used to release the
captive-bred individuals for this study, was ~2675m2 and
situated adjacent (within 10m) to the proposed location for a
larger offset area (Fig. 1a). A total of four permanent ponds
(~60m2) and six ephemeral ponds (~10m2) were constructed.
Since the trial site was created within the same landscape as the
remnant ponds, biotic interactions that may affect microhabitat
selection were assumed to be similar between the remnant
and constructed habitats. A different compensatory site was
constructed as a future release site for a separate project, and
was used in this study to determine relative detection rates for
the various microhabitats. This site was ~9415m2 and contained
16 permanent ponds (~125m2 each) (Fig. 1b).

Captive breeding

Litoria aurea tadpoles were bred in captivity from adults
collected from a naturally occurring population in a waterbody

on Kooragang Island 1.75 km from the created habitat. A total
of 7620 tadpoles and juveniles were released into the created
trial site on two separate occasions, and implanted with visible
implant elastomer (VIE) tags to distinguish trial site individuals
from those in the natural population (Bainbridge et al. 2015).
The first release occurred in March 2011, consisting of 608
tadpoles and juveniles; the second occurred in December
2011, consisting of 7012 tadpoles. Tadpoles were distributed
evenly between the permanent ponds with density similar to
those naturally found in the wild. They were not released into
the ephemeral ponds, to avoid the risk of the ponds drying before
they could metamorphose.

Field methodology

Standardised visual encounter surveys (VES) were conducted
for post-metamorphic frogs in ponds within the trial site and
58 naturally occurring ponds on Kooragang Island
(range = 31–250 332m2, M= 8094m2) (Fig. 1). Surveys were
conducted monthly during the 2011–14 breeding seasons
(September–April, inclusive) in the natural ponds, and weekly
in the constructed trial site. VES involved nocturnal (between
2000 and 0200 hours) timed searches of the waterbodies,
emergent and fringing aquatic vegetation and terrestrial
microhabitat within 1m of the water’s edge in a manner that
did not overlap with other searchers (Bower et al. 2014; Crump
and Scott 1994). All microhabitat structures were inspected and
all animals encountered were captured by hand in a thin
disposable plastic bag that was inverted to contain the
individual (Bower et al. 2013). For each frog detected during
VES, the microhabitat type used and its position was recorded.
Surveys were determined to be finished when all areas were
thoroughly searched. All captured frogs were subsequently
released at their point of capture, which had been marked with
flagging tape.

Habitat availability among all ponds surveyed in the trial
habitat and on Kooragang Island was measured annually using
quadrat-based stratified sampling methods (Krebs 1999). The
landscape was stratified within the waterbodies and the edge,
with microhabitat groups (aquatic vegetation, terrestrial
vegetation, rock, bare ground and open water) (Table 1)
recorded as a percentage of the total area.

Detectability

To account for imperfect detection within different microhabitat
features, a detectability study was conducted in the second
compensatory site (Fig. 1b). We used soft silicon floating frog
lures (Hengjia, China) as a model, with the metal hooks
removed. The frog models had characteristic green and gold
coloration patterns of L. aurea and were the size (55mm) of a
typical adult. Due to the cryptic behaviour of this species, the
models were determined to be suitable surrogates for measuring
detectability. Although L. aurea display escape behaviours if
predators get too close (Williams et al. 2000), they are well
camouflaged with their surrounding environment and stay still
for long periods to avoid detection (Buttemer et al. 1996;
Osborne and McElhinney 1996; Pyke and White 2001).
Furthermore, during nocturnal surveys they seem to be
temporarily blinded by the spotlight and remain motionless,
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Fig. 1. All ponds surveyed on Kooragang Island, New South Wales, Australia. Configuration of (a) the trial site where captive-bred
L. aurea were released and (b) the compensatory habitat for determining relative detection rates. Dark grey circles represent permanent
ponds and white circles with stippled dots represent ephemeral ponds.

Table 1. Functional microhabitat groups and descriptions of the available microhabitat used by the green and golden bell
frogs (Litoria aurea) during the 2011–14 breeding seasons in naturally occurring ponds and constructed habitat on

Kooragang Island

Habitat type Description Example

Aquatic vegetation Aquatic plants found growing or floating inside
or around the fringing or margin edge of ponds

Baumea articulata, Schoenoplectus validus, Typha
orientalis, Bolboschoenus spp., Juncus spp.,
Schoenus sp., Azolla sp. and other algae and
submerged plants species not identified to genus.

Terrestrial vegetation Vegetation occurring in terrestrial areas around
a pond

Shrubs (Acacia spp.), trees (Casuarina spp.,
Eucalyptus spp.), grass (Kikuyu, Trifolium sp.)

Rock Substrate with a large grain size (>10 cm) Large rocks, bricks, or other large hard substrates
Bare ground Substrate with small grain size (<10 cm) or a single

vegetation litter layer
Open dirt ground, mud, or leaf litter

Open water Areas of open water without aquatic vegetation Open water
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allowing searchers to get close enough to easily capture them by
hand (pers. obs.).

Frog models were placed in different microhabitat structures:
open water (n= 256), terrestrial vegetation (n = 250), aquatic
vegetation (n = 184), on top of rocks (n= 192), or on bare
ground (n= 168) (Table 1). Sample sizes varied due to
different amounts of available microhabitat and frog models.
A coordinate system was used to randomly distribute the frogs
between microhabitat structures, and place them in as natural a
position as possible. Since this species spends most of its time
within 10 cm of the ground (Pyke and White 2001), models
were placed in aquatic and terrestrial vegetation within this
range. Nocturnal VES were conducted by 10 volunteers of
varying experience levels (1 day to 3 years) across the site and
the number of plastic frogs found in each microhabitat structure
was compared with the total number placed.

Statistical analysis
Habitat selection and availability were determined by the
proportion of frogs found in each microhabitat, and the
proportion of each microhabitat where they were found,
respectively. A Monte Carlo simulation approach was used to
assess the uncertainty in adjusted counts arising from habitat
detectability in abundance. To determine microhabitat use
uncertainty due to sampling and detectability variability, we
simulated a distribution function using 10 000 iterations in
program R version 3.1.2 (R Core Team 2014) For the
distribution parameters of each microhabitat type, we first
determined detection rates, as proportions, by dividing the
number of frog models found in each microhabitat
per searcher by the total number of models placed in that
microhabitat. Truncated normal distributions (at 0 and 1) were
used to represent the variation in detectability for each
microhabitat type, with the mean and standard error of
detection rates for each microhabitat type used to represent the
mean and standard deviation of its distribution. A multinomial
distribution simulation was then used to determine variation
in the original observed counts of microhabitat types. The
detectability and observed count distribution functions were
combined to determine an adjusted count for each microhabitat
using the equation naij = nij/di where naij is the adjusted count of
the ith microhabitat for the jth random sample, nij is its original
observed count of the ith microhabitat and jth random sample,
and di is its detection rate of the ith microhabitat. The resultant
probability distribution for adjusted counts was used to obtain
95% confidence limits from the lower and upper 2.5% tails.
If the 95% confidence intervals of the microhabitat did not
overlap with the proportion of microhabitat available, we
determined that the microhabitat use significantly differed
from availability.

To compare the effect of not incorporating detectability
with the original observations, we constructed 95% confidence
intervals for each microhabitat using a normal approximation,
with standard errors for each microhabitat based on the
variance for the multinomial distribution ndi(1–di) where n is the
total number of counts observed over all microhabitats. Lastly,
to determine differences in microhabitat availability between
Kooragang Island and the trial site, a repeated-measures

multivariate analysis of variance was used with the
microhabitat types as the within-subjects factor.

Results

In the detectability study, frog models had the highest detection
rates on rocks (M= 0.81, s.d. = 0.15), bare ground (M= 0.78,
s.d. = 0.11), and open water (M= 0.77, s.d. = 0.12) (Fig. 2).
The lowest detectability was in terrestrial vegetation (M= 0.20,
s.d. = 0.17) followed by aquatic vegetation (M= 0.43, s.d. = 0.10)
(Fig. 2).

A total of 1175 frogs were captured on Kooragang Island,
with 72 on bare ground, 51 on rock, 188 on terrestrial vegetation,
781 on aquatic vegetation and 83 on open water. A total of
2370 frogs were captured on the trial site, with 184 on bare
ground, 270 on rock, 263 on terrestrial vegetation, 737 on aquatic
vegetationand916onopenwater.Using theoriginal observations
in the natural population on Kooragang Island, our results
indicated bare ground, rock and aquatic vegetation were all
used in proportions greater than expected based on their
availabilities, with open water being used less than expected
(Fig. 3a). However, taking detectability into account, terrestrial
vegetation was used statistically more than expected, with bare
ground being used as expected; the results for rock, aquatic
vegetation and open water did not change accounting for
detectability (Fig. 3a).

Within the created trial site, the use of original observations
resulted in conclusions identical to the original observations on
Kooragang Island, with terrestrial microhabitat being used less
than expected Fig. 3b). Taking detectability into account
resulted in different results for nearly all the microhabitat
types, with rocks and terrestrial vegetation being used as
expected, and bare ground and open water being used less
than expected (Fig. 3b). Only the result of aquatic vegetation
was unchanged by detectability (Fig. 3b).

The proportion of microhabitat type availability in the
ponds did not differ within (F= 2.8496, P= 0.0917), but varied
significantly between Kooragang Island and the trial site
(F= 2425, P< 0.001). Differences in proportions were found
between all the microhabitat types, with greater proportions of
bare ground (F = 37.32, P < 0.001), rocks (F = 8620.54,
P< 0.001) and terrestrial vegetation (F= 70.83, P < 0.001) in
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the trial site (Fig. 4); there were greater proportions on average
of aquatic vegetation (F = 63.24, P< 0.001) and open water
(F = 13.54, P< 0.001) on Kooragang Island (Fig. 4).

Discussion

The key findings in this study showed that aquatic vegetation
was used more than expected by L. aurea in both the remnant
and constructed habitats, and that rock piles were utilised
less than expected in the constructed habitat, despite their
recommendation in most habitat templates. Moreover, accounting
for detection probability was necessary to observe these
results. Incorporating detectability in different microhabitat
types significantly altered the results of L. aurea microhabitat-
use patterns. We found similarly high detection probabilities for
the openmicrohabitats of rocks, bare ground and openwater, and
lower detectability for the closed microhabitats of aquatic and
terrestrial vegetation. Accounting for detection probabilities
and variance among observers led to different conclusions for
two of the five microhabitat types on Kooragang Island, and
opposing results were found for three microhabitat types in the
trial site. These inconsistencies are critical for the trial site,
which is actively managed, and whose outcomes will be used
to guide future management decisions.

After accounting for detectability, our results show L. aurea
used microhabitat types differently within all ponds and between
Kooragang Island and the constructed trial site. In both areas,
L. aurea were found in aquatic vegetation more than expected,
concurring with a previous radio-tracking study of both this
species during winter (Garnham et al. 2015) and the closely
related Litoria raniformis (Heard et al. 2008). The proportion of
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aquatic vegetation has also been found to predict pond
occupancy by L. aurea (Hamer et al. 2002). Aquatic
vegetation serves as important microhabitat used for foraging,
basking, sheltering and protection from predators, especially
chorusing males, which are at greater vulnerability from
predation (Pyke and White 2001). The decreased visibility of
L. aurea in aquatic vegetation was confirmed in our detection
study, which found aquatic vegetation had the second lowest
frog detectability, in accordance with previous studies in a
related species (Clemann et al. 2013).

Terrestrial vegetation has been found to be a significant
predictor of occupancy (Hamer et al. 2002), is essential for
dispersal and moving between habitats (Hamer and McDonnell
2008; Mahony et al. 2013) and provides opportunities for
foraging and basking (Pyke and White 1996; Pyke and White
2001). We found terrestrial vegetation was used more than
expected on Kooragang Island and used according to
availability within the trial site. In this study, the trial site had a
larger proportion of terrestrial microhabitat surrounding the
ponds than in Kooragang Island. This discrepancy is likely due
to the difference in pond size between the sites, with trial site
ponds considerably smaller than the average Kooragang Island
pond, which would result in the surrounding vegetation being a
larger proportion of the total area. We found terrestrial vegetation
also had the lowest detectability, concurring with previous
studies suggesting that it is used to avoid detection by predators,
for shelter fromweather conditions and for cover by overwintering
frogs (Garnham et al. 2015; Hamer et al. 2002; Pyke and White
1996; Pyke and White 2001).

Although L. aurea use terrestrial vegetation for shelter, it may
dehydrate frogs faster than other microhabitats (Seebacher and
Alford 2002) and might only be used if more adequate shelter
microhabitats are not available (Wassens et al. 2008). Rock piles
and gabions provide better protection from temperature stress,
dehydration and predators (Garnham et al. 2015; Hamer et al.
2003; Seebacher and Alford 2002). Rocks, or other large solid
substrates with small gaps, are important as they have a stable
microclimate and less temperature variability compared with
other microhabitats (Garnham et al. 2015; Hamer et al. 2003).
The narrow gaps and small spaces between rocks are also
actively preferred by L. aurea as they provide protection from
predators and commonly used by overwintering frogs (Garnham
et al. 2015; Hamer et al. 2003). Our results indicate rocks were
used significantly less than expected in the constructed trial
habitat and more on Kooragang Island. Like terrestrial
vegetation, rocks made up a significantly greater proportion of
the ponds in the trial site due to the smaller average size of the
ponds. Furthermore, rocks, brick piles and similar materials were
also not present in many of the ponds on the island, and if they
were, they were usually artificially added from industrial
activities.

Open water was used less than expected for both Kooragang
Island and the trial site, concurring with similar results found in
the closely related L. raniformis (Heard et al. 2008). Despite
being an aquatic species and requiring aquatic resources, open
water makes L. aurea vulnerable to predators, especially if
other microhabitat shelter is not available (Pyke and White
2001). Furthermore, actively swimming or floating in open
water would likely use more energy, whereas on aquatic

vegetation they can remain at rest in the water while still able
to exploit foraging opportunities. However, breeding events
such as amplexus were not observed in this study, and may
have biased the outcomes. Previous research has reported that
adult L. aureamales float on the surface of open water to actively
chorus (Courtice and Grigg 1975; Thomson et al. 1996). Further
research is needed to understand how microhabitats are used by
L. aurea during chorusing and reproduction.

Although bare ground does not provide much protection
against predators, when near the edge of the water, it could
facilitate the nocturnal sit-and-wait foraging behaviour of
L. aurea while also enabling a quick retreat into the water to
evade predators (Heard et al. 2008). Bare ground is also
commonly used by L. aurea for basking (Pyke and White
2001), and is presumed to result in increased body
temperature, allowing for better digestion and maximal growth
(Hamer et al. 2003). Furthermore, L. aurea are known to
occasionally overwinter under mud, especially in areas close
to the edge of water (Pyke and White 2001). In our study, we
found bare ground was used as predicted on Kooragang Island
but less than expected in the trial site. The trial site was found to
have a higher proportion of bare ground, which may be due to
the smaller pond sizes or pond succession. Kooragang ponds
were older and more established, and likely had less bare ground
due to higher successional rates of vegetation growth.

Management strategies to mitigate the decline of L. aurea
have involved reintroductions and translocations to natural or
semi-natural landscapes, and the findings of this study may
improve survival of future populations. Aquatic vegetation was
usedmore thanexpected inboth the constructed and remnant areas,
and providing high proportions of aquatic vegetation in ponds
should be the focus for future management of this species.
Moreover, submerged, emergent and fringing plants constitute
critical breeding habitats for this species, providing oviposition
sites for adults and shelter for tadpoles (Hamer and McDonnell
2008; Sanders et al. 2015; van de Mortel and Goldingay 1998).
This study also illustrates how future L. aurea habitat plans may
need to focus on creating ponds closer in size to those occupied
in their natural environments. Rocks were used less than expected
in the trial site, which had a greater availability due to the smaller
pond sizes. Although rock piles have been utilised greatly in past
L. aurea habitat creation projects, placing large rocks on a site is
expensive and time consuming. Future management should
perhaps focus on providing smaller proportion of rocks or use
cheaper alternatives, such as the vegetation mounds that have
recently been suggested as inexpensive L. aurea shelter habitat
(White and Pyke 2015). This will allow more appropriate use
of resources, such as creating greater availability of aquatic
vegetation or creating larger waterbodies. Terrestrial vegetation
on the edge of ponds are also important, and previous L. aurea
research on Kooragang Island has indicated that including a
diversity vegetation on the waterbody banks such as Juncus
kraussii, Schoenoplectus litoralis and Sporobolus virginicus
may increase invertebrate diversity and encourage L. aurea
presence (Hamer et al. 2002; Klop-Toker et al. 2016). Lastly,
due to their colonising life history, a landscape approach for
this species is required and management efforts must have
emphasis on improving interconnectivity with nearby permanent
waterbodies (Hamer and Mahony 2010; Valdez et al. 2015).
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However, future management should consider that larger
permanent ponds may be colonised by the invasive mosquito
fish (Gambusia holbrooki), which are known to predate on
L. aurea eggs and tadpoles (Morgan and Buttemer 1996; Pyke
and White 2000; Remon et al. 2016). Lastly, although this study
involved only terrestrial vegetation surrounding the edge of
occupied ponds, terrestrial vegetation provides important cover
during L. aurea dispersal and movement towards other sites, and
should therefore be incorporated between ponds to improve
connectivity (Hamer and McDonnell 2008; Mahony et al.
2013).

With habitat loss and degradation, climate change and disease
considered the greatest threatening process for endangered
species habitat creation and/or restoration, reintroductions and
translocation projects are emerging as increasingly used
methods for conservation management (Germano et al. 2015;
Maron et al. 2012; Morris et al. 2006). Although prior
information on habitat selection can help identify important
habitat components, it may not necessarily predict how a
species will respond to management intervention. Comparing
habitat use patterns after management strategies are implemented
should therefore be a vital step of any conservation plan to
ensure the persistence of endangered species. Recognising
discrepancies can help improve the long-term viability and
future success of management programs. Moreover, successful
outcomes in habitat creation require not only the identification
of keyhabitat features, but also that they are created in proportions
similar to those found in the environment. Furthermore, although
detection rates are incorporated in species distribution and
occupancy models, they are rarely used for microhabitat use
studies. Accounting for microhabitat detectability is essential to
avoid wrong conclusions that may negatively affect the success
of ecological management strategies.
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