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Abstract. Describing the population trends of threatened species over time is central to their management and
conservation.Thegreen andgoldenbell frog (Litoria aurea) is a formerly common species of south-easternAustralia that has
declined to ~40 populations in New South Wales, and experienced a substantial contraction of its geographic range.
We aimed to determine whether an unmanaged population at the northern end of its range had declined across a 17-year
period. We estimated population size at the beginning and end of this period, using several population models to fully
characterise this population. Differentmodelling approaches gave different population estimates. Based on a similar number
of survey occasions the adult male segment of the population was estimated using the POPAN model at 112.0 (�13.5, s.e.;
95% CI: 85.5–138.8) in 1998/99 and 95.2 (�17.6; 60.8–129.7) in 2015/16. With the inclusion of maturing subadults
following the practice of earlier studies, the population was estimated at 163.6 (�25.9; 112.8–214.5) males in 2015/16.
These estimates represent an index of a larger population because the largest wetland was subsampled. Our data provide
no evidence of a declining population. Our study highlights the need to understand the implications of using different
population models and two age-classes to estimate population parameters.
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Introduction

The susceptibility to extinction of amphibians is now well
recognised. Global extinctions number 38 species with another
489 species listed as critically endangered, including 120 species
considered ‘possibly extinct’ but which are yet to be confirmed
(IUCN 2016). Australia, in particular, has lost up to six species,
with many more still under severe threat (Hero et al. 2006;
Skerratt et al. 2016). This has led to a large research effort to
document the threats and devise effective conservation strategies.
The amphibian chytrid fungus has been implicated in the
Australian declines and has been a central focus of research
(Berger et al. 1998; Schloegel et al. 2006; Kriger and Hero 2007;
Hunter et al. 2010; Scheele et al. 2014; Skerratt et al. 2016).
Concurrent with this has been recognition for greater knowledge
of the population ecology of species and for population
monitoring to document trends in population abundance (Lewis
and Goldingay 2005; Richards and Alford 2005; Phillott et al.
2013). Currently there are few long-term datasets to demonstrate
the stability or otherwise of Australian frog populations (see
Richards andAlford 2005;Newell et al. 2013; Pickett et al. 2014;
Scheele et al. 2014; Gillespie et al. 2015; Quick et al. 2015;
Scheele et al. 2017).

The green and golden bell frog (Litoria aurea) is anAustralian
species that experienced a widespread decline during the 1970s

and 1980s (White and Pyke 1996). Historically, its range
extended ~1200 km along coastal eastern Australia. Its range
also encompassed three tableland populations above 700m
elevation.Of these, only a single small population on the southern
tablelands of New South Wales remains (White and Pyke 1999;
Osborne et al. 2008; Hamer et al. 2010). Approximately 40
populations remain across New South Wales (White and Pyke
2008), which formerly contained 80% of the species’ historical
geographic range. Habitat clearing, introduced gambusia fish
and the amphibian chytrid fungus have been implicated as the
causes of this species’ decline (Pyke andWhite 2001; Goldingay
2008; Mahony et al. 2013; Stockwell et al. 2015). The green
and golden bell frog is listed as a vulnerable species under the
Federal Environment Protection and Biodiversity Conservation
Act 1999 and as an endangered species under the New South
Wales Biodiversity Conservation Act 2016.

The green and golden bell frog may provide a model for
understanding and managing declines of Australian frogs.
Between 1995 and 2007, 23% of 31 populations in New South
Wales disappeared and a further 13% probably also disappeared
(White and Pyke 2008). No populations in New South Wales
are considered to be secure. One at Sydney Olympic Park is
actively managed (Darcovich and O’Meara 2008; O’Meara and
Darcovich 2008; O’Meara and Darcovich 2015) and is estimated
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to contain ~300 individuals (Pickett et al. 2014). Another at
Kooragang Island in Newcastle is also actively managed and
may contain >1000 individuals (Hamer and Mahony 2007). The
species is highly susceptible to the amphibian chytrid fungus
(Penman et al. 2008; Stockwell et al. 2008, 2010), which may
account for recent losses (Stockwell et al. 2015). Persistence at
locations with infection warrants investigation of which factors
allow persistence and suggests a need for increased surveillance
of disease distribution (Stockwell et al. 2015).

Decline of some green and golden bell frog populations
and persistence of others highlights the need for a better
understanding of the species’ population ecology. We
investigated the population ecology of a population at the very
northern end of the geographic range. The population is the larger
of two nearby populations (Goldingay and Newell 2005a). The
loss of these northern populations would present a worsening
outlook for the green and golden bell frog, representing a 110-km
range contraction south on topof a 140-kmsouthward contraction
since the 1980s (see Lewis and Goldingay 1999). We conducted
capture–mark–recapture studies in two periods: in 1998/99 and
in 2015/16. The aim of our study was to estimate and compare
population size for these two periods. We cannot know how the
population fluctuated within the intervening 17-year period.
However, comparing these two periods will reveal whether
the population size in the later period was larger, smaller or
equivalent. A severe decline in population size might precede
local extinction.We use the pattern of decline observed byWhite
and Pyke (1996) in a green and golden bell frog population in
Sydney as a model. They studied the Eastlakes population over
28 years (1967–95) and reported survey data at 2-year intervals.
A decline occurred between 1977 and 1982, and was then
followed by a 12-year period of very low abundance (~15%
of predecline abundance) before the species disappeared (see
also White and Pyke 2008). Other studies involving detailed
multiyear surveys have observed annual variation in abundance
(~50% among years) but not a protracted decline, nor very low
abundance (Goldingay and Lewis 1999; Pickett et al. 2014).

Therefore, we hypothesise that if a protracted decline had
occurred in our study population that the population size we
estimate in 2015/16 would be substantially lower (<20%) than
that estimated for 1998/99. Furthermore, there would be limited
evidence of breeding success for the current or previous breeding
season. The 17-year intervening period should be sufficient to
detect a protracted decline should one have occurred.

Long-term monitoring of populations of threatened species is
fundamental to understanding their conservation requirements.
The New South Wales government has a program to manage
threatened species (OEH 2013). At the core of this program are
attempts to manage the threats to these species and to measure
this against long-term monitoring of populations (OEH 2014).
This monitoring needs to be cost-effective but provide robust
data so that population recovery or stability can be ascertained.
Our study describes an approach adopted to provide such
monitoring data for one green and golden bell frog population
and considers several factors that may influence population
estimates.

Methods

Study area

This study was conducted at Station Creek in Yuraygir National
Park, in north-east New South Wales. The frog habitat we
sampled consisted of a large coastal lagoon, a swamp
periodically connected to the lagoon and four ephemeral ponds
located within adjacent sand dunes. The coastal lagoon (Fig. 1)
measured 40–70m wide by 700m long (5.4 ha); the swamp
was 30m by 60m and the ephemeral ponds ~25m by 25m. The
lagoon and swamp were fringed by tall sawsedge (Gahnia
clarkei), jointed twig rush (Baumea articulata) and cumbungi
(Typha orientalis).

Frog surveys

We conducted eight non-consecutive nights of survey between
August 1998 and February 1999, and 12 nights of survey divided

(a) (b)

Fig. 1. (a) The lagoon at Station Creek is fringed by tall sawsedge along its eastern margin and by jointed twig rush along its western margin. (b) A close-up of
the tall sawsedge habitat where bell frogs were captured at night. (Photos: R. Goldingay.)
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among four primary periods in November and December
2015, and February and March 2016. Surveys were conducted
independent of rainfall events in 1998/99 whereas in 2015/16,
three of four survey periods followed days in which >20mm of
rain had fallen. Rainfall at Wooli, 12 km away, for a 1-year
period (March–February) that encompassed our surveys totalled
1413mm in 1998/99 and 1392mm in 2015/16, representing
91% and 89% of the long-term mean, respectively (Bureau of
Meteorology).

Surveys were conducted by 2–3 people in both 1998/99 and
2015/16. The ephemeral ponds were searched when they
contained water in 1999 but they did not fill with water in 2015/
16. Surveys sampled the same area, representing 50% of the
lagoon, in each period. Repeat traverses were conducted of this
area each night until few additional individuals were detected.
In some months many frogs were captured floating on top of
aquatic plants and algae (Fig. 2). Because we did not sample
the entire lagoon our population estimates represent indices of
the broader population and should not be viewed as absolute
estimates.

Frogs were placed into separate plastic bags at capture and
their location recorded by a GPS. They were later scanned
with a portable tag reader (Trovan Ltd, Douglas, UK). Untagged
individuals were subcutaneously implanted with a passive
integrated transponder (PIT) tag and the entry point sealed
with Vetbond adhesive. Each frog was sexed, and its weight
and snout–vent length (SVL) measured. Sex was determined
according to the presence or absence of pigmented nuptial pads,
as well as the weight and size of the frog. Each frog was later
released at its initial capture location.

Data analysis

We constructed capture histories for each male tagged frog
for both the 1998/99 and 2015/16 periods. Too few female
frogs were captured for them to be included in the modelling.
The data collected in 1998/99 have been presented previously

(Goldingay and Newell 2005a) but were not subjected to
population modelling.We obtained rainfall data from the Bureau
of Meteorology for Wooli Beach to include as a covariate in our
analyses.

We used Program MARK 7.0 (White and Burnham 1999) to
estimate the probabilities of capture and survival for this frog
population. Survival is defined as ‘apparent survival’ because
it includes actual survival with an unknown component of
dispersal. We constructed models in which survival and capture
parameters varied over time, were constant or were influenced
by rainfall. Models were ranked on the basis of the Akaike
Information Criterion corrected for small sample size (AICc).
The top-ranked model showed the best fit to the data. The
plausibility of other models was determined from their difference
in AICc to the top model (i.e. DAICc). Models in which
DAICc was <2 were considered equally plausible; models
with higher values of DAICc were considered less plausible
(Burnham and Anderson 2004). In some models the parameter
estimates converged on values of 1 or 0. We subsequently fixed
these values and ranked the model with the reduced number
of parameters.

To facilitate comparison across studies and to explore
differences in model outputs, we used three different model
designs: the POPAN formulation of the Jolly–Seber model
(Schwarz and Arnason 1996), the Cormack–Jolly–Seber (CJS)
model and the Robust Design (RD) model. Previous population
modelling of the green and golden bell frog has used the CJS
model (Hamer andMahony 2007) and theRobustDesign (Pickett
et al. 2014). The POPAN model has the advantage over the CJS
model in that it provides a direct estimate of population size,
and estimates recruitment between survey occasions. The POPAN
model considers a super-population from which individuals
enter the capture sample (Schwarz and Arnason 1996). The
estimate of the super-population can be used to represent all frogs
within the survey area across the whole survey period. In an
analogous way Hamer and Mahony (2007) estimated the total
population by dividing the total number of individuals captured
in a breeding period by the CJS model estimate of capture
probability. To estimate population size from the CJS model in
our studywhere capture probability varied with time, we used the
average of the capture probability. The RD model incorporates
secondary sampling periods nested within primary sampling
periods to recognise that populations may be closed over short
periods but open over long periods (Pollock 1982). The structure
of the surveys in 1998/99 precluded the use of this model. The
2015/16 data conformed to the RD survey structure. The primary
period in December was excluded from this analysis because
this surveywas abandonedon the secondnight due to an electrical
storm and a substantial decline in frog encounters.

Reduction of 2015/16 data to eight occasions

The data for 1998/99 were derived from eight survey occasions.
Comparing these to the data for 2015/16 derived from 12
occasions may lead to a bias. Therefore, in order to explore the
influence of using fewer occasions the data for 2015/16 were
reduced to eight occasions. This was done by removing the last
night of sampling across the four primary sampling periods
from the detection history.

Fig. 2. A large proportion of green and golden bell frogs at StationCreek are
predominately brown in colour with small patches of green. (Photo: Sergio
Jacomy.)
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Inclusion of subadults in the data

Earlier population studies on the green and golden bell frog
included male and female individuals of a SVL greater than
45mm (Pickett et al. 2014) or males >42.8mm (Hamer and
Mahony 2007). These values are based on the minimum size
at sexual maturity (males with nuptial pads). This is likely to
overestimate the number of adult individuals because not all
individuals of that size will be sexually mature. Minimum male
SV lengths were 51mm at Port Kembla (Goldingay and Newell
2005b) and 56mm at Yuraygir (Goldingay and Newell 2005a)
based on the presence of darkened nuptial pads. Pyke and
White (2001) stated that the adult stage starts in bell frogs when
nuptial pads develop at ~50mm SVL. At Yuraygir in 2015/16,
the smallestmalewith darkened nuptial padswas 53mm. Smaller
frogs did not have dark pigmentation to their pads, suggesting
that they had not reached sexual maturity.

Hamer and Mahony (2007) identified two age cohorts among
male and three among female bell frogs. This is relevant because
different age classes are likely to have age-specific apparent
survival and capture probabilities. Juveniles are likely to have
lower rates of survival (see Pike et al. 2008 for reptiles) because
they are more vulnerable to predators than adults. They are also
more prone to dispersal so their probability of apparent survival
is predicted to be lower. Therefore, modelling of data that
combines clearly adult and potentially subadult bell frogs is likely
to produce lower estimates of capture and apparent survival than
if only adult individuals are modelled. Furthermore, including
more individuals in the dataset will inflate the total number
estimated.

We investigated the influence of including a set of smaller
frogs. We chose 43mm SVL to be our minimum size based on
Hamer andMahony (2007).We captured 104 frogs thatmeasured
43–52mm SVL (average length 45mm). Some of these frogs
could be sexed as males but none had darkened nuptial pads. We
randomly selected a subset of these frogs to include with our
clearly adult male individuals. Hamer and Mahony (2007)
identified two size and age classes among their male frogs. The
smaller age class comprised 28% of the total number of male
frogs. Therefore, we selected 23 smaller individuals to comprise
28% of the total when added to the adult individuals. This larger
set of individualswasmodelled asdescribed above to compare the
outputs with those for the adults only. This additional modelling
was conducted only for the 2015/16 data because no frogs of
this smaller size were captured in 1998/99 and only two were
observed.

Goodness-of-fit was tested using the program RELEASE within
MARK for the POPAN and CJS models. This indicated that there
was no significant lack of fit for the 1998/99 data (c2 = 4.08,
d.f. = 13, P = 0.99), the 2015/16 data without subadults
(c2 = 13.53, d.f. = 23, P= 0.94) or with subadults (c2 = 15.67,
d.f. = 26, P= 0.94), and when the 2015/16 data were reduced to
eight occasions (c2 = 4.52, d.f. = 12, P = 0.97).

Results

In 1998/99, we captured 64 adult males, six adult females and no
subadults across eight nights. Adult males were captured on 105
occasions. In 2015/16, we captured 56 adult males, 20 adult
females and 104 subadult individuals across 12 nights. Adult

males were captured on 111 occasions. The subadults were
captured on 126 occasions.

POPAN model

The best-fitting model for the 1998/99 data was one where
survival (0.74) and capture (0.38) were estimated as constant
over time whilst the probability of entry varied with time
(Tables 1, 2). This model had a model weight of 0.83. The best-
fitting model for the 2015/16 (12 occasions) data was one where
survival (0.68) and capture (0.27) were estimated as constant
over time whilst the probability of entry varied with time
(Tables 1, 2). This model had a model weight of 1.0. The best-
fitting model for the 2015/16 data with subadults was one where
survival was estimated as constant (0.70), capture varied over
time (0.06–0.50), and the probability of entry varied over time
(Tables 1, 2). This model had a model weight of 1.0. The best-
fitting model for the 2015/16 (8 occasions) data was one where
survival was estimated as constant (0.64), capture varied over
time (0.11–0.82), and the probability of entry was estimated as
constant (Tables 1, 2). This model had a model weight of 0.73.

Cormack–Jolly–Seber model

The best-fitting model for the 1998/99 data was one where
survival (0.77) and capture probability (0.37) were estimated
as constant over time (Tables 2, 3). This model had 5.2 times as
much support as the next model, which included rain in the 5-day
period before each capture occasion. The best-fitting model for
the 2015/16 (12 occasions) data was one where survival (0.83)
was estimated as constant over time whilst capture probability
varied with time (0.05–0.65) (Tables 2, 3). This model had 10.1
times as much support as the next model with capture probability
constant. The best-fitting model for these 2015/16 data with
subadults was one where survival (0.83) was estimated as
constant over time whilst capture probability varied with time
(0.05–0.64) (Tables 2, 3). This model had a model weight of
0.98. Analysis of the 2015/16 (8 occasions) data identified two
top models that were equally plausible with DAICc between
them of 1.71 (Tables 2, 3). In the top model the probability of
survival (0.60) and capture (0.3) were estimated as constant
whereas in the second model the probability of survival was
estimated as constant but capture varied with time. The top
model had 2.4 times as much support as the next model. Model
averaging was used to estimate parameters.

Robust design

The top model was one in which survival was estimated to be
constant, capture and recapture were equal and differed across
two of the three primary periods (Table 4). The probability
that frogs temporarily emigrated (g00) was estimated at 0.34whilst
the probability that those outside the sample area remained
outside it (g0) was close to 1 so was fixed to 1. Survival was
estimated at 0.84� 0.17 per month. Capture probability was
estimated at 0.37� 0.05 in Primary Period 1 and 0.24� 0.06 in
Primary Periods 2 and 3.

When the subadults were added, the top model was similar to
that with adults only. Survival was constant, while capture and
recapture were equal, and differed across two of the three primary
periods (Table 4). Temporary emigration was estimated at 0.39
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while the probability of frogs remaining outside the sample area
was close to 1 so was fixed to 1. Survival was estimated at
0.87� 0.18 per month. Capture probability was estimated at
0.34� 0.05 in Primary Period 1 and 0.18� 0.04 in Primary
Periods 2 and 3.

Population estimates

We generated population estimates from POPAN and CJS models
for the 1998/99 data and for three configurations of the 2015/16
data (Fig. 3). The CJSmodel estimates were 1.5–2.5 times higher
than any of the POPAN estimates. The 2015/16 POPAN estimate

for 12 occasions (95% CI: 62.5–92.5) showed a decline on the
1998/99 estimate (60.8–129.7). However, the 2015/16 POPAN
estimate for eight occasions (85.5–138.5) was similar to the
1998/99 estimate based on eight occasions. When 2015/16 data
were modelled with the inclusion of a subset of subadults and
compared to the 12 occasion estimate, the estimate was 1.6 and
2.1 times higher for the CJS (165.3–705.4) and POPAN
(112.8–214.5) models, respectively. The population estimates
derived from the RD model for the primary periods in 2015/16
were: 40.2� 3.6 (95% CI: 36.2–51.9) (November), 35.5� 8.0
(25.9–60.2) (February), 26.6� 6.4 (19.2–46.9) (March). The

Table 1. Comparison of the top four POPAN models for mark–recapture data for adult male green and golden bell frogs at
Yuraygir National Park, New South Wales

Modelswere run for four sets of data: 1998/99, 2015/16 (12occasions), 2015/16with 23 subadults and 2015/16 reduced to eight occasions.
Phi, apparent survival; p, probability of capture; pent, probability of entry; (.), constant; (t), time-varying. Rain was included as a capture

covariate for a 1-day or 5-day period before each survey occasion

Model AICc DAICc AICc
weight

Model
likelihood

No. of
parameters

1998/99
Phi(.) p(.) pent(t) 250.79 0.00 0.83 1.00 8
Phi(.) p(.) pent(5-day-rain) 258.66 7.87 0.02 0.02 4
Phi(.) p(1-day-rain) pent(t) 259.45 8.66 0.01 0.01 10
Phi(.) p(5-day-rain) pent(t) 259.45 8.66 0.01 0.01 10

2015/16 (12 occasions)
Phi(.) p(.) pent(t) 372.59 0.00 1.00 1.00 8
Phi(.) p(.) pent(5-day-rain) 384.16 11.58 0.00 0.00 4
Phi(.) p(.) pent(.) 385.76 13.18 0.00 0.00 4
Phi(.) p(5-day-rain) pent(.) 396.37 23.78 0.00 0.00 4

2015/16 with subadults
Phi(.) p(t) pent(t) 389.13 0.00 1.00 1.00 17
Phi(.) p(.) pent(.) 404.61 15.48 0.00 0.00 4
Phi(.) p(t) pent(.) 418.70 29.57 0.00 0.00 14
Phi(.) p(.) pent (t) 418.99 29.86 0.00 0.00 14

2015/16 (8 occasions)
Phi(.) p(t) pent(.) 209.40 0.00 0.73 1.00 11
Phi(.) p(.) pent(.) 212.18 2.78 0.18 0.25 4
Phi(.) p(t) pent(5-day rain) 213.89 4.50 0.08 0.11 11
Phi(t) p(.) pent(.) 216.96 7.56 0.02 0.02 10

Table 2. Parameter estimates for the top model or model-averaged estimates for each dataset
Values are mean (�s.e.) probability estimates per month. The range in values is shown for time-dependent models

Survival Capture Entry

POPAN models
1998/99 0.74 ± 0.06 0.38 ± 0.06 0.00 to 0.25 ± 0.09
2015/16 (12 occasions) 0.68 ± 0.06 0.27 ± 0.04 0.00 to 0.12 ± 0.09
2015/16 with sub-adults 0.70 ± 0.06 0.06 ± 0.03 to 0.50 ± 0.1 0.00 to 0.56 ± 0.11
2015/16 (8 occasions)A 0.64 ± 0.09 0.11 ± 0.07 to 0.82 ± 0.32 0.10 ± 0.02

CJS models
1998/99 0.77 ± 0.06 0.37 ± 0.07 –

2015/16 (12 occasions) 0.83 ± 0.04 0.05 ± 0.05 to 0.65 ± 0.15 –

2015/16 with sub-adults 0.83 ± 0.04 0.05 ± 0.05 to 0.64 ± 0.15 –

2015/16 (8 occasions)A 0.61 ± 0.08 0.22 ± 0.05 to 0.35 ± 0.07 –

RD models
2015/16 (3 primaries) 0.84 ± 0.17 0.24 ± 0.06 to 0.37 ± 0.05 –

2015/16 with sub-adults 0.87 ± 0.18 0.18 ± 0.04 to 0.34 ± 0.05 –

AModel-averaged estimate.
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population estimates derived from the RD model for the primary
periods in 2015/16 with subadults were: 48.6� 4.8 (42.7–63.2)
(November), 56.0� 13.9 (38.4–96.7) (February), 58.3� 14.4
(40.0–100.2) (March).

Discussion

Does the Yuraygir population show evidence of a long-term
decline?

The primary aim of our study was to compare population
estimates for the green and golden bell frog population at Station
Creek in Yuraygir National Park at the beginning and end of a

17-year period. Because this species has shown a vulnerability
to local extinction (White and Pyke 2008) we hypothesised that
this may manifest itself in the form of a protracted decline in
abundance before local extinction, as observed by White and
Pyke (1996) for the Eastlakes population. Our population
modelling revealed little difference in estimated abundance at the
beginning and end of this period.We interpret this to indicate that
there is no evidence of a protracted decline.We do not know how
the population varied in the intervening period. One predicts
there would be annual variation reflecting variation in climate
(e.g. Brown and Shine 2016). On the basis of the available
evidence it seems implausible that the Station Creek population
could be in a long-term decline and be able to increase its
abundance for a few years, before reverting to a declining trend.
Multiyear populationmodelling of otherAustralian frogs indicate
either: dramatic decline (Gillespie et al. 2015), a population
increase (Newell et al. 2013;Quick et al. 2015) or an approximate
steady-state (Phillott et al. 2013; Pickett et al. 2014).

Our population estimates represent an index of overall
population size. We sampled a swamp, ephemeral ponds and
50% of a 700-m-long lagoon over 5–6 months in each period.
Could subsampling the lagoon misrepresent the broader
population in the two periods? That is, could habitat quality
vary between year periods such that a large proportion of the
population occupied our sample area in one year and a small
proportion in the other year, but still produce equivalent estimates
of abundance? Habitat quality did differ across years in that
the ephemeral ponds did notfill in 2015/16.However, most of the
frogs captured in the ephemeral ponds in 1998/99 were first
tagged in the lagoon or swamp (Goldingay and Newell 2005a),
indicating the mobility of the frogs and that sampling these sites
was not sampling a different portion of the population. This
is consistent with Hamer et al. (2008), who recorded 47% of
tagged male frogs moving between waterbodies: moving a mean
distance of 220m (maximum 750m) to and from ephemeral
ponds and 140m (maximum 1100m) between permanent ponds.
A survey of calling males across the broader lagoon in our study
area in 2001 suggested that frog abundance in different portions
of the lagoon was equivalent (Goldingay and Newell 2005a).
If the broader population changed its pattern of habitat use in the
lagoon across our two study periods due to changes in habitat
quality one might expect a difference in capture probability

Table 3. Comparison of the top four CJS models for mark–recapture
data for adult male green and golden bell frogs

Models were run for four sets of data: 1998/99, 2015/16 (12 occasions), 2015/
16 with 23 subadults and 2015/16 reduced to eight occasions. Phi, apparent
survival; p, probability of capture; (.), constant; (t), time-varying. Rain was
included as a capture covariate for a 1-day or 5-day period before each survey

occasion

Model AICc DAICc AICc
weight

Model
likelihood

No. of
parameters

1998/99
Phi(.) p(.) 204.96 0.00 0.73 1.00 2
Phi(.) p(5-day-rain) 208.22 3.26 0.14 0.20 2
Phi(.) p(t) 208.73 3.77 0.11 0.15 8
Phi(t) p(.) 212.79 7.83 0.02 0.02 8

2015/16 (12 occasions)
Phi(.) p(t) 296.45 0.00 0.91 1.00 12
Phi(.) p(.) 301.00 4.55 0.09 0.10 2
Phi(.) p(5-day-rain) 315.62 19.18 0.00 0.00 2
Phi(.) p(1-day-rain) 317.88 21.44 0.00 0.00 2

2015/16 with subadults
Phi(.) p(t) 328.45 0.00 0.98 1.00 12
Phi(.) p(.) 335.86 7.41 0.02 0.03 2
Phi(t) p(t) 345.14 16.69 0.00 0.00 20
Phi(t) p(.) 352.14 23.70 0.00 0.00 12

2015/16 (8 occasions)
Phi(.) p(.) 165.60 0.00 0.69 1.00 2
Phi(.) p(t) 167.32 1.71 0.29 0.42 8
Phi(t) p(.) 173.74 8.14 0.01 0.02 8
Phi(t) p(t) 174.87 9.27 0.01 0.01 12

Table 4. Model output for the 2015/16 data with the Robust Design
Modelswere run for two sets of data: 2015/16 and 2015/16with 23 subadults. Phi, apparent survival; p, probability of capture; (.), constant;
(t), time-varying; g00, probability of temporary emigration; g0, probability of remaining outside sample area; c, recapture probability

Model AICc DAICc AICc
weight

Model
likelihood

No. of
parameters

2015/16
Phi(.) g00 g0(1) p = c(c1, c2 = c3) 376.96 0.00 0.71 1.00 4
Phi(.) g00 g0(1) p = c(t) 378.97 2.01 0.26 0.37 5
Phi(t) g00 g0 p = c(t) 383.97 7.01 0.02 0.03 13
Phi(t) g00(t) g0 p = c(t) 386.65 9.69 0.01 0.01 14

2015/16 with subadults
Phi(.) g00 g0(1) p = c(c1, c2 = c3) 447.79 0.00 0.56 1.00 4
Phi(.) g00 g0(1) p = c(t) 449.94 2.15 0.19 0.34 5
Phi(t) g00 g0 p = c(c1, c2 = c3) 449.96 2.17 0.19 0.34 5
Phi(t) g00 = g0 p = c(t) 452.15 4.35 0.06 0.11 6
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because lower-quality habitat should produce lower persistence
and therefore lower catchability but this was not the case (POPAN
1998/99: 0.36� 0.06; 2015/16 (8 occasions): 0.32� 0.06, when
estimated as constant across occasions). It seems implausible
that bell frogs in our study area would shift their use from one
end of the lagoon to the other in a differing pattern across
the sample years. Therefore, we conclude that our sampling has
provided a consistent index over time.

Does the population have the signature of a stable population?
Our two population estimates, 17 years apart, were equivalent.
In 2015/16 we captured 56 adult male frogs and 104 subadult
frogs. In 1998 we captured 64 adult male frogs but no subadults.
This difference may simply reflect different patterns of rain
early in 2015 compared with early in 1998 but it also reflects
a high level of successful reproduction in 2015, which should
provide the basis of a stable population. This is a significant
finding because this population is not managed in any way,
unlike bell frog populations at Sydney Olympic Park (O’Meara
and Darcovich 2008; Bower et al. 2013) and more recently at
Kooragang Island, Newcastle (Klop-Toker et al. 2016).

Factors influencing population estimates

Our investigation has revealed several factors that may bias
population modelling and preclude comparison among studies:
(1) differences in survey design over time, (2) differences
among population models, and (3) differences arising from data
inclusions or exclusions.

Differences in survey design between our two study periods
arose due to the ad hoc timing of surveys in 1998/99. We had a
structured approach in 2015/16 where we followed a robust
design, with secondary sampling periods embedded within
primary periods. We had eight survey occasions in 1998/99 and
12 occasions in 2015/16.We analysed the 2015/16 data based on
12occasions andalso reduced thedata to eight occasions to enable
direct comparison. Reducing the number of survey occasions did
not produce lower population estimates. For the POPAN model
it produced a higher estimate with a larger confidence interval.
Differences in survey design among studies of bell frogs
preclude comparison of parameter estimates. Pickett et al. (2014)
employed three survey occasions per year for one area and

2–6 secondary periods within two primary periods in two other
areas. Hamer and Mahony (2007) employed two secondary
periodswith seven primary periods.Heard et al. (2012) employed
8 and 10 occasions to survey the growling grass frog (Litoria
raniformis) across two years. The influence of survey design
should be investigated using simulations (e.g. Lanier et al. 2016).

We explored differences arising from different population
models. Two previous studies have employed population
modelling to estimate population size of the green and golden
bell frog. Hamer and Mahony (2007) relied on the CJS model,
whereas Pickett et al. (2014) used the RDmodel for two wetland
complexes and the CJS model for a third. We found that the CJS
model estimated population size at least 1.5 times higher (with
higher standard errors) than the estimate of the POPAN model.
The CJS estimate for the 2015/16 data without subadults was 2.5
times higher than the equivalent POPAN estimate. The CJS and
POPAN models estimated the population as the total number in the
study area across the whole study period. In contrast, the RD
model provides individual estimates for the primary sampling
periods. The POPAN model can also provide estimates for survey
occasions. ThePOPAN estimate forMarch (25.4� 5.4 individuals)
was equivalent to the RD estimate (26.6� 6.4 individuals). The
difference in how these models estimate abundance highlights
the need for caution in how they are applied and compared.

Although the critical requirement for population monitoring
is that a standardised approach be used over time (Richards
et al. 1994; Lewis and Goldingay 2005; Richards and Alford
2005; Gillespie et al. 2015), it is worth asking, what is the most
biologically relevant approach to characterise a bell frog
population? Due to the high mobility of bell frog individuals
(Pyke and White 2001; Goldingay and Newell 2005a; Hamer
et al. 2008; Hamer and Mahony 2010), it may be most relevant
to estimate the adult male population across a breeding season as
we have attempted to do in this study. This follows the approach
of Hamer and Mahony (2007) in which population size was
estimated based on the total number of males captured in a
breeding season. Such estimates may not be directly comparable
to those based on primary periods such as by Pickett et al. (2014).
Our estimates for the March 2016 primary period from the RD,
CJS and POPAN models were at least 50% lower than the estimate
for the whole breeding season.

The differences among models suggest that comparisons
cannot be made across studies that use different models. Hamer
and Mahony (2007) estimated the male bell frog population on
Kooragang Island to be 1995� 315 (s.e.) in one year using the
CJSmodel. Pickett et al. (2014) estimated the bell frog population
(males and females)with theRDmodel in primary periods for two
separate precincts at Sydney Olympic Park. Population estimates
in one precinct ranged between 103 and 249 over a 6-year period
(95%CI up to ~�50), and in another precinct it ranged from 87 to
171 over a 3-year period (95%CI up to ~�20). Obviously, male-
only estimates cannot be compared with male+female estimates.

Theother factorweexplored thatmay influence thepopulation
estimate was whether subadult individuals were included in the
modelling. Both Hamer and Mahony (2007) and Pickett et al.
(2014) included individuals in theirmodellingbelowa recognised
size threshold for adult frogs. Pyke andWhite (2001) indicated a
threshold of 50mmSVLwhereas Goldingay andNewell (2005a,
2005b) identified a value of 51–56mm. The concern with this is
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and different configurations of the 2015 data. See text for description.
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that these individuals may exhibit behaviour and survival
different to that of adult frogs, which violates key assumptions of
the populationmodelling if they are not modelled separately, that
each frog has an equal probability of being captured and an equal
probability of survival (Hamer and Mahony 2007; Lampo et al.
2012). Subadult frogs are likely to have different probabilities of
apparent survival and are not part of the breeding population.
Indeed,Hamer andMahony (2007) stated that theywere unable to
use age-structure in their modelling due to low recapture rates in
frogs <6 months of age. For conservation purposes, it will be of
greatest interest to characterise different populations based on
the sizes of adult populations. This cannot be done if population
estimates include subadult individuals. We investigated the
influence of including subadult individuals in our modelling. The
number of subadults represented the same proportion of the total
number of individuals as that reported by Hamer and Mahony
(2007). We found the inclusion of subadults led to estimates
1.6–2.1 times higher than when based on adults alone.

Apparent survival

We estimated apparent survival probabilities of 0.60–0.87
per month. Hamer and Mahony (2007) estimated apparent
survival at 0.76 per 2-week period (i.e. 0.58 per month). Our
values, based on recapture over the breeding season, cannot be
converted to annual values because it is unlikely survival would
be equivalent in and outside the breeding period. Pickett et al.
(2014) were able to provide annual estimates that ranged from
0.06 to 0.44, but this included males and females, and subadults.
Heard et al. (2012) estimated active season (October to March)
survival probabilities in the growling grass frog of 0.04–0.14.
They suggested that these apparent survival values may be
underestimated due to emigration. That is almost certainly the
casewith our estimates at StationCreek. TheRDmodel estimated
the probability of temporary emigration between primary periods
at 0.34.We sampled ~50% of our study area, which has probably
led to tagged individuals being unavailable for recapture. Our
earlier study detected individuals moving 300–500m between
waterbodies at Station Creek after rain (Goldingay and Newell
2005a). Christy (2001) recordedmovements between captures of
up to 630m while Hamer et al. (2008) recorded movements up
to 1100m. The extent that bell frogs may have moved away from
the edge of the lagoon where our surveys were focussed or to
the unsurveyed perimeter of the lagoon, or even away from the
lagoon, is unknown. Estimates of apparent survival have
probably been influenced by emigration in the study of Pickett
et al. (2014),wich also employed subsampling ofwetlandhabitat.

Conclusions

Continuing threats to populations of the green and golden bell
frog (White and Pyke 2008; Mahony et al. 2013) highlight the
need for long-term monitoring. Our estimates of population
abundance were equivalent in two periods separated by 17 years.
From this we infer that this population is not showing long-term
decline. We recommend monitoring at intervals of 3–5 years
for continued understanding of population trends (e.g. Quick
et al. 2015). Whilst annual monitoring might be preferred by
some researchers we recognise that this is unrealistic and not
cost-effective. Our initial study in 1998/99 and subsequent study

in 2015/16 were self-funded. Funds were not available for
detailed surveys between those years. More generally, if active
management of a green and golden bell frog population is taking
place, or there is suspicion that a population is subject to decline,
then annual monitoring would be appropriate. This is a form of
adaptive monitoring (Lindenmayer and Likens 2009).

Considerationof the factors thatmaybiaspopulationestimates
are of central interest because estimates may be used to rank
conservation priorities. We show the problems that might arise
when attempting to compare population estimates among studies
when different estimators are used and when data are compiled
in different ways. Population indicesmust be based on equivalent
data over time for long-term monitoring to be reliable.
Recognition of the factors that may bias estimates is important.
Although we focus on population size it is population trend that
is of greatest importance. Populations such as our study
population at Station Creek that are able to persist over long time
frames without active management are of utmost conservation
value to the long-term survival of a species.
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