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Abstract Invasive fish threaten many native freshwater fauna. However, it can be difficult to determine how
invasive fish impact animals with complex life cycles as interaction may be driven by either predation of aquatic
larvae or avoidance of fish-occupied waterbodies by the terrestrial adult stage. Mosquitofish (Gambusia spp.) are
highly successful and aggressive invaders that negatively impact numerous aquatic fauna. One species potentially
threatened by Gambusia holbrooki is the green and golden bell frog (Litoria aurea). However, G. holbrooki’s role
in this frog’s decline was unclear due to declines driven by the chytrid fungal disease and the continued co-exis-
tence of these fish and frogs in multiple locations. To clarify the extent to which Gambusia is impacting L. aurea,
we conducted 3 years of field surveys across a deltaic wetland system in south-east Australia. We measured the
presence and abundance of aquatic taxa including G. holbrooki, and L. aurea frogs and tadpoles, along with habi-
tat parameters at the landscape and microhabitat scale. Generalized linear models were used to explore patterns
in the abundance and distributions of L. aurea and G. holbrooki. We found strong negative associations between
G. holbrooki and tadpoles of most species, including L. aurea, but no apparent avoidance of G. holbrooki by adult
frogs. Native invertebrate predators (Odonata and Coleoptera) were also absent from G. holbrooki-occupied
ponds. Due to the apparent naivety of adult frogs toward G. holbrooki, the separation of G. holbrooki and tad-
poles, plus the abundance of alternative predators in G. holbrooki-free ponds, we conclude that the impact of
G. holbrooki on L. aurea recruitment is likely substantial and warrants management action.
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INTRODUCTION

Despite their diminutive size, mosquitofish are inva-
ders that have been difficult to manage and are iden-
tified as a major threat to native biodiversity (Lowe
et al. 2000; Pyke 2005). The western mosquitofish
(Gambusia affinis) and eastern mosquitofish (G. hol-
brooki) were introduced to multiple countries in the
1920s for the biological control of mosquitoes (Lloyd
& Tomasov 1985). However, they are highly fecund,
habitat generalists that can disperse across very shal-
low waterways to opportunistically colonize during
periods of flooding (Rehage & Sih 2004; Chapman &
Warburton 2006). Once established, Gambusia can
be difficult to eliminate because the predominant
removal techniques of draining or rotenone poisoning
are impractical for many large waterbodies and may
threaten other aquatic species. Additionally, if
removal methods are not 100% effective, a single
pregnant (or sperm-storing), live-bearing female
(Pyke 2005) can quickly recolonize a waterbody (e.g.
Meffe 1983; Shulse et al. 2013). These fish are also
aggressive predators and competitors and have been

shown to displace, consume, or physically harm
aquatic invertebrates (Englund 1999; Shulse et al.
2013), other small fish (Meffe et al. 1983; Howe
et al. 1997), and amphibian larvae (Komak & Cross-
land 2000; Pyke & White 2000; Remon et al. 2016).
Consequently, there is concern over the impact these
invasive predators are having on a broad variety of
native aquatic fauna and wetland ecosystems.
Direct predation is often a clear cause of negative

impact when assessing the effects of an invasive
predator (Clode & Macdonald 2002; Dorcas et al.
2012; Green et al. 2012). However, there are multi-
ple indirect factors influencing predator–prey dynam-
ics that can impact the overall predation pressure an
invasive species exerts on native populations. These
additional factors can include the availability of alter-
native prey and the efficacy and likelihood of the
invasive species to consume the alternative prey
(Lawler et al. 1999; Hunter et al. 2011); the availabil-
ity of quality shelter habitat, and therefore the ease at
which prey species take refuge to escape predation
(Savino & Stein 1982); whether or not the prey spe-
cies recognize the invasive as a predatory threat and
exhibits avoidance behaviour (Smith et al. 2008; Sih
et al. 2010); and how competition between invasive*Corresponding author.
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species and native predators affects native predator
distributions and abundance (Soluk 1993; Baber &
Babbitt 2003). In their study investigating how inva-
sive western mosquitofish (Gambusia affinis) impact
amphibian and predatory invertebrate populations in
an experimental wetland, Shulse et al. (2013) discov-
ered that G. affinis reduced the abundance of three
out of four amphibian species and predacious drag-
onfly larvae. However, boreal chorus frogs (Pseudacris
maculata) and dragonflies exhibited similar habitat
preferences for ponds without fish and with vegeta-
tion cover. Consequently, when G. affinis was pre-
sent in the wetland system, predacious dragonfly
larvae occupied the fish-free ponds with vegetation,
and chorus frogs were displaced further than other
amphibian species into fringing ephemeral habitat
because chorus frogs were also excluded by preda-
cious aquatic invertebrates. Therefore, the highly
reduced range of the chorus frog was driven by flow-
on effects from G. affinis on other native predators.
This study illustrates how Gambusia can affect multi-
ple sympatric species within the food web and exem-
plifies how multi-species studies may help identify
complex mechanisms driving a species decline or dis-
placement. Understanding these subtle mechanisms
can be extremely important when dealing with an
established invasive species, as they may provide
novel strategies to manage the impact of an invasive
when removal is not viable.
There is a large body of evidence illustrating the

negative impacts Gambusia can have on amphibian
populations, including Gambusia’s ability to consume
tadpoles (Morgan & Buttemer 1996; Komak &
Crossland 2000; Stanback 2010), and the disappear-
ance of frogs from areas where Gambusia have colo-
nized (Pyke & White 1996). The threat of Gambusia
to native amphibian species is particularly great
because where some frog species avoid ovipositing in
ponds containing predatory fish (Kats & Sih 1992;
Hopey & Petranka 1994), frogs that do not share an
evolutionary history with predatory fish may be naive
to the threat and subsequently breed in fish occupied
ponds, thereby exposing their tadpoles to an
increased predation risk.
One declining species threatened by G. holbrooki is

the green and golden bell frog, Litoria aurea. This
once common Australian hylid has disappeared from
90% of its historical range in the past three to four
decades (White & Pyke 2008), with tadpole preda-
tion by G. holbrooki listed as a contributing factor
(Pyke & White 2000; Goldingay 2008). Evidence for
G. holbrooki’s role in this species’ decline includes
experiments confirming that G. holbrooki can con-
sume L. aurea tadpoles (Morgan & Buttemer 1996;
Pyke & White 2000), apparent naivety of adult L. au-
rea to G. holbrooki (Hamer et al. 2002a), and the
decline or disappearance of L. aurea in habitats

where G. holbrooki are now present (Pyke & White
1996). However, despite the amount of research per-
taining to these two species, the role of G. holbrooki
in L. aurea’s decline remains inconclusive because
the two species still co-exist in numerous places (van
de Mortel & Goldingay 1998; Hamer et al. 2002b;
White & Pyke 2008; Mahony et al. 2013), other sym-
patric anuran species do not appear to be declining
(Mahony 1996), and there is strong evidence that
L. aurea’s decline is driven by the amphibian fungal
disease, chytridiomycosis (Stockwell et al. 2008).
Further research is, therefore, required to untangle
the impact G. holbrooki is having on the recruitment
of L. aurea, and studies with a broader ecological
community focus may help identify currently unclear
mechanisms for how G. holbrooki might drive L. au-
rea declines in a natural setting. This study reports
on field surveys that recorded the distribution and
abundance of G. holbrooki and L. aurea tadpoles and
adults over a 3-year period, along with the abun-
dance of potential native predators, alternative prey,
and habitat quality on a landscape and pond scale, to
determine if and how G. holbrooki impact a L. aurea
population.

METHODS

Study site

Our field site comprised 58 accessible fresh waterbodies on
Kooragang Island (32°50–540S, 151°42–470E), NSW, Aus-
tralia. Situated in the mouth of the Hunter River, Koora-
gang Island is a deltaic estuarine island measuring
approximately 30 km2. The island has a long history of
human modification including alteration of natural tidal
inflows, and draining and bunding of man-made waterbod-
ies to enable agriculture. The island currently consists of
National Park wetlands and an industrial zone, both of
which contain numerous natural and human-made ponds
of varying hydrological regimes. Litoria aurea is found
across both land-use zones, and this population is consid-
ered one of the largest remaining within their native range
(Hamer et al. 2002b; Hamer & Mahony 2010; Mahony
et al. 2013).

Aquatic fauna surveys

Aquatic fauna trapping was conducted at each fresh water-
body on Kooragang Island (water depth permitting) four
times per L. aurea breeding season (between September
and April) for the years 2011/2012, 2012/2013, 2013/2014,
with 6-week intervals between each survey period. Aquatic
mesh funnel traps (dimensions: 23 9 23 9 43 cm) were
used to target tadpoles, small fish and aquatic invertebrates.
Thirteen centimetre fluorescent yellow glow-sticks and 8–
10 3 mm Aquafeed trout pellets were added to each trap as
bait (Grayson & Roe 2007). Traps were placed along pond
perimeters, approximately 10 m apart, and tied to emergent
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vegetation so that at least a third of the trap was above
water to provide air to captured animals. Traps were left
overnight and inspected the following morning. The abun-
dance of each taxa captured was recorded, before being
released at their point of capture.

Microhabitat surveys

From October 2013 to April 2014, the microhabitat vari-
ables of water depth, underwater complexity, vegetation
type and height were recorded for every location a trap was
set. Trap locations were chosen in a stratified manner to
sample each of the microhabitat and vegetation types within
a pond. Water depth was estimated at the direct place a
trap was set. Underwater complexity (UWC) of a 1 m2 area
around the trap site was recorded as a category between 0
and 2, where 0 = clear, open water; 0.5 = low complexity
(<25% of the underwater area contained vegetative struc-
tures); 1 = moderate complexity (between 25 and 50% of
the underwater area contained vegetative structures);
1.5 = high complexity (between 50 and 75% of the under-
water area contained vegetative structures), and 2 = very
high complexity (>75% of the underwater area contained
vegetative structures). Primary and secondary vegetation
types were recorded to species level where possible, then
grouped into structural categories consisting of ‘trees’,
‘reeds’, ‘grass/floating’ and ‘open water’. Open water traps
were set to poles or sticks that provided minimal above
water shelter or shade. Vegetation height was an estimation
of the plants’ average height above water for 50 cm either
side of trap site.

Frog surveys

Frog surveys were conducted at each of the 58 waterbodies
on Kooragang Island (regardless of water depth) three to
four times per L. aurea breeding season. Between 1 and 14
ponds were surveyed per night, and the time of night a
pond was surveyed alternated between survey periods.
Auditory surveys preceded visual surveys and involved lis-
tening for the call of male L. aurea for 3 min upon arrival
to a pond. Litoria aurea’s call was then imitated by the sur-
veyors for 1 min to elicit a response, followed by three
more minutes of listening. The total number of L. aurea
and other frog species heard calling were recorded.

Standardized visual encounter surveys (VES) (Crump &
Scott 1994) followed auditory surveys and involved timed
nocturnal searches of ponds, including the emergent and
fringing vegetation and terrestrial habitat within 1 m of the
water’s edge. Each survey was complete when the pond
had been thoroughly searched once with no overlap.
Encountered L. aurea were captured by hand where the
hand was covered in a disposable, transparent plastic bag
and the bag inverted to contain the animal. The GPS coor-
dinates, substrate the frog was observed on, height of frog
above ground or water, and time were all recorded. The
snout to vent length (SVL), body weight and sex was deter-
mined for each captured frog. Sex was determined by the
presence or absence of nuptial pads for animals over
45 mm SVL, with those smaller than 45 mm recorded as

juveniles as per Hamer and Mahony (2007). After process-
ing, captured frogs were returned to their point of capture.
The number of L. aurea, and other frog species detected at
each pond was recorded.

Landscape scale habitat surveys

Before each VES, a water quality reading of salinity, dis-
solved oxygen, pH, temperature and conductivity were
taken. Ponds were categorized into three hydrological classes
based on their drying frequency; permanent ponds did not
dry in the 3-year survey period, semi-permanent ponds dried
at least once in 3 years and ephemeral ponds dried once
every survey season. Vegetation surveys were conducted at
each waterbody in April 2012, and involved visually approxi-
mating the percentage of each vegetation or ground cover
(i.e. rocks, bare ground, open water) type for the three pond
sections; riparian (habitat within an approximate 20 m
perimeter outside the pond), shoreline (a 1 m perimeter at
the water’s edge), and inside (within the waterbody).

Statistical analysis

Because funnel trapping and VES were conducted on dif-
ferent dates, surveys were categorized into a survey period.
The two data sets were then joined by the survey period so
that frog abundance data from VES was combined with the
trapping data for the closest date possible for each pond.
To do this, we made the assumption that animal abun-
dances and measured variables would not change signifi-
cantly during the time between VES and trapping surveys
(maximum of approximately 2 weeks).

Generalized linear models (GLMs) were used to test rela-
tionships between predictor variables and the response vari-
ables of each demographic group of L. aurea presence and
abundance, G. holbrooki abundance, the presence of
heterospecific frogs and tadpoles, and the presence or abun-
dance of invertebrate taxa. Univariate analysis was used to
test each response variable against each predictor variable to
identify potential relationships. These models were run for
abundance outcomes with a Poisson distribution and log-
link function with the log number of traps included as an
offset to account for pond size. Tests for overdispersion were
conducted using the Pearson chi-square goodness-of-fit
statistic. A model was considered overdispersed when the
goodness-of-fit statistic was at least twice the degrees of free-
dom. In the instance of an overdispersed model, the scale
factor was adjusted by the overdispersion factor and the
analysis was re-run. After this preliminary analysis, complex
models were built by combining all significant factors for
each response variable. Any factor that was no-longer signifi-
cant in the complex model was removed in a step-wise back-
ward elimination pattern, until only significant and
biologically relevant variables remained. Modelling was con-
ducted in the software JMP version 10.

As most of the above models were overdispersed, we
used SAS v 9.3 to run the significant relationships in
GLMs with the Poisson distribution (P) and a series of
models with the following distributions: zero inflated Poi-
son (ZIP), negative binomial (NB) and zero inflated
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negative binomial (ZINB), to test if overdispersion was due
to just zero inflation, excess Poisson variability or a combi-
nation of both, respectively. We then used model significant
tests, the Akaike information criterion (AIC) and the
amount of overdispersion to choose the most appropriate
model, given in the results. The abundance effects were
reported as rates (the abundance of response species per
trap) and rate ratios (the ratio of rates for a pair of condi-
tions) with 95% confidence intervals.

Chi-square tests with Fisher’s exact tests were used to
test the relationship between the presence and absence of
G. holbrooki against the presence and absence of tadpole
species at both the landscape scale and pond scale.

RESULTS

During the three survey seasons, 2941 trap nights
were conducted. From this trapping, a total of 66
L. aurea tadpoles were captured in 13 traps from
eight ponds, with L. aurea tadpoles never found in
50 ponds. Comparatively, nearly 6400 G. holbrooki
were captured in 201 traps at 46 ponds. Gambusia
holbrooki were never encountered in 12 ponds, while
17 ponds contained G. holbrooki during every survey
(Fig. 1). The remaining ponds were either colonized
by G. holbrooki or had the fish die out or fall to unde-
tectable levels at least once throughout the 3-year
survey period. Post-metamorphic L. aurea were

found at least once in 52 ponds over the three survey
years. Other encountered anurans included frogs and
tadpoles of Litoria fallax, Litoria peronii, Limnody-
nastes peronii, Crinia signifera, and post-metamorphic
Litoria dentata and Litoria tyleri.

Gambusia holbrooki’s relationship with native
fauna

Tadpoles

Litoria aurea tadpoles were only encountered in the
same pond as G. holbrooki once. On this occasion,
the average abundance of G. holbrooki per trap was 3,
much lower than the island’s average of 33 G. hol-
brooki per trap. The presence of G. holbrooki was the
only tested factor to have a significantly negative
effect on the capture rate of L. aurea tadpoles at the
landscape scale (X2 = 14.7, P < 0.001) and at the
pond scale (X2 = 24.8, P < 0.001). The presence of
G. holbrooki negatively correlated with the capture
rate of Litoria peronii and Limnodynastes peronii tad-
poles at the landscape scale, but not L. fallax or Cri-
nia signifera (Table 1). At the pond scale, the
presence of G. holbrooki negatively impacted the cap-
ture rate of tadpoles of all species found, apart from
C. signifera (Table 1).

Fig. 1. Distribution of ponds where G. holbrooki were located at least once (red), where L. aurea tadpoles were located at
least once (green), where G. holbrooki and L. aurea tadpoles were both found (although not necessarily simultaneously) (pink),
and where neither G. holbrooki or L. aurea tadpoles were found (yellow) on Kooragang Island.
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Frogs

The presence or abundance of G. holbrooki did not
impact the capture rate of any demographic group of
post-metamorphic L. aurea including calling males
(Table 2). In contrast, there were significant negative
associations between G. holbrooki abundance and
Limnodynastes peronii capture rate, and the presence
of G. holbrooki and Litoria peronii capture rate
(Table 2). Abundances of L. dentata, L. tyleri and
C. signifera were too low to model. However, both
the presence and abundance of G. holbrooki nega-
tively affected the diversity of frog species (Table 2).

Aquatic taxa

The abundance of dragonfly larvae (order Odonata),
aquatic beetles (order Coleoptera), freshwater snails
(order Hygrophila) and taxa diversity at the landscape
level were all negatively correlated with the presence of
G. holbrooki (Table 2). In comparison, the abundance
of water boatmen (family Corixidae) and caddisfly lar-
vae (order Trichoptera) positively correlated with the
abundance of G. holbrooki. The abundance of other
surveyed aquatic invertebrates, including backswim-
mers (family Notonectidae), mayfly larvae (order Ephe-
meroptera) and spiders (order Araneae), did not show
any relationship with G. holbrooki abundance, nor did
the abundance of other fish or eel species (Table 2).

Other factors influencing L. aurea abundance
and distribution

Tadpoles

On a landscape scale, mean (�SE) L. aurea tadpole
abundance per pond was significantly greater at both

ephemeral (0.08 � 0.076) and semi-permanent
ponds (0.14 � 0.16) compared to permanent ponds
(0.004 � 0.0037) (ephemeral: Z = �2.33, P = 0.02,
semi-permanent: Z = �2.39, P = 0.02, Fig. 2).
However, there was no relationship between L. au-
rea tadpole abundance and pond size (P = 0.12),
and no difference in abundance between the indus-
trial or national park zones of Kooragang Island
(P = 0.88). None of the other tested variables,
including vegetation or habitat structures, water
quality and aquatic fauna showed a significant rela-
tionship with L. aurea tadpole abundance (Table 3).
At the pond scale, L. aurea tadpoles were signifi-
cantly more likely to be collected in traps set next
to floating vegetation (including aquatic grass), com-
pared to reeds (P < 0.001, Fig. 3). Litoria aurea tad-
poles were never caught in traps set next to trees or
open water; however, due to these zero values, the
comparisons of these habitat types failed within the
GLM model. The within-pond distribution of L. au-
rea tadpoles was not affected by any of the other
microhabitat variables tested, including underwater
complexity (P = 0.06), water depth (P = 0.38) or
vegetation height (P = 0.51), nor the abundance of
any other surveyed aquatic fauna, including other
tadpoles (Table 3).

Frogs

Post-metamorphic L. aurea abundance was positively
correlated with the percentage of bushes in the ripar-
ian zone (P < 0.001), and the percentage of intro-
duced rush, Juncus acutus, in the riparian zone and
shoreline (both zones, P < 0.001). Conversely, the
percentage of riparian trees, and shoreline grass nega-
tively correlated with the abundance of L. aurea
(both P < 0.001). None of the water quality parame-
ters, invertebrate species, or pond characteristics

Table 1. Pearson’s chi-square results comparing tadpole captures with G. holbrooki presence/absence at the landscape level
where percentages are per pond and (n) denotes number of ponds, and the pond level where percentages are per trap and (n)
denotes the number of traps. Significant outcomes are denoted with bold font

G. holbrooki absent G. holbrooki present X2 2-tailed P

Landscape scale
% C. signifera tadpoles (n) 2.6 (2) 2.2 (4) 0.03 1
% L. aurea tadpoles (n) 11.7 (9) 1.1 (2) 14.7 0.0004
% L. fallax tadpoles (n) 16.7 (12) 10.1 (18) 2.1 0.1953
% L. peronii tadpoles (n) 11.7 (9) 3.3 (6) 6.9 0.0166
% Lim. peronii tadpoles (n) 40.4 (31) 20.6 (37) 10.76 0.0018
% All tadpole species (n) 54.2 (39) 27.4 (49) 16.2 0.0001

Microhabitat scale
% C. signifera tadpoles (n) 0 (0) 0.86 (4) 2.6 0.156
% L. aurea tadpoles (n) 5.21 (16) 0 (0) 24.8 <0.0001
% L. fallax tadpoles (n) 4.56 (14) 1.29 (6) 7.9 0.009
% L. peronii tadpoles (n) 1.63 (5) 0 (0) 7.6 0.0097
% Lim. peronii tadpoles (n) 3.26 (10) 0.21 (1) 12.2 0.0006
% All tadpole species (n) 12.4 (38) 2.79 (13) 27.6 <0.0001
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tested, showed any relationship with L. aurea abun-
dance, nor did the abundance of other frog species
(Table 4).

Factors affecting G. holbrooki abundance

The mean (�SE) abundance of G. holbrooki per trap
in permanent ponds was 31.4 � 5.31, significantly
higher than abundances found in ephemeral ponds
(15.29 � 3.84, Z = 2.43, P = 0.02), but not statisti-
cally different to semi-permanent ponds (18.43 � 5.
84, Z = 1.51, P = 0.13, Fig. 4). A mean (�SE) of
7.74 � 1.27 G. holbrooki per trap were found in
ponds on the national park side of the island, signif-
icantly less than the industrial side of the island
(40.96 � 3.95, Z = 5.94, P < 0.001) which con-
tained a significantly greater proportion of perma-
nent ponds (x2 = 56.3, P < 0.001). At the
landscape scale, G. holbrooki abundance was posi-
tively correlated with the water quality parameters
of percentage dissolved oxygen (DO%) (P = 0.04),
and pH (P = 0.05). Gambusia holbrooki were found
in ponds with DO% levels ranging from <10 to
160, and pH levels that ranged between 3.52 and
9.61 but abundances were highest at ponds with a
neutral to slightly alkaline pH and high DO%.

Table 2. Least squares means estimates of different taxa in G. holbrooki generalized linear models. Invertebrate rate ratios
are for an increase in the predictor species (G. holbrooki) of 50. Anuran rate ratios are for an increase in the predictor species
(G. holbrooki) of 100. Significant results and their corresponding statistics are in bold font. Abbreviations of Final Model are
P = Poison, NB = negative-binomial, ZINB = zero inflated negative-binomial

Taxa

Gambusia present/absent Gambusia abundance

Mean abundance per trap [95% CI]

Ratio [95% CI] P
Final
model

Rate ratios
[95% CI] P

Final
modelPresence Absence

Aquatic invertebrates
Backswimmers 0.54 [0.32, 0.90] 1.00 [0.46, 2.20] 0.54 [0.72, 4.73] 0.19 NB 0.97 [0.87, 1.04] 0.42 P
Beetles 0.89 [0.63, 1.25] 2.22 [1.33, 3.72] 0.40 [1.35, 4.63] 0.004 NB 0.92 [0.88, 0.97] 0.008 NB
Boatmen 52.41 [13.38, 91.45] 11.9 [�1.93, 25.73] 1.51 [0.30, 1.17] 0.17 P 1.22 [1.07, 1.40] 0.0004 NB
Caddisfly
larvae

0.28 [0.08, 0.96] 0.002 [0.00004, 0.117] 128.81 [0.00, 0.51] 0.043 NB 2.97 [1.79, 4.98] <0.0001 NB

Fish/eels 0.25 [0.16, 0.38] 0.32 [0.09, 1.17] 0.79 [0.32, 5.00] 0.73 ZINB 0.99 [0.97, 1.01] 0.55 P
Dragonfly
larvae

0.096 [0.06, 0.16] 0.91 [0.44, 1.87] 0.11 [3.92, 22.78] <0.0001 NB 0.93 [0.58, 1.02] 0.36 P

Mayfly larvae 2.28 [�0.7, 5.3] 1.57 [�0.03, 3.18] 0.73 [0.80, 2.26] 0.23 P 1.04 [0.95, 1.11] 0.36 P
Snails 0.14 [0.08, 0.26] 0.36 [0.17, 0.73] 0.38 [1.05, 6.42] 0.040 NB 0.95 [0.81, 1.02] 0.27 P
Spiders 0.46 [0.17, 0.74] 0.51 [0.19, 0.83] 0.81 [0.69, 2.06] 0.46 P 0.96 [0.82, 1.05] 0.41 P
Invertebrate
diversity

0.36 [0.31, 0.42] 0.48 [0.37, 0.61] 0.75 [1.00, 1.76] 0.053 ZINB 0.96 [0.94, 0.98] <.0001 ZINB

Anurans
Total post-
metamorphic
L. aurea

1.77 [0.92, 2.61] 0.44 [0.11, 0.77] 0.63 [0.17, 1.37] 0.28 P 0.99 [0.91, 1.04] 0.77 P

Female L. aurea 0.32 [0.18, 0.46] 0.16 [0.03, 0.28] 0.88 [0.38, 1.65] 0.72 P 0.99 [0.92, 1.03] 0.72 P
Male L. aurea 0.38 [0.18, 0.57] 0.22 [�0.01, 0.46] 0.96 [0.45, 1.72] 0.91 P 0.95 [0.85, 1.01] 0.17 P
Calling
male L. aurea

0.11 [0.02, 0.20] 0.13 [�0.01, 0.27] 1.40 [0.37, 4.04] 0.56 P 0.94 [0.67, 1.05] 0.44 P

Juvenile L. aurea 0.58 [0.15, 0.99] 0.03 [�0.01, 0.06] 0.27 [0.00, 1.56] 0.21 P 0.97 [0.76, 1.05] 0.60 P
Post-
metamorphic
L. fallax

10.94 [6.99, 14.89] 11.43 [5.10, 17.77] 1.16 [0.80, 1.62] 0.42 P 1.07 [0.80, 1.05] 0.27 P

Post-metamorphic
L. peronii

0.008 [0.001, 0.048] 0.36 [0.15, 0.87] 43.22 [7.62, 245.13] 0.0001 ZINB 1.61 [0.09, 1.08] 0.13 P

Post-metamorphic
Lim. peronii

0.01 [�0.01, 0.03] 0.41 [0.07, 0.75] 1.15 [0.57, 2.12] 0.67 P 0.11 [3.19, 24.78] <0.0001 NB

Post-
metamorphic
C. signifera

0.007 0 0.00 [0.00, 12.66] 0.59 P 1.59 [0.00, 1.75] 0.69 P

Frog diversity 0.24 [0.20, 0.30] 0.40 [0.30, 0.52] 1.63 [1.18, 2.24] 0.0031 NB 0.97 [0.96, 0.98] <0.0001 NB
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Fig. 2. Mean number of L. aurea tadpoles captured in
each pond permanency category during field surveys. Error
bars represent 1 standard error from the mean.
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G. holbrooki abundance positively correlated with
the vegetation and habitat structures of rock
(P = 0.05), the reed Phragmites australis (P = 0.003),
and the percentage of P. australis (P < 0.001) and

open water (P = 0.003) inside ponds. Conversely,
the percentage of grass inside a pond had a nega-
tive correlation with G. holbrooki abundance
(P < 0.001).

Table 3. Least squares means parameter estimates from generalized linear models of tadpole abundance. Output given as
the rate of tadpoles per trap with upper and lower 95% CI. Significant parameters and their corresponding statistics are high-
lighted in bold. Model abbreviations are P = Poison, ZINB = zero inflated negative-binomial

Parameter
category Parameter

Rate of L. aurea tadpoles
per trap [95% CI] P Model

Landscape factors tested against L. aurea tadpole abundance per pond
Anuran
abundance

Male L. aurea 1.19 [0.34, 1.94] 0.65 P
Female L. aurea 1.09 [0.10, 2.41] 0.89 P
Calling L. aurea 1.70 [0.29, 3.48] 0.40 P
Total L. aurea 1.07 [0.91, 1.17] 0.28 P
All frogs 1.00 [0.90, 1.03] 1.00 P
Lim. peronii tadpoles 0.72 [0.25, 1.03] 0.77 P
L. fallax tadpoles 1.01 [0.83, 1.03] 0.79 P
Lit peronii tadpoles 1.13 [0.84, 1.21] 0.07 P
All tadpoles 1.01 [0.94, 1.03] 0.63 P
Tadpole diversity 3.07 [1.20, 10.39] 0.02 P

Aquatic
invertebrate
abundance

Odonata larvae 0.86 [0.00, 1.01] 0.75 P
Beetles 0.98 [0.59, 1.05] 0.83 P
Snails 1.06 [0.28, 1.34] 0.80 P
Water boatmen 0.94 [0.00, 1.00] 0.35 P
Backswimmers 0.98 [0.61, 1.05] 0.78 P
Mayfly larvae 0.48 [0.00, 1.02] 0.52 P
Spiders 0.34 [0.00, 2.30] 0.65 P
Caddisfly larvae 0.17 [0.80, 1.01] 0.82 P
Invertebrate diversity 0.55 [0.18, 1.16] 0.12 P

Water quality
parameters

Turbidity 0.95 [0.83, 1.02] 0.17 P
Salinity 0.62 [0.08, 1.07] 0.40 P
pH 1.24 [0.50, 4.61] 0.68 P
Dissolved oxygen (%) 0.95 [0.85, 1.00] 0.06 P
Dissolved oxygen (mg L�1) 0.84 [0.47, 1.19] 0.38 P
Conductivity (ms cm�1) 1.00 [1.00, 1.00] 0.60 P

Percent
vegetation
type

Riparian grass 0.99 [0.88, 1.06] 0.72 P
Riparian P. australis 1.02 [0.92, 1.11] 0.65 P
Riparian Pampas 1.16 [0.96, 1.30] 0.10 P
Riparian Schoenoplectus 1.06 [0.89, 1.18] 0.38 P
Shoreline grass 0.86 [0.51, 1.00] 0.06 P
Shoreline P. australis 1.01 [0.97, 1.05] 0.48 P
Shoreline J. acutus 0.00 [0.19, 0.95] 0.17 P
Shoreline Schoenoplectus 0.10 [0.02, 0.00] 0.06 ZINB
Shoreline rock 3.67 [0.15, 0.00] 0.40 ZINB
Inside Pampas 4.64 [0.27, 0.00] 0.20 ZINB

Pond
parameters

Pond area 1.00 [1.00, 1.00] 0.12 ZINB

Pond Hydroperiod Permanent 0.004 [0.001, 0.02] <0.0001 ZINB
Semi-permanent 0.14 [0.01, 1.30] 0.08 ZINB
Ephemeral 0.08 [0.01, 0.50] 0.01 ZINB

Microhabitat factors tested against L. aurea tadpole abundance per trap
Underwater complexity 8.07 [0.67, 96.82] 0.07
Vegetation height 1.00 [0.99, 1.00] 0.51 P

Vegetation
Category

Floating vegetation 0.17 [0.11, 0.25] <0.0001 P
Trees 0 0.99 P
Open water 0 0.99 P
Reeds 0.03 [0.02, 0.04] <0.0001 P

Fauna
abundance
per trap

Beetles 0.98 [0.68, 1.08] 0.83 P
Snails 1.14 [0.60, 1.35] 0.52 P
Odonata larvae 0.88 [0.43, 1.80] 0.74 ZINB
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Within ponds, G. holbrooki were captured most fre-
quently next to reeds (trap mean � SD =
33.1 � 2.06), which was significantly greater than
the abundances captured next to floating vegetation
(20.1 � 4.24, Z = 2.27, P = 0.02) or trees
(17.4 � 3.61, Z = 2.96, P = 0.003), but no different
to the abundances captured in open water
(28.8 � 9.16, Z = 0.43, P = 0.67, Fig. 5). The abun-
dance of G. holbrooki within a pond was positively
correlated with the height of vegetation at the trap
location (P = 0.02). There was no relationship
between G. holbrooki abundance and underwater
complexity (P = 0.07) or water depth (P = 0.29).

DISCUSSION

Gambusia holbrooki appears to greatly restrict the dis-
tribution of L. aurea tadpoles on Kooragang Island,
with tadpoles only detected in ponds either without
G. holbrooki, or with very low densities of the fish.
This pattern contrasted with the distribution of all
demographic groups of post-metamorphic L. aurea,
which did not appear affected by the presence or
abundance of G. holbrooki. This strong negative cor-
relation between G. holbrooki and tadpoles, but not
between G. holbrooki and frogs, was also seen in the
dwarf tree frog, L. fallax. Two other species, Limno-
dynastes peronii and Litoria peronii, exhibited a nega-
tive association with the fish at both life stages, while
C. signifera was the only species not to show any
association. Because sexually mature L. aurea did not
avoid G. holbrooki-inhabited ponds, we postulate that
if adults of this species detect the presence of fish,
they do not recognize it as a threat to their progeny

and subsequently breed in ponds where G. holbrooki
occur. Many studies have illustrated G. holbrooki’s
ability to consume numerous tadpole species (Good-
sell & Kats 1999; Komak & Crossland 2000; Stan-
back 2010), including L. aurea (Morgan & Buttemer
1996; Pyke & White 2000). Consequently, predation
by G. holbrooki may be a likely mechanism explaining
the separation between tadpoles and this fish on
Kooragang Island, and may potentially have deleteri-
ous effects on the recruitment of this threatened anu-
ran.
The low number of L. aurea tadpoles captured

during our three sampling seasons suggests that
either natural L. aurea recruitment or detection prob-
ability of their tadpoles is low. Sanders et al. (2015)
compared the trapability of L. aurea tadpoles in
mesocosms with and without G. holbrooki and found
that tadpoles were over four times more likely to be
captured when G. holbrooki was absent. This pattern
is likely due to predator avoidance behaviours of tad-
poles, such as reduced activity or increased refuge
seeking activity (Feminella & Hawkins 1994; Lima
1998; Relyea & Werner 1999). It is, therefore, diffi-
cult to determine whether the absence of wild L. au-
rea tadpoles in G. holbrooki–occupied ponds is due to
reduced tadpole activity or a true absence caused by
predation. However, due to the high densities of
G. holbrooki, and the known predatory ability of this
fish to consume L. aurea tadpoles, predation is likely
still occurring, and it is probably a combination of
predation plus reduced tadpole activity that are con-
tributing to our observed trend. Additionally,
reduced foraging activity by tadpoles in the presence
of a predator can lead to reduced tadpole growth
rates and fitness (Skelly 1992; Relyea & Werner
1999), and tadpoles that metamorphose at a smaller
size suffer lower post-metamorphic survival probabili-
ties (Altweeg et al. 2003). Therefore, even tadpoles
that avoid predation by G. holbrooki are still likely to
experience reduced survival through metamorphosis.
We found that post-metamorphic L. aurea abun-

dance was higher at permanent ponds, and linked to
vegetation in the riparian zone such as the amount of
bushes and spikey rush (predominantly Juncus acutus)
surrounding ponds, indicating that L. aurea require
ponds with suitable surrounding vegetation for shel-
ter (Pyke & White 1996). The distribution of L. au-
rea on Kooragang Island has previously been linked
to the proximity of other nearby ponds and the pres-
ence of conspecifics (Hamer & Mahony 2010; Piz-
zatto et al. 2015; Valdez et al. 2015). Gambusia
holbrooki abundance was also higher in permanent
ponds, which is expected because ephemeral ponds
are less able to support fish due to frequent drying.
Because the abundance of reproductively mature

L. aurea and G. holbrooki are both highest at perma-
nent ponds during the L. aurea breeding season,
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Fig. 3. Mean abundance of L. aurea captured per trap at
each of the simplified vegetation categories during field sur-
veys. Error bars represent 1 standard deviation from the
mean.
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there is strong potential for G. holbrooki-occupied
ponds to act as population sinks (Pulliam 1988).
However, Hamer et al. (2008) found that large,
reproductively active males sometimes migrate from
permanent ponds to ephemeral water bodies to
breed. This behaviour may greatly increase their
chance of breeding in fish free ponds and may be
crucial for successful recruitment. But because
G. holbrooki colonization and L. aurea breeding activ-
ity are both linked to rainfall events (Pyke & White
1996; Hamer et al. 2008), there is a risk that L. aurea
may breed when G. holbrooki are colonizing new
ponds. Furthermore, L. aurea’s breeding season

overlaps with peak levels of G. holbrooki abundance
(Pen & Potter 1991; Pyke 2005), reinforcing the
importance for a proportion of ponds to remain fish-
free. Creating permanent, fish-free ponds and limit-
ing the invasion of G. holbrooki into ephemeral water-
bodies may be valuable ways to enhance L. aurea
recruitment for conservation and land mitigation pro-
grammes. Previous studies that consider the conser-
vation of L. aurea suggest that construction of habitat
mosaics provides a suitable strategy to deal with
breeding habitat preference and the avoidance of
G. holbrooki (Hamer & Mahony 2007; Mahony et al.
2013). This study supports that approach and

Table 4. Least squares means parameter estimates for parameters in post-metamorphic L. aurea abundance generalized lin-
ear models. Output given as the rate of frogs per pond with upper and lower 95% CI. Significant parameters and their corre-
sponding statistics are highlighted in bold. Model abbreviations are P = Poison, NB = negative-binomial

Parameter category Parameter
Rate of L. aurea

per pond P Model

Abundance of other
anurans

L. fallax 1.00 [0.97, 1.02] 0.92 P
Lim. peronii 1.36 [0.78, 1.86] 0.22 P
L. peronii 0.14 [0.00, 1.36] 0.38 P
C. signifera 4.11 [0.00, 188.63] 0.79 P
L. dentata 0.00 [2.46, 11.15] 0.68 P

Aquatic fauna
abundance

G. holbrooki 0.99 [0.91, 1.04] 0.77 P
Fish (including eels) 0.99 [0.93, 1.01] 0.62 P
Odonata larvae 0.96 [0.54, 1.01] 0.60 P
Backswimmers 0.99 [0.88, 1.02] 0.63 P
Mayfly larvae 0.96 [0.48, 1.04] 0.58 P
Beetles 0.99 [0.87, 1.03] 0.80 P

Vegetation Riparian trees 0.96 [0.94, 0.97] <0.0001 NB
Riparian bushes 1.17 [1.12, 1.21] <0.0001 NB
Riparian grass 0.98 [0.95, 1.01] 0.15 P
Riparian J. acutus 1.14 [1.09, 1.20] <0.0001 NB
Riparian P. australis 1.01 [0.97, 1.04] 0.57 P
Riparian typha 0.97 [0.85, 1.02] 0.4 P
Shoreline grass 0.97 [0.96, 0.98] <0.0001 NB
Shoreline J. acutus 1.06 [1.03, 1.09] <0.0001 NB
Shoreline bushes 1.05 [0.90, 1.15] 0.51 P
Shoreline P. australis 1.01 [0.99, 1.02] 0.54 P
Shoreline trees 0.97 [0.86, 1.01] 0.24 P
Shoreline Typha 0.98 [0.94, 1.01] 0.18 P
Shoreline rock 0.99 [0.90, 1.05] 0.74 P
Shoreline Schoenoplectus 1.03 [1.00, 1.05] 0.08 P
Inside typha 0.90 [0.63, 1.03] 0.24 P
Inside P. australis 0.99 [0.74, 1.11] 0.94 P
Inside J. acutus 0.82 [0.05, 1.15] 0.54 P
Open water 1.01 [1.00, 1.03] 0.08 P

Water quality
parameters

Conductivity (ms mc�1) 1.00 [1.00, 1.00] 0.66 P
Salinity 0.92 [0.56, 1.06] 0.56 P
Temperature 1.11 [0.89, 1.41] 0.38 P
pH 1.41 [0.87, 2.56] 0.18 P
% Dissolved oxygen 1.00 [0.99, 1.01] 0.92 P
Dissolved oxygen (mg L�1) 1.00 [0.86, 1.14] 0.97 P

Pond parameters Area 1.00 [1.00, 1.00] 0.82 P
Land zone 0.96 [0.50, 1.96] 0.91 P
Turbidity 1.00 [0.97, 1.03] 0.91 P

Pond hydrology Permanent 0.34 [0.19, 0.60] 0.0002 NB
Semipermanent 0.12 [0.04, 0.32] <0.0001 NB
Ephemeral 0.08 [0.04, 0.17] <0.0001 NB
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suggests that the heterogeneous aquatic habitat that
occurs on Kooragang Island may, therefore, be a key
factor explaining how L. aurea continue to persist in
sympatry with this invasive fish at this location.
The apparent failure of adult L. aurea to avoid

G. holbrooki on Kooragang does not necessarily mean
tadpoles fail to exhibit anti-predator responses. San-
ders et al. (2015) showed that L. aurea tadpole beha-
viour is altered in the presence of G. holbrooki, and
many prey species exhibit a generalist response to
functionally similar predators (Ferrari et al. 2009).
Seeking shelter in the presence of a predator is a key
strategy for prey survival (Lima 1998), and certain
microhabitats likely provide different levels of shelter.
Therefore, when tadpoles and G. holbrooki occur in
the same pond, different microhabitats may greatly

impact tadpole survival. At the microhabitat level,
L. aurea tadpoles were most commonly captured
near floating vegetation, such as mats of aquatic grass
or water primrose. Gambusia holbrooki were seldom
captured next to floating vegetation and were instead
captured in high densities next to reeds and open
water, as well as a range of underwater habitat com-
plexities. Gambusia holbrooki is a diurnal, visual
predator, efficient at hunting in schools and in areas
of high structural complexity (Baber et al. 2004; Pyke
2005). Because G. holbrooki are visual hunters, it is
possible that under dense, floating vegetation, light is
too limited for successful hunting and provides ade-
quate shelter for tadpoles, not only from fish but per-
haps from visual avian predators too.
The negative association between G. holbrooki and

predatory Odonata nymphs and water beetles
observed on Kooragang Island concurs with several
other studies where invertebrate predators were less
abundant in fish-occupied ponds (Davis et al. 1987;
Englund 1999; Shulse et al. 2013). The reduction of
invertebrate predators in fish-occupied ponds may
reduce the number of predatory guilds within perma-
nent ponds (where G. holbrooki is most abundant),
but is unlikely to reduce overall predation pressure
because G. holbrooki is a more voracious and abun-
dant predator than many other species (Baber & Bab-
bitt 2003). The negative relationship between
G. holbrooki and predatory invertebrates may be dri-
ven by predation, competitive displacement, or avoid-
ance of G. holbrooki-occupied ponds by ovipositing-
adult invertebrates. If the two latter possibilities are
true, then the abundance of invertebrate predators in
G. holbrooki-free ponds would be higher than
expected. This outcome was seen in a created habitat
were G. holbrooki was absent for the first year. After
G. holbrooki colonized two of four equally sized ponds,
the invertebrate abundance in fish-filled ponds
decreased, while the invertebrate abundance in fish-
free ponds increased (K. Klop-Toker unpublished
data 2015). Therefore, it is possible that the presence
of G. holbrooki in a sub-set of ponds within a wetland
area may increase the predation pressure from aquatic
invertebrates on tadpoles. This type of interaction is
described as a remote effect of a predator on a refuge-
based prey species in Orrock et al. (2010).
The potential for G. holbrooki to be contributing to

L. aurea’s decline via tadpole predation warrants
management attention. Common methods for elimi-
nating G. holbrooki include pond draining or the use
of a piscicide (O’Meara & Darcovich 2008; Shulse
et al. 2013). However, the implementation of either
of these methods on Kooragang Island would be dif-
ficult due to the large number of ponds, the cost
involved, the potential harm to other fauna, and the
low chance of success due to the likelihood of some
G. holbrooki surviving and re-colonizing. Therefore,
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Fig. 4. Mean abundance of G. holbrooki per trap for each
category of pond permanence during field surveys. Error
bars represent 1 standard error from the mean.
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Fig. 5. Mean abundance of G. holbrooki per trap for each
of the simplified vegetation categories during field surveys.
Error bars represent 1 standard deviation from the mean.
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management may benefit from methods that facilitate
the continued survival of these two species by insur-
ing a proportion of semi-permanent ponds remain
fish free, building structures to prevent the spread of
G. holbrooki, encouraging the growth of floating vege-
tation, promoting or conserving vegetation such as
bushes or spikey rushes surrounding semi-permanent
G. holbrooki-free ponds to encourage adult movement
to ponds that are optimal for tadpole development.
Each of these recommendations is an example of
how additional ecological data can benefit invasive
species management for the protection of vulnerable
species.
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