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ABSTRACT

Invasive cane toads are colonizing southeastern Australia via
a narrow coastal strip sandwiched between unsuitable areas
(Pacific Ocean to the east, mountains to the west). Many of the
available spawning sites exhibit abiotic conditions (e.g., tem-
perature, salinity, and pH) more extreme than those encoun-
tered elsewhere in the toad’s native or already invaded range.
Will that challenge impede toad expansion? To answer that
question, we measured pH in 35 ponds in northeastern New
South Wales and 8 ponds in the Sydney region, in both areas
where toads occur (and breed) and adjacent areas where toads
are likely to invade, and conducted laboratory experiments
to quantify effects of pH on the survival and development of
toad eggs and larvae. Our field surveys revealed wide variation
in pH (3.9–9.8) among natural water bodies. In the laboratory,
the hatching success of eggs was increased at low pH (down
to pH 4), whereas the survival, growth, and developmental
rates of tadpoles were enhanced by higher pH levels. We found
that pH influenced metamorph size and shape (relative head
width, relative leg length) but not locomotor performance. The
broad tolerance range of these early life-history stages suggests
that pH conditions in ponds will not significantly slow the
toad’s expansion southward. Indeed, toads may benefit from
transiently low pH conditions, and habitat where pH in wet-
lands is consistently low (such as coastal heath) may enhance
rather than reduce toad reproductive success. A broad physi-
ological tolerance during embryonic and larval life has con-
tributed significantly to the cane toad’s success as a widespread
colonizer.
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Introduction

Introduced species are an increasing problem for conserva-
tion worldwide, often exerting severe impacts on native taxa
(Kupferberg 1997; Lodge et al. 2000; Johnson et al. 2007).
Wildlife managers thus need to predict the likelihood of in-
vasion into specific habitat types in order to identify conser-
vation priorities and focus management efforts on areas likely
to be imperiled (Sakai et al. 2001). Several approaches have
been developed for this purpose,mostly centered onbioclimatic
models that identify areas that provide abiotic (i.e., thermal,
hydric) conditions similar to those within the invader’s native
range and/or the areas already invaded (Kearney et al. 2008).
Other models integrate information on organismal function-
ing to create individual-based predictions on the conditions nec-
essary for the invasive species to thrive (Kearney et al. 2008). Al-
though these models are useful, they are difficult to extrapolate
to conditions that do not occur within the invader’s current
range. As a consequence of escaping from competitors and pred-
ators, many invasive taxa can spread into areas outside the cli-
matic envelope occupied within their native range (Sakai et al.
2001; Broennimann et al. 2007; Tingley et al. 2014). To assess
the probability of such extensive spread, we need to identify the
abiotic challenges presented by these extralimital regions and the
invader’s ability to tolerate those conditions (e.g., McCann et al.
2014).
Many successful invasive species exhibit broad physiological

tolerances (Lee 2002), but generalities are elusive. For example,
a species that is highly tolerant in one niche dimension (e.g.,
thermal) may have narrow tolerances on another (e.g., hydric;
Tingley et al. 2012). Thus, it is not enough to simply rank
invasive species as tolerant or sensitive to abiotic extremes; we
need to explore each parameter (and the interactions of pa-
rameters) in order to predict distributional limitations and
the potential for niche occupancy. Thus, managers need to
quantify the nature of challenges in an environment that has
yet to be invaded and assess whether the invader will be able
to deal with those challenges.
We have conducted a study of this type at the southern

extreme of the invaded range of cane toads (Rhinella marina;
Linnaeus 1758) in Australia. Native to Central America and
South America, this large bufonid anuran has been translo-
cated to more than 40 countries worldwide in misguided at-
tempts to control insect pests (Lever 2001). Despite its origins
in well-watered tropical areas, the cane toad has spread suc-
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cessfully in many Australian habitats that superficially ap-
pear to be climatically unsuitable, including arid, semidesert
regions (Florance et al. 2011; Tingley and Shine 2011) and high
mountains (Newell 2011; McCann et al. 2014). That success
reflects broad thermal tolerances (Floyd 1984) and a flexible
adjustment of activity patterns to moisture availability in the
landscape (Brown et al. 2011). For example, cane toads have
colonized arid sites by modifying their times and places of ac-
tivity and their desiccation thresholds for movement (Tingley
and Shine 2011; Tingley et al. 2012;Webb et al. 2014). They have
colonized high, cold montane areas by rapidly adjusting their
critical thermal minima (McCann et al. 2014).
Thermal and hydric extremes are not, however, the only

challenges faced by cane toads at the expanding edges of their
invaded range in Australia. At the southern invasion front in
northeastern New South Wales (NSW), the toad faces novel
challenges. The Great Dividing Range runs parallel to the east
coast for 3,500 km, mostly less than 100 km from the ocean
(McGlashan and Hughes 2001). Sandwiched between the
ocean and the mountains, a narrow coastal corridor makes up
the major route for farther-southward expansion of the toad
invasion. The front is progressing less rapidly in this area than
in tropical Australia (Urban et al. 2007), plausibly reflecting
thermal constraints (Sutherst et al. 1996). Nonetheless, other
factors may constrain toad invasion as well. In these near-
coastal areas, few ponds may provide the conditions available
at spawning sites used by toads in other parts of their range
(Hagman and Shine 2006). Salinity and pH, as well as tem-
perature, in these south-coastal ponds may well differ from
conditions seen in toad-spawning ponds over the rest of the
anuran’s extensive range.
Pond aciditymay constrain the ability of toads to breed along

Australia’s east coast. Wetlands in coastal heath and wallum,
widespread in this region, exhibit high concentrations of tan-
nins and low pH, generally ranging from 3.5 to 4.1 (Barth and
Wilson 2010). Early developmental stages of many amphibians
are sensitive to acidity (Pierce 1985, 1993; Freda 1986). De-
position of spawn into water that is highly acidic or basic can
cause embryonic mortality by preventing expansion of peri-
vitelline membranes (Gosner and Black 1957) and inhibiting
hatching enzymes (DunsonandConnell 1982). Such conditions
often delay hatching and disrupt development (Gosner and
Black 1957). Although amphibian larvae are more tolerant of
acidity than are embryos (Freda 1986), tadpoles in low-pH
conditions display elevated sodium efflux (Freda and Dunson
1985b), depressed growth rate (Freda and Dunson 1985b), de-
layedmetamorphosis, smaller size at metamorphosis, and poor
reproductive success (Wilbur and Collins 1973; Smith-Gill and
Berven 1979). However, tolerance to acidity varies inter-
specifically (Pierce 1993), and some bufonids can develop suc-
cessfully under acidic conditions (e.g., pH 4–4.5: Bufo calamita
eggs [Beebee 1986]; pH 4.1–6.3: Bufo americanus eggs [Clark
and Lazerte 1985; Dale et al. 1985; Glooschenko et al. 1992];
pH 4.8: Bufo bufo larvae [Dolmen and Skei 2006]).
To assess whether local environmental conditions may in-

hibit the ability of this invasive species to successfully repro-
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duce, we measured pH in water bodies in northeastern NSW,
near the southern front of the main toad invasion. We repeated
the work in Sydney (500 km farther south), where an extra-
limital population of toads occurs. We also conducted a lab-
oratory experiment, raising eggs and tadpoles at pH levels
recorded in natural water bodies to clarify how pH affects
hatching success, development, and performance of both tad-
poles and metamorph toads.

Material and Methods

Study Species and Area

Introduced to northeastern Australia in 1935, cane toads have
now spread across much of the Australian tropics and sub-
tropics, from northwestern Australia to the southeastern coast
(Urban et al. 2007; Phillips et al. 2010a). In Australia (and
in their native range; Evans et al. 1996), female toads have
been reported to lay their eggs in shallow lentic water bodies
with a pH of 5–7, temperature of 277–327C, salinity of 0.01–
0.02 ppt, and dissolved oxygen content of 67%–107% in fresh-
water (based on measurements in 23 water bodies; Hagman
and Shine 2006; Semeniuk et al. 2007). Female cane toads lay
up to 30,000 eggs in a single clutch (Lever 2001), with the eggs
hatching within 1–2 d and developing for 2–6 wk before
metamorphosing (Alford et al. 1995; Lever 2001).
We conducted our fieldwork close to the toad invasion front

in northeastern NSW. Toads first appeared in this area be-
tween 1964 and 1966, at Byron Bay, and had spread through-
out most of the study area by 1977 (van Beurden and Grigg
1980). In this region, they occupy (and thus have the oppor-
tunity to breed in) coastal bogs, swamps, shallow coastal la-
goons, roadside culverts, and ponds among dry sclerophyll
forest and farmland (van Beurden and Grigg 1980). Rainfall
and temperature across this region are mildly seasonal; mean
annual rainfall is 568mm, with most of the rain occurring from
May to November (Bureau of Meteorology 2013).
Surveys of Water Bodies

We measured the water quality (salinity and temperature, in-
cluding pH) of 43 ponds—35 ponds from areas within and
adjacent to the toad’s invaded range in northeastern NSW
(centered on 33756038.6900S, 147756057.4100E) and an addi-
tional 8 ponds from Sydney, where an isolated population
of toads has recently become established (33756038.6900S,
147756057.4100E). Pond pH was measured 1–4 times per pond.
These water bodies ranged from small roadside culverts to
sediment-retention basins, natural wetlands, and farm dams
and included several sites where toads are known to have
spawned. Measurements were taken between November 2012
and September 2013, between 0900 and 2000 h. We measured
pH using a digital meter (EC-PCST Testr35, Eutech, Singa-
pore; accuracy 50.01 pH). We measured pH between 1–2 m
from the edge of the pond by immersing the probe of the digi-
tal pHmeter to a depth of 5 cm. Themeter was gently agitated for
2–3 min in the water, and the reading was taken immediately
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after withdrawing and gently shaking excess water off the
probe. In nine ponds, we recorded pH daily over three con-
secutive days. At each pond, pH was measured at two sepa-
rate locations, at least 2 m apart (two measurements per site
each day when measurements were taken). The average pH
for each pond was calculated based on the pH readings from
September–October 2012 and March–September 2013.
pH Tolerance of Toad Eggs and Larvae

Laboratory experiments were conducted in 20-L plastic con-
tainers, filled to 50 mm below the top. Water in each container
was preconditioned with aquarium water ager (API Tapwater
Conditioner, Chalfont, PA; 1 mL per 76 L) and aerated with
a 220–240-V aerator (Resun LP-100, Longgang, Shenzhen,
China) pumping through a 28.4-mmcylindrical air stone (A960
Marina Air Stone, Hagen, Baie d’Urfé, Quebec). Eggs were as-
signed to one of five treatments reflecting the range of acidity
levels (pH 4–10; see below) found in our field surveys; rooms in
which experimental containers were kept were temperature
controlled, allowing water temperature to remain at a level
typical of natural ponds (217–227C). Lighting was provided
artificially, on a 12L∶12D photoperiod. During the experi-
ments, we measured pH and temperature daily with a pH
meter (EC-PCST Testr35, model PTTEST35, Eutech, Singa-
pore) and a digital thermometer (KM28, Comark Instruments,
Beaverton, OR; accuracy 50.17C). We maintained pH in the
experimental containers at 4, 5.5, 7 (neutral), 8.5, or 10 by
controlled addition of 1 M H2SO4 (for acid treatments) or 1 M
NaOH (for alkaline treatments).
To stimulate oviposition and fertilization, we injected adult

cane toads (from the northeasternNSWstudy area)with 0.4mL
(males) or 0.8 mL (females) of Leuprorelin acetate (0.5 mg/mL;
Lucrin, Abbott Australasia, Botany, NSW) diluted at 1∶20 with
saline (see Kelehear et al. 2009 for details). Following deposi-
tion of eggs into water of pH 7, viable eggs containing early
embryos (Gosner stage 10–13, 100 per container; Gosner 1960)
were placed into 15-L solutions of the five pH treatments, with
six replicates per treatment (randomly arranged in the exper-
imental area). We monitored the development of the embryos
daily until hatching. Dead embryos (decomposing or covered
in fungus; Pough 1976) were identified and removed to prevent
fouling.
To measure the impact of pH on larval life, we maintained

the tadpoles in the same pH conditions under which they had
been kept as eggs. Differential survival in the egg stage (see
below) thus translated into unequal sample sizes for the larval
study. The number of surviving larvae was counted weekly. To
minimize any effects of variation in density as a consequence
of differential mortality, we consolidated tadpoles within treat-
ment groups weekly after the third week posthatching. We fed
the tadpoles with boiled lettuce ad lib. twice per week, also re-
newing the water at these times. We photographed five indi-
viduals per treatment each week to determine their Gosner stage
and snout-vent length (SVL), the latter using the image analysis
software ImageJ (Abràmoff et al. 2004). We calculated meta-
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morphic age for each tadpole as the number of days elapsed
between Gosner stages 25 (a week after hatching) and 42 (when
the forelimbs were developed). We estimated the daily rate of
body growth of tadpoles in each treatment as the increment in
body length between Gosner stages 25 and 42, divided by the
metamorphic age. Metamorphosing tadpoles (those at stage 42)
were reared in separate containers (under the same pH as pre-
viously) for 3 wk, until they reabsorbed their tail (Gosner stage
46). We then measured their locomotor performance (speed
and endurance on a racetrack; see Llewelyn et al. 2010 for de-
tails of methods), SVL, intraorbital distance (IOD), and tibia
length (using digital calipers; accuracy 50.01 mm). All animal
experiments were conducted according to the guidelines for
care and use of animals approved by the ethics committee of
the University of Sydney (ethics protocol approval L04/08-2012/
3/5807).
Statistical Analyses

We used ANOVA in SPSS, version 21 (IBM, Armonk, NY),
and an a level of Pp 0.05 for statistical analyses of egg sur-
vival (hatching %) and metamorph traits. When ANOVA gave
significant results, we used pairwise comparisons to identify
significant differences among treatments. Analyses for survival
of tadpoles and growth over time involved repeated measure-
ments on the same treatment over time and were based on
average results for each container to avoid pseudoreplication.
We used generalized estimation equations (GEE) to determine
whether pH affects the growth and survival of tadpoles and the
variation of pH in ponds over time (Zeger et al. 1988; Lee et al.
2007).
Model 1. We used GEE with a gamma error distribution (log

link function) and an autoregressive (AR1) working corre-
lation matrix to determine the effect of rearing pH on the
growth rates of tadpoles; this was done separately for the first
4 wk and the last 4 wk. The two periods were examined
separately because of differences in density among treatments
in the first 4 wk due to differential mortality. Approximately
equal densities were maintained among replicates from the
fourth until the eighth week, after which differential rates of
metamorphosis again generated density divergences among
replicates. To explore how pH influences the growth rates of
tadpoles over time, we added an interaction term (pH#week).
We used GEE with a gamma distribution (log link function) and
an AR1 working correlation matrix to assess the relationship
between this interaction and two dependent variables (tadpole
body lengths and growth rates).
Model 2. To examine whether pH affected tadpole survival,

we used the same GEE design as above (including the pH#
week interaction) on data for the first 4 wk of the experiment
(because the density differed among treatments over the first
4 wk, as above).
Model 3. Because tadpole density varied among treatments

during the first 4 wk and because growth rate and survival
are likely to depend on competitor density, we used GEE with
a gamma error distribution (log link function) and an AR1
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working correlation matrix to explore the effect of the in-
teraction term (pH#tadpole density) on the growth rates
and survival of tadpoles, based on data from the first 4 wk.
Additionally, we ran the model with a third-order interaction
(pH#density#week). Corrected quasi-likelihood under the in-
dependent model criterion verified that the best model included
only main effects.
Model 4. To test the variation of pond pH over time, we

used GEE with a gamma error distribution (log link function)
and an AR1 working correlation matrix, as above.

Results

Surveys of Water Bodies

Overall, we recorded considerable variation in the pH of water
bodies (from pH 4 to pH 10). Among ponds where pH was
measured over consecutive days, variation over time was mar-
ginally significant (Pp 0.032) and much lower than variation
among ponds (P< 0.0001; fig. 1).
pH Tolerance of Toad Eggs

Hatching success varied with pH (ANOVA: F4, 25 p 10.220,
P< 0.0001; see fig. 2) and was greatest in highly acidic water.
At pH 4, an average of 63% of eggs developed to stage 30–32
(hatching). The proportion of hatching declined with increasing
pH, with only 7% surviving to hatching from the most alkaline
treatment (post hoc Tukey’s honestly significant difference be-
tween treatments: pH 4 > 5.5p 7 > 8.5 > 10).
pH Tolerance of Toad Larvae

The pH to which a toad tadpole was exposed affected the
animal’s growth rate (total length of the tadpoles, P< 0.05). At
higher pH, tadpoles were larger (positive regression coefficients;
table 1). The impact of pH on growth rates varied through time
(interaction pH#week, P< 0.0001). Tadpoles in alkaline wa-
ter (pH 8.5 and 10) grew quickly after hatching, whereas growth
This content downloaded from 137.
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was slow in their siblings raised in acidic (pH 4) water (fig. 3).
The impact of pH on tadpole growth continued into the last
4 wk of the experiment (P< 0.0001; fig. 3; table 1). The pos-
itive regression coefficients at pH 5.5, 7, and 8.5 show increas-
ing growth rates of the tadpoles through time. In highly acidic
conditions (pH 4), however, growth rates decreased with time
(negative regression coefficient).
The survival rates of tadpoles were also affected by pH (model 2;

P< 0.0001; fig. 4), with the effect changing through time
(interaction pH#time, P< 0.0001; table 2). An additional anal-
ysis that incorporated tadpole density showed that survival rates
were lower in more crowded containers and more so at some
timesthanothers(thus,interaction pH#tadpole density#week,
P< 0.0001 in model 3) over the first 4 wk. Growth rates, in
F
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b

Figure 1. Variation of pH in a sample of nine ponds in northern New South Wales, Australia, over three consecutive days. These data were
collected using a digital pH meter. The figure shows mean values and associated standard errors.
igure 2. Hatching success (%) of cane toad eggs in different pH
eatments. These data were obtained by counting the number of
atchlings in each treatment after exposing 100 egg strands in each
eatment. The pH treatments to which the eggs were exposed were
H 4, 5.5, 7, 8.5, and 10. The figure shows mean values and associated
tandard errors. Means not sharing the same letters indicate statis-
cally significant differences between the treatments as determined
y one-way ANOVA, followed by Tukey’s pairwise comparison.
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contrast, were relatively unaffected by tadpole densities (e.g.,
similar growth rates in pH treatments 5.5, 7, and 8.5 despite
disparate densities; fig. 3; table 3).
The duration of larval life was broadly similar in most pH

treatments, but those that were raised in alkaline water
(pHp 8.5) emerged earlier than did their siblings raised at pH
5.5 or 7 (F2, 102 p 3.605, Pp 0.031; table 4). The pH treatment
also influenced a metamorph’s SVL (F2, 66 p 3.997, Pp 0.023)
and its tibia length relative to SVL (F2, 66 p 11.986, P< 0.0001).
Metamorphs that emerged from alkaline water (pHp 8.5; ta-
ble 4) were larger (fig. 5) and longer legged than those from
other pH treatments (table 4). The IOD (relative to SVL) of
metamorphs from pH 5 was smaller than that of metamorphs
from pH 7 and 8.5 (F2, 66 p 10.367, P< 0.0001; table 4). Notably,
metamorph morphometrics (tibia, SVL, and IOD) were nonin-
dependent of larval duration (Pearson’s correlation, P< 0.01).
However, neither locomotor speed (body lengths per second;
F2, 66 p 0.527, Pp 0.593; table 4) nor endurance (total body
lengths traveled before exhaustion; F2, 66 p 0.146, Pp 0.864)
and absolute speed (F2, 66 p 1.038, Pp 0.36) of metamorphs
was significantly affected by prior pH exposure.

Discussion

As cane toads extend southward along the coast of NSW, these
invasive anurans are encountering potential breeding sites
that differ from those in the toad’s native range (Evans et al.
1996) and in already colonized parts of Australia (Hagman
and Shine 2006; Semeniuk et al. 2007). Temperatures are
lower than in most areas already occupied by cane toads,
below the tadpoles’ thermal optima, but still within the tol-
erance limits of toad embryos and larvae (Floyd 1983). In our
water body surveys, spatial heterogeneity in pond tempera-
tures (both within and among ponds) was low. In contrast, pH
conditions were variable through space and (to a lesser degree)
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time. Our experimental studies show that major aspects of the
cane toad’s early life history (hatching success, larval growth
rate, development rate and survival, metamorph morphology)
are significantly affected by pH variation over the range that
we measured in natural water bodies. Importantly, however,
we recorded at least some survivors over a wide range of pH
treatments (pH 4–8). Thus, variable (and sometimes extreme)
pH conditions in water bodies in southeastern Australia likely
will affect toad viability (and thus colonization and estab-
Table 1: Analyses of the generalized estimation equation (GEE) parameter estimates of tadpole length during weeks 5–8
at a range of pH treatments
95% Wald confidence interval
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Hypothesis test
Parameter
 b
 SE
 Lower
 Upper
 Wald x2
0:23:11 PM
rnals.uchicago.edu/t
df
-and-c).
P

Intercept
 2.582
 .0419
 2.500
 2.664
 3,801.955
 1
 !.0001

pH 8.5
 .404
 .0423
 .321
 .487
 90.869
 1
 !.0001

pH 7
 .296
 .0684
 .161
 .430
 18.668
 1
 !.0001

pH 5.5
 .306
 .0466
 .215
 .398
 43.306
 1
 !.0001

pH 4
 0a
 . . .
 . . .
 . . .
 . . .
 . . .
 . . .

Week
 .032
 .0037
 .025
 .039
 76.548
 1
 !.0001

pH 8.5#week
 .034
 .0050
 .024
 .044
 45.564
 1
 !.0001

pH 7#week
 .059
 .0161
 .028
 .091
 13.621
 1
 !.0001

pH 5.5#week
 .047
 .0131
 .022
 .073
 13.171
 1
 !.0001

pH 4#week
 0a
 . . .
 . . .
 . . .
 . . .
 . . .
 . . .

Scale
 .005
 . . .
 . . .
 . . .
 . . .
 . . .
 . . .
Note. Analysis of model 1 GEE parameter estimates based on the robust variance estimates, using an autoregressive working correlation matrix, with total
length of tadpoles during weeks 5–8 as the outcome variable and pH and pH#week as explanatory variables.

aSet to 0 because this parameter is redundant.
Figure 3. Effect of pH treatment on total body length (mm) of cane
toad tadpoles through time. Growth data was obtained by photo-
graphing 30 tadpoles from each treatment every week and measuring
the total body length using ImageJ software. Tadpole density was not
equal among treatments during the first 4 wk of the experiment but
was equal during the last 4 wk (weeks 5–8) of the exposure. The figure
shows mean values and associated standard errors.
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lishment success) but are unlikely to constrain the eventual
limit of toad distribution. As in many successful colonizing
species, the cane toad has a broad physiological tolerance of
pH variation, as it does (at least as adults) for temperature
(McCann et al. 2014).
In several respects, our results differ from those of studies

on other anuran taxa. For example, many anurans show high
egg mortality at low pH (Dunson and Connell 1982; Freda
1986; Freda and Dunson 1986), apparently due to disruption
of superficial tissues (Tome and Pough 1982). In contrast, we
found the highest hatching success of cane toad eggs at the
lowest pH we studied (pH 4), perhaps because the thick, ge-
latinous capsule around the eggs buffers early embryos from
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prevailing environmental conditions. The underlying cause
for higher embryonic survival at pH 4 remains unclear but
might also involve suppression of microorganisms and might
be affected by water body chemistry, such that lab results do
not reliably mimic field effects (Persson et al. 2007). Future
experimental work could usefully examine this topic.
Despite enhancing hatching success, low pH reduced larval

survival. The same may be true in other anurans, based on
reports of successful hatching but no surviving larvae in ponds
with low pH (Freda and Dunson 1986). Survival of tadpoles in
acidic water may be reduced by disruption of ionic regulation,
especially the loss of sodium (Freda and Dunson 1984, 1985b).
Acute exposure to low pH inhibits active uptake of Na1 and Cl2

by the gills and causes massive loss of these ions. Larval death
ensues when about half of the body’s Na1 content is lost (Freda
and Dunson 1984).
Toad tadpoles raised in lower pH showed slower rates of

growth, as did the tadpoles of Rana pipiens (albeit over a far
more narrow range of pH 4.4 vs. pH 5.8; Freda and Dunson
1985a, 1985b; Freda 1986). Conversely, more alkaline water
(pH 8.5) enabled earlier metamorphosis. The energy costs of
ion-exchange challenges at low pH (above) might explain that
effect, and alternatively (or additionally), low pH may elicit a
reduction in swimming and feeding activity (as it does in other
aquatic vertebrates such as fishes; Tembo 2009). In turn, lower
growth rates may reduce tadpole viability by rendering the
larvae more susceptible to ingestion by gape-limited preda-
tors and by extending the duration of larval life. Prolongation
of development may result in continued exposure to stressful
conditions (Denver 2009; Bowerman and Christopher 2010)
or even result in tadpoles failing to metamorphose before their
ephemeral pond dries out (Wilbur 1984; Freda 1986). In our
own study, the effects of pH on growth were confounded with
effects of density due to differential mortality rates. Amphib-
ian larval density affects per capita growth rates, survivorship,
igure 4. Effect of pH treatment on survival rates (%) of successfully
atched cane toad tadpoles. The number of tadpoles were counted
eekly in each pH treatment until they began to metamorphose. The
gure shows mean values plus associated standard errors.
able 2: Analysis of the generalized estimation equation (GEE) parameter estimates of effect of treatment on survival
f the tadpoles at a range of pH treatments
95% Wald confidence interval
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 Wald x2
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and-c).
P

ntercept
 4.722
 .1580
 4.413
 5.032
 893.566
 1
 !.0001

H 8.5
 21.877
 .7542
 23.355
 2.398
 6.192
 1
 .013

H 7
 21.946
 .3708
 22.672
 21.219
 27.536
 1
 !.0001

H 5.5
 21.422
 .3410
 22.091
 2.754
 17.402
 1
 !.0001

H 4
 21.195
 .2315
 21.648
 2.741
 26.620
 1
 !.0001

eek
 0a
 . . .
 . . .
 . . .
 . . .
 . . .
 . . .

H 8.5#week
 2.368
 .0419
 2.450
 2.285
 76.928
 1
 !.0001

H 7#week
 .209
 .1596
 2.103
 .522
 1.720
 1
 .190

H 5.5#week
 .249
 .0596
 .132
 .366
 17.471
 1
 !.0001

H 4#week
 .224
 .0671
 .092
 .355
 11.107
 1
 .001

cale
 .210
 . . .
 . . .
 . . .
 . . .
 . . .
 . . .
Note. Analysis of model 2 GEE parameter estimates based on the robust variance estimates, using an autoregressive working correlation matrix, with survival
f tadpoles (within the first 4 wk) as the outcome variable and time, pH, and pH#week as explanatory variables.
a.Set to 0 because this parameter is redundant.
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and time to metamorphosis (Wilbur 1977; Dash and Hota
1980; Crump 1981; Semlitsch and Caldwell 1982; Cameron
1994). Nonetheless, differences in tadpole body sizes among our
treatments cannot be attributed entirely to density effects, be-
cause growth rates differed substantially even in pH treatments
with very similar densities (fig. 3). We note also that our experi-
mental design mimicked the actual conditions in the pond; for
example, tadpoles growing up in water that caused high egg
survival (such as pH 4 in our experiment) would subsequently
encounter higher conspecific densities than would tadpoles grow-
ing up in a pond where pH conditions resulted in low egg sur-
vival.
This content downloaded from 137.
All use subject to University of Chicago Press Term
Interestingly, pH treatments affected developmental trajec-
tories as well as rates of growth, development, and survival.
Similar plasticity is widespread in anurans (Newman 1992;
Skelly 1997). Toad metamorphs emerging from alkaline treat-
ments (pH 8.5) had larger bodies and relatively longer limbs,
and the metamorphs from slightly acidic water (pH 5.5) had
narrower heads (smaller intraorbital distance) relative to body
length than did metamorphs from other treatments. In our
study, these treatment-induced differentials inmetamorph size
and shape did not translate into performance differentials.
Neither the absolute speed nor the distance jumped differed
significantly among toadlets from the four treatments.
Table 3: Analysis of generalized estimation equation (GEE) parameter estimates of the length of tadpoles at weeks 1–4
at a range of pH treatments
95% Wald confidence interval
111.013.200 on March 17, 2019 20:2
s and Conditions (http://www.journa
Hypothesis test
Parameter
 b
 SE
 Lower
 Upper
 Wald x2
3:11 PM
ls.uchicago.edu/t-an
df
d-c).
P

Intercept
 245.377
 . . .
 . . .
 . . .
 . . .
 1
 !.0001

pH 4
 41.698
 .7345
 40.258
 43.138
 3,222.532
 1
 !.0001

pH 5.5
 40.520
 .3449
 39.844
 41.196
 13,802.322
 1
 !.0001

pH 7
 42.260
 .4605
 41.357
 43.162
 8,420.762
 1
 !.0001

pH 8.5
 39.541
 1.4407
 36.717
 42.364
 753.259
 1
 !.0001

pH 10
 0a
 . . .
 . . .
 . . .
 . . .
 . . .
 . . .

Week
 8.581
 . . .
 . . .
 . . .
 . . .
 1
 !.0001

Density
 .741
 . . .
 . . .
 . . .
 . . .
 1
 !.0001

pH 4#week#density
 .009
 .0039
 .001
 .017
 5.190
 1
 .023

pH 5.5#week#density
 .006
 .0040
 2.002
 .014
 2.463
 1
 .117

pH 7#week#density
 .012
 .0089
 2.005
 .030
 1.941
 1
 .164

pH 8.5#week#density
 2.056
 .0271
 2.109
 2.003
 4.278
 1
 .039

pH 10#week#density
 2.051
 . . .
 . . .
 . . .
 . . .
 1
 !.0001

pH 4#density
 2.770
 .0104
 2.790
 2.749
 5,503.561
 1
 !.0001

pH 5.5#density
 2.741
 .0112
 2.763
 2.719
 4,356.906
 1
 !.0001

pH 7#density
 2.779
 .0242
 2.826
 2.731
 1,034.859
 1
 !.0001

pH 8.5#density
 2.603
 .0762
 2.752
 2.453
 62.476
 1
 !.0001

pH 10#density
 0a
 . . .
 . . .
 . . .
 . . .
 . . .
 . . .

pH 4#week
 28.678
 .2619
 29.191
 28.164
 1,097.898
 1
 !.0001

pH 5.5#week
 28.302
 .1215
 28.541
 28.064
 4,666.559
 1
 !.0001

pH 7#week
 28.719
 .1808
 29.073
 28.364
 2,324.473
 1
 !.0001

pH 8.5#week
 27.759
 .4697
 28.680
 26.839
 272.844
 1
 !.0001

pH 10#week
 0a
 . . .
 . . .
 . . .
 . . .
 . . .
 . . .

Scale
 .634
 . . .
 . . .
 . . .
 . . .
 . . .
 . . .
Note. Model 3 GEE parameter estimates based on the robust variance estimates, using an autoregressive working correlation matrix, with total length of
tadpoles during weeks 1–4 as the outcome variable and pH, week, density, pH#week#density, pH#density, and pH#week as explanatory variables.

aSet to 0 because this parameter is redundant.
Table 4: Mean values of morphometric characteristics and locomotor performance of the toadlets at different pH treatments
Treatment (pH)
 SVL (mm)
 IODa
Tibia
lengtha
Metamorphic
age (wk)
Absolute
speed (cm/s)
Endurance (body
lengths/trial)
Locomotor speed
(body lengths/s)
5.5
 9.256
 .327
 .419
 9.00
 .549
 417.1
 .587

7
 9.327
 .351
 .400
 8.80
 .581
 455.1
 .613

8.5
 9.983
 .331
 .426
 7.70
 .690
 395.7
 .684
Note. These values are calculated from analysis of variance. SVL p snout-vent length; IOD p intraorbital distance.
aAs a proportion of SVL.



440 U. Wijethunga, M. Greenlees, and R. Shine
F
c
u
tr
sh
Cane toads in their native range (in Venezuela) reportedly
breed in clear water with pH only slightly higher than neutral
(7.1–7.6), with low water turbidity, and at a water temperature
of 297–307C (Evans et al. 1996). Similar pH results have been
obtained from studies of toad-spawning ponds in northern
NSW (slightly north of our own study sites), with water close
to neutral (pH 6.99–7.22; Semeniuk et al. 2007). In tropical
Australia, however, toads often spawn in more acidic water
bodies (pH 5.28–5.33; Hagman and Shine 2006). In combi-
nation, these studies suggest that toads often spawn in rela-
tively neutral acidities (both in the native range and in the
invaded range) but sometimes breed in ponds that offer more
extreme pH conditions. Our laboratory study shows that in
both the embryonic and larval stages, cane toads can tolerate
a wide range of pH as extreme as any that we have recorded in
nature. Takano and Iijima (1937) also reported that the tad-
poles of Rhinella marina can successfully develop at pH 4–9.
It is difficult to translate these experimentally induced shifts

in survival, growth, larval duration, and metamorph traits into
any simple evaluation of viability. From a management per-
spective, we want to know how the recruitment of cane toads is
affected by pond pH conditions, but to do so, we need to follow
individuals through their long lives (Lever 2001) to measure
lifetime consequences of variation in these traits. Plausibly,
many of the traits that are affected by pH impact toad viability.
This is certainly true for survival measures, with pH affect-
ing both egg survival and tadpole survival—but in a complex
fashion, such that the optimal pH for egg survival was cata-
strophic for tadpole survival. Similarly, tadpole growth rates
and larval durations often may have major impacts on fitness,
but the nature of those relationships varies strongly through
time and space (Travis 1984; Indermaur et al. 2010; Llewelyn
et al. 2010; Phillips et al. 2010b). Finally, metamorph body size,
shape, and locomotor ability may also affect subsequent fitness
(Berven and Gill 1983; Smith 1987; Altwegg and Reyer 2003).
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Other critical gaps in our knowledge involve the spatial and
temporal dynamics of pH in natural water bodies, the ability of
reproductive adult toads to assess sites before spawning, and
the potential for tadpoles to detect and avoid suboptimal levels
of acidity within water bodies. For example, heavy rainfall may
create transiently low pH conditions (Cook 1983), thereby en-
hancing egg survival for the brief (approximately 2-d) embry-
onic period, but then over the next few days, pH may rise to
conditions that are optimal for tadpole growth and survival.
Also, tadpoles may be able to track changes in pH and move to
places (based on water depth, temperature, freshwater inflow,
shading, etc.) that minimize their exposure to harmful condi-
tions. Behavioral plasticity of this type might enable tadpoles
to buffer ambient variation in pH levels and exploit different
parts of their pond environment at different developmental
stages.
Finally, what do our results mean for the continued south-

ward expansion of the cane toad invasion in southern Austra-
lia? At first sight, the highly acidic conditions in near-coastal
regions (notably inwallumhabitat) seemas if theymight impede
the invader’s progress. Our study is discouraging in this re-
spect. First, cane toads can survive and metamorphose after
developing under a wide range of pH conditions. Second, ex-
tremely acidic water can enhance rather than reduce toad sur-
vival in the egg stage, although continued exposure to pH 4
throughout the larval period was invariably fatal. Given the
enormous fecundity of cane toads, with tens of thousands of
eggs per clutch, even a low-percentage survival rate translates
into a large number of metamorphs. Thus, we doubt that pH
challenges will substantially curtail the toad’s southern ex-
pansion. Factors such as low temperature (Kolbe et al. 2010) or
interactions with native biota (Cabrera-Guzmán et al. 2011,
2012) may well be more important in this respect.
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