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“It's a magical world, Hobbes, ol' buddy... Let's go exploring!”
Calvin

“It seems to me that the natural world is the greatest source of excitement, the greatest
source of visual beauty, the greatest source of intellectual interest. It is the greatest
source of so much in life that makes life worth living.”
David Attenborough

“I have no special talents. I am only passionately curious."
Albert Einstein

“If we have data, let’s look at data. If all we have are opinions, let’s go with mine.”
Jim Barksdale
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Summary
Drying conditions in southern Australia are a growing challenge for many amphibians
as their early development is highly influenced by environmental water availability.
Hence, we urgently need to understand whether species can adapt to the predicted
changes in rainfall, and explore potential methods to conserve species at high risk of
decline. This thesis focuses on both of these aspects, using two species of nonthreatened amphibians from the south-west of Australia as models whose egg laying
sites are subject to increasingly dry conditions.

In my first chapter, I used a quantitative genetics approach to investigate the genetic
architecture underlying desiccation tolerance in the frog Crinia georgiana. Using a
North Carolina II breeding design, I exposed 90 family groups to two water depth
treatments late in larval development and reared tadpoles to metamorphosis. I then
estimated the contribution of additive and non-additive sources of genetic variation to
early offspring fitness under both environments. My results suggest that C. georgiana
embryos can respond plastically to drying conditions by accelerating their
development, however, I found no evidence for additive genetic variation underlying
the expression of this response, pointing to limited potential for this population to
respond genetically to drying conditions. Sire-by-dam interactions were significant for
most traits, indicating the importance of non-additive genetic variation for offspring
fitness. Moreover, sire-by-dam interactions were modified by the treatment, indicating
that patterns of non-additive genetic variance depend on environmental context.
Levels of non-additive genetic variation (relative to total phenotypic variation) were
higher when larvae were reared under stressful conditions, suggesting that the fitness
costs associated with incompatible parental crosses will only be expressed when
water availability is low. These results highlight the need to consider patterns of nonadditive genetic variation under contrasting selective regimes when considering the
resilience of species to environmental change.

The following three chapters focus on testing the potential of assisted gene flow (AGF)
to conserve terrestrial-breeding amphibians in the face of climate change, using the
Crawling frog Pseudophryne guentheri as a model species. AGF is an emerging
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strategy for bolstering the genetic variation and adaptive potential of isolated
populations threatened by climate change. It involves translocation of pre-adapted
individuals (e.g. from range edge populations) to facilitate the adaptation of recipient
populations to future climatic conditions, but empirical tests are lacking for most taxa
(including amphibians).

First, I investigated whether P. guentheri shows clinal variation in desiccation tolerance
along a precipitation gradient to gain estimates of the species’ capacity to adjust (either
via phenotypic plasticity or local adaptation, or a combination of both) to altered
environmental conditions, and to identify suitable source populations for future
translocation efforts. I collected adult frogs from six populations across the species’
range and assessed their dehydration and rehydration rates. I also compared
desiccation tolerance of embryos and hatchlings from within-population parental
crosses from four of the six populations. I found significant and strong patterns of intraspecific variation in almost all traits, both in adults and first generation offspring. Adult
frogs exhibited clinal variation in their water balance responses, with populations from
drier sites both dehydrating and rehydrating more slowly compared to frogs from more
mesic sites. Similarly, desiccation tolerance of embryos and hatchlings was
significantly greater in populations from xeric sites. Taken together, these findings
suggest that populations within this species will respond differently to the regional
reduction in rainfall predicted by climate change models, and emphasise the
importance of considering geographic variation in phenotypic plasticity when
predicting how species will respond to climate change.

Second, I investigated geographic variation in sperm ejaculate traits across the six P.
guentheri populations, as local environmental conditions (such as precipitation) can
influence sperm competition patterns or breeding systems, consequently promoting
local adaptation in sperm traits which may impede AGF efforts. I found a striking
divergence in sperm quantity, motility and morphology traits between males from
range edge and mesic populations. Males from the northern, dry edge of the species’
range had smaller testes which contained sperm at a lower density. Furthermore, their
spermatozoa were smaller, swam more slowly and in a less linear fashion, and a
smaller proportion of sperm was active. Since intra-specific variation in gamete traits
may be a common mechanism leading to reproductive isolation and speciation, the
v

degree of divergence between range edge and mesic populations raises questions
about whether successful interbreeding is still possible.

Finally, I tested the outcomes of assisted gene flow within a laboratory environment in
P. guentheri. I performed reciprocal crosses between four populations, two from the
drier northern edge of the species range, and two from the more mesic centre of the
species’ distribution. I reared embryos on wet and dry soils, and quantified a range of
fitness-related traits upon hatching. AGF resulted in mixed outcomes in hybrid
crosses, which depended strongly on crossing distance and direction. Long-distance
crosses between range edge and central populations led to low embryonic survival
(~15%) in one direction, and high malformation rates (~36% of hatchlings) in crosses
in the opposite direction. Thus, my data suggests an almost complete asymmetric
(one-directional) postzygotic isolation between range edge and central populations,
indicating that these populations may be in the process of speciation. In contrast,
short-distance crosses led to one instance of hybrid vigour, evident by increased
fitness and desiccation tolerance of hybrids relative to within-population crosses.
These results provide the first insights into the factors influencing AGF outcomes in
amphibians, and suggest that laboratory trials will be an important step before AGF is
used in the management of threatened populations.
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Prologue
Nearly one-third of the world’s 6260 amphibian species are threatened or extinct, and
populations are declining in size in a further 42% of species (Wake 2012; IUCN 2017).
Drivers of amphibian declines are multifaceted, and include disease, habitat loss, UVB radiation (due to ozone depletion), introduction of alien species and direct
exploitation (for a review, see Beebee and Griffiths 2005; Campbell Grant et al. 2016).
Direct and indirect effects of climate change are exerting further selection pressures
on susceptible populations (Thomas et al. 2004; Pounds et al. 2006; Blaustein et al.
2010; Winter et al. 2016). In particular, there is concern that changes in precipitation
will affect amphibian species, as their permeable skin, biphasic lifecycles and
unshelled eggs render them highly susceptible to changes in water availability
(Carey and Alexander 2003; Mainwaring et al. 2017). Population declines due to
drought have been reported for a number of amphibians (Daszak et al. 2005;
McMenamin et al. 2008; Walls et al. 2013b; Mac Nally et al. 2017), but the severity
of this threat to the taxa remains unclear due to limited information on the
evolutionary resilience of wild populations (Urban et al. 2014). Populations
experiencing a drying climate (e.g. as is occurring in south-west Australia; Raut et
al. 2014) may be able to respond rapidly to drying conditions if they harbour
sufficient genetic variation in traits related to desiccation tolerance.
Expanding our limited knowledge on the adaptive capacity of amphibians will be
vital for more accurately predicting the persistence of populations under the new
selection pressures. In particular, emphasis should be placed on exploring methods
to conserve or increase genetic diversity to help promote adaptive evolution in situ
(Sgrò et al. 2011). This thesis therefore has two main objectives.
First, in Chapter 1, a quantitative genetics approach is used to assess whether
genetic adaptation and/or phenotypic plasticity could enable frogs (study species:
Crinia georgiana) to respond to projected environmental conditions in south-west
Australia. This species deposits eggs into shallow temporary pools that frequently
dry between bouts of rain. Whilst embryos can accelerate metamorphosis when
water levels are low (Mueller et al. 2012), the genetic basis of this plastic response
is unknown. Using a North Carolina II breeding design, 90 family groups are exposed
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to two water depth treatments late in larval development, and the contributions of
additive and non-additive sources of genetic variation to early offspring fitness are
estimated under both environments. The results of this chapter provide new insights
into the adaptive capacity of C. georgiana to the projected drying of their habitats, and,
more generally, into the mechanisms of adaptive evolution in heterogeneous
environments.
Secondly, in Chapters 2-4, I explore the potential of assisted gene flow (AGF) to
enhance the adaptation of at-risk populations to drier breeding environments. AGF
involves the deliberate translocation of “preadapted” individuals (or genes) to increase
genetic variation of recipient populations, and to thereby promote adaptation to
anticipated environmental conditions (Weeks et al. 2011; Aitken and Whitlock 2013).
This technique is expected to see increasing use, but experimental tests of AGF
outcomes and the factors influencing such outcomes are unexplored for most taxa.
Consequently, Chapter 2 uses a widely-distributed terrestrial-breeding frog
(Pseudophryne guentheri) as a model to identify desiccation-tolerant phenotypes
along latitudinal and rainfall gradients that could be strategically utilised as source
populations for AGF. Chapter 3 focuses on intraspecific variation in ejaculate traits
among geographically separated P. guentheri populations, and highlights that
diverging reproductive investments in this species may be a potential non-genetic
constraint on AGF.
Chapter 4 builds on an extensive body of work (from the 1970’s, 80’s and 90’s) on
hybrid zones of amphibian species from southern Australia. Many influential
herpetologists (e.g. Littlejohn, Main, Bull, Lee) investigated natural hybrids, and
crossed both populations and species to understand the maintenance and dynamics
of hybrid zones, and to provide insights into speciation and reproductive isolation
(e.g. Littlejohn et al. 1971; Bull 1979; Gartside et al. 1979; Littlejohn and Watson
1985, 1993; Gollmann and Gollmann 1991; Osborne and Norman 1991). Here, I use
a very similar approach to provide insights into factors that might influence the
success (or otherwise) of AGF. Mesic and range-edge populations (as identified in
Chapter 2) are crossed in the laboratory, and the desiccation tolerance of hybrids is
quantified. In particular, I test whether hybrids show signs of outbreeding depression
or hybrid vigour, and whether such effects are dependent on crossing distance or
direction of the cross.
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In summary, this thesis uses sophisticated experimental approaches to address a
critical gap in our knowledge about the adaptive potential of amphibian populations to
drying conditions, and to provide the first insights into the factors influencing AGF
outcomes in amphibians. I discuss the implications of my findings from an evolutionary
and conservation perspective, summarise key findings in an epilogue and provide
suggestions for future research.
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Chapter 1
Environmental stress increases the magnitude of nonadditive genetic variation in offspring fitness in the frog
Crinia georgiana
Rudin-Bitterli, T.S.1,2 *, Mitchell, N.J.1 & Evans, J.P.1,2

1. School of Biological Sciences, The University of Western Australia, Crawley,
Western Australia 6009, Australia
2. Centre for Evolutionary Biology, The University of Western Australia, Crawley,
Western Australia 6009, Australia
*

Author and address for correspondence

Gravid female Crinia georgiana. Photo by Corné van der Linden.

This chapter is presented as it will appear in The American Naturalist in September
2018, apart from minor changes to formatting and referencing for consistency with
subsequent chapters.
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1.1 Abstract
When organisms encounter heterogeneous environments, selection may favor the
ability of individuals to tailor their phenotypes to suit the prevailing conditions.
Understanding the genetic basis of plastic responses is therefore vital for predicting
whether susceptible populations can adapt and persist under new selection pressures.
Here, we investigated whether there is potential for adaptive plasticity in development
time in the quacking frog Crinia georgiana, a species experiencing a drying climate.
Using a North Carolina II breeding design, we exposed 90 family groups to two water
depth treatments (baseline and low water) late in larval development. We then
estimated the contribution of additive and non-additive sources of genetic variation to
early offspring fitness under both environments. Our results revealed a marked decline
in larval fitness under the stressful (low water) rearing environment, but also that
additive genetic variation was negligible for all traits. However, in most cases we found
significant sire-by-dam interactions, indicating the importance of non-additive genetic
variation for offspring fitness. Moreover, sire-by-dam interactions were modified by the
treatment, indicating that patterns of non-additive genetic variance depend on
environmental context. For all traits, we found higher levels of non-additive genetic
variation (relative to total phenotypic variation) when larvae were reared under
stressful conditions, suggesting that the fitness costs associated with incompatible
parental crosses (e.g. homozygous deleterious recessive alleles) will only be
expressed when water availability is low. Taken together, our results highlight the need
to consider patterns of non-additive genetic variation under contrasting selective
regimes when considering the resilience of species to environmental change.
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1.2 Introduction
Almost all organisms face the possibility of unstable environments, which in recent
times is increasing due to human activities (e.g. climate change, invasive species and
habitat fragmentation). Whether populations can persist under rapidly changing
conditions depends on their ability to employ one, or a combination of up to three
response mechanisms: evasion, phenotypic plasticity, and genetic adaptation (Holt
1990; Davis et al. 2005). In principle, evasion can allow populations to move to
favorable locations (Parmesan 2006; Thomas 2010), but successful range shifts
require new habitats to be accessible, which is increasingly impeded by habitat
fragmentation (Fahrig 2003; Pecl et al. 2017). Moreover, the rapid rate of
environmental change experienced by many populations may require organisms to
travel distances that exceed their capabilities (Schloss et al. 2012; Hetem et al. 2014).
Therefore, as evasion will not always be an option for persistence as environments
change, phenotypic plasticity and genetic adaptation will play key roles in determining
the survival of species that do not shift their distributions (Moritz and Agudo 2013).

A considerable body of research has focused on the ability of populations to respond
to environmental changes via phenotypic plasticity - the ability of a given genotype to
adjust its phenotype according to its environment. Phenotypic plasticity has been
widely documented in natural populations (West-Eberhard 2003; Hollander et al. 2015)
and is particularly prevalent in organisms such as amphibians that inhabit highly
heterogeneous environments (Urban et al. 2014). Meta-analysis has revealed that
71% of amphibian traits show plasticity in response to climatic variation (Urban et al.
2014). However, phenotypic plasticity is not necessarily adaptive (Visser et al. 2006;
Ghalambor et al. 2007, 2015; Urban et al. 2014). Furthermore, not all traits are plastic,
and there are often inherent costs that limit plasticity (DeWitt et al. 1998; Relyea 2002).
Thus, whilst plastic responses are important for buffering the effects of changes in
environmental conditions in the short term, most organisms require a microevolutionary response to persist under continued directional change in their
environments (Gienapp et al. 2008).

Plastic responses can themselves evolve and contribute to environmental adaptation
(Hoffmann and Sgro 2011). If there is genetic variation in phenotypic plasticity (i.e.,
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genotype-by-environment interaction; GEI), and if plastic responses increase fitness,
selection can target the degree of plasticity (Crispo et al. 2010; Tedeschi et al. 2015).
However, whilst plastic responses to environmental change are documented for many
groups, the genetic basis of such responses is poorly understood. This is largely due
to the difficulty in reliably distinguishing phenotypic and genetic responses to changed
environments (Chown et al. 2010; Merilä and Hendry 2014), which is analogous to the
difficulty in partitioning the causal components of variance when the trait itself is a
variance rather than a mean. Teplitsky et al. (2008), for example, showed that
phenotypic shifts in mean body size observed in birds, originally attributed to genetic
adaptation, were in fact a consequence of phenotypic plasticity.

Quantitative genetics experiments offer an empirical framework for investigating the
potential for genetic responses to environmental change (Lynch and Walsh 1998).
Early quantitative genetics studies revealed that patterns of additive genetic variance
underlying trait expression can vary with environmental conditions due to genotypeby-environment interactions (Hoffman and Parsons 1991; Hoffmann and Merilä 1999),
indicating that heritabilities may not be constant as abiotic variables change (Visser
2008), with a trend toward heritabilities being lower in unfavorable environments
(Charmantier and Garant 2005). Whether the lower heritabilites are due to less
additive genetic variance, relatively greater non-additive variance, and/or greater
environmental variance (VE) remains unclear.

Amphibians are ideal models for investigating patterns of genetic variation under
unstable environments, as their generally large clutch sizes, external fertilization and,
for the most part, lack of parental care means they are especially suited to quantitative
genetic analyses (Laurila et al. 2002; Merilä et al. 2004; Laugen et al. 2005; Eads et
al. 2012). Moreover, amphibians have experienced substantial species losses and
population declines over recent decades (Alroy 2015; Catenazzi 2015). Whilst disease
has been identified as the primary driver for many such declines (Skerratt et al. 2007),
environmental stresses associated with a drying climate are exerting additional
selection pressures on susceptible populations, and has likely been a second major
driver of the extinction process (Kiesecker et al. 2001; Wake 2012). However, the
severity of this threat to amphibians remains unclear, largely due to disagreements
among researchers about the resilience of threatened populations. We therefore
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require far better understanding of the potential for micro-evolutionary responses if we
are to predict the resilience of amphibians to environmental uncertainty (Urban et al.
2014).

A central reason for the vulnerability of many amphibians is their strong dependence
on freshwater for reproduction (Carey and Alexander 2003; Walls et al. 2013a), a
resource that has declined in quality and availability in many regions (Milly et al. 2005).
Most amphibians inhabit highly variable environments and have evolved mechanisms
for dealing with low water depth, such as by accelerating development to
metamorphosis (Newman 1992; Gomez-Mestre et al. 2013). Such plasticity potentially
allows metamorphs to escape drying pools. However, rapid development may come
at a cost of smaller body size at metamorphosis (Doughty and Roberts 2003; Mueller
et al. 2012), which in turn is likely to impede survival in the terrestrial environment
(Semlitsch et al. 1988; Berven 1990; Cabrera-Guzmán et al. 2013).

In this study, we apply an experimental quantitative genetic framework to determine
whether there is the potential for adaptive plasticity in developmental rate in the
quacking frog Crinia georgiana, a polyandrous species that occurs in southwestern
Australia (Roberts et al. 1999). Crinia georgiana is a highly suitable model for
investigating the impact of a drying climate on early development, as the larvae show
accelerated rates of maturation relative to related amphibian species with similarly
sized eggs (Mueller et al. 2012). Low water depth is a frequent challenge for C.
georgiana larvae as eggs are deposited in shallow (~1-2 cm deep) temporary pools
and pools frequently dry out between bouts of rain (Byrne and Roberts 2000; Doughty
2002; Doughty and Roberts 2003). Furthermore, C. georgiana inhabits a region that
has experienced a substantial decline in winter rainfall over the past 40 years (19%
reduction since the 1970s) (Smith 2004; IOCI 2012; Andrich and Imberger 2013;
CSIRO and Bureau of Meteorology 2016), and this region is expected to become
warmer and drier in the coming decades (Gallant et al. 2007; Bates et al. 2008; Smith
and Power 2014; CSIRO and Bureau of Meteorology 2015). It is therefore likely that
populations will face strong selection pressure on larval traits that provide resilience
to drying.
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We used a cross-classified (North Carolina II) breeding design to determine whether
C. georgiana exhibits underlying genetic variation in its response to changes in water
depth, focusing on a range of putative fitness traits, including embryonic and juvenile
survival, time to metamorphosis, body size, morphology and jumping performance.
Importantly, this design enabled us to determine whether there is a genetic basis to
plasticity in the expression of these traits (i.e., GEI), and thus the potential for selection
to target such plastic responses. Furthermore, as our breeding design involved a
series of factorial crosses between parental genotypes, we were able to determine
whether variation in water depth modifies patterns of non-additive genetic variance in
offspring fitness, for example attributable to variation in parental compatibility, which
constitutes an important source of variation in embryonic survival in this species
(Dziminski et al. 2008). Taken together, our analyses were designed to offer insights
into the fitness implications associated with changes in breeding environments, and
the capacity of amphibian populations to respond to such changes.

1.3 Materials and Methods
1.3.1 Ethics statement
All animal work was conducted in accordance with the University of Western
Australia’s (UWA) Animal Ethics Committee (permit number RA/3/100/1395).
Fieldwork was conducted under permit SF010360 issued by the Western Australian
Department of Biodiversity, Conservation and Attractions.

1.3.2 Study species
Crinia georgiana is a small (19-47 mm snout-to-vent length) species of myobatrachid
frog widely distributed throughout the southwest of Western Australia. Breeding occurs
between late autumn and the middle of spring (Main 1965), when males aggregate in
shallow, temporary water and call to attract females. Females entering the chorus are
amplexed by one to nine males (Buzatto et al. 2015) and release eggs which are
fertilized externally. Multiple mating by females (polyandry) is common in this species,
with approximately 50% of all matings involving more than one male (Roberts et al.
1999) and results in multiple paternity of egg clutches (Roberts et al. 1999; Buzatto et
al. 2017). The environment in which embryos and larvae develop is generally unstable,
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as eggs are deposited within shallow (1-2 cm) temporary pools or seepages that can
dry and flood several times within the breeding season (Seymour et al. 2000; Doughty
and Roberts 2003, Fig. 1.1). Consequently, both the embryos and free-swimming
larvae are at high risk of desiccation.

Figure 1.1
Crinia georgiana eggs in a desiccated pool at the breeding site (Kangaroo Gully) in
August 2015

1.3.3 Animal collection
Adult C. georgiana were collected by hand from a large population near Kangaroo
Gully, approximately 40km southeast of Perth, Western Australia (32º06’35” S,
116º08’54” E). In total, 30 gravid females and 30 adult males were collected from
within a breeding chorus over five nights between the 9th and 22nd of August 2015.
Frogs were transported to the University of Western Australia in Perth on the night of
collection.
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1.3.4 Breeding design
We performed controlled laboratory crosses according to a North Carolina II block
breeding design (Lynch and Walsh 1998). In each block, eggs from three females were
crossed with the sperm from three males (Fig. 1.2). We established ten such blocks,
thus yielding 90 families. Each ‘family’ included at least 20 eggs, resulting in a total
sample size of 2067 eggs across the ten blocks. The NCII design generates fullsiblings, paternal half-siblings and maternal half-siblings, making it possible to partition
sources of phenotypic variation into additive genetic (i.e., sire) effects, maternal
(genetic and environmental) effects and non-additive effects (Comstock and Robinson
1948; Lynch and Walsh 1998).

Figure 1.2
Experimental North Carolina II block-breeding design (Lynch and Walsh 1998). In
each block, the eggs of three females were fertilized with sperm from three males in
all nine combinations. 10 such blocks were created, thus yielding 90 Crinia georgiana
families.

1.3.5 In-vitro fertilizations
All procedures outlined below were performed on the same night that animals were
collected. Male frogs were euthanized via ventral immersion in <0.03% benzocaine
solution, followed by double pithing. Their testes were then removed, weighed and

27

crushed within an Eppendorf tube in 0.3 – 1.1 ml (adjusted according to the weight of
the testes) of chilled standard amphibian ringer (SAR; 113mM NaCl, 2 mM KCl, 1.35
mM CaCl2, and 1.2 mM NaHCO3). Testes macerates were immediately placed on ice
and

sperm

concentrations

were

measured

using

an

improved

Neubauer

hemocytometer (Hirschmann Laborgeräte, Eberstadt, Germany).

Eggs were gently squeezed from each female on to a clean surface. They were then
moistened with SAR and divided equally among three plastic weigh pans and placed
on ice until fertilization. Following Dziminski et al. (2008), a calculated volume of sperm
suspension was pipetted on to one edge of the pan, followed by a volume of stream
water (collected from the breeding site) at 16°C. When mixed, the two solutions
produced a sperm concentration of 0.2 x 106 sperm/mL, which leads to asymptotic
rates of fertilization (Dziminski et al. 2008, 2009a). Each pan was manually agitated
for 20 sec to mix the diluted sperm suspension among the eggs to promote fertilization.
After 15 minutes, pans were backlit and submerged eggs were photographed with a
stage micrometer for calibration. These images were used to measure the diameter
(later converted to volume) of 50 eggs from each female, using ImageJ software
(Abràmoff et al. 2004). All remaining eggs from each female were frozen at -20
degrees for analysis of yolk corticosteroids. Both ovum volume and yolk corticosterone
levels can have significant effects on offspring fitness in amphibians (Dziminski and
Roberts 2006; Love and Williams 2008), and thus these factors were included as
covariates in all of our analyses (see below).

Eggs were transferred to round plastic containers (base diameter = 9 cm, height = 6.5
cm; 5 eggs per container) and covered with stream water (collected from the breeding
site) to a depth of 2 cm. Containers with eggs were maintained in a controlledtemperature room at 16°C with a 11/13 h light/dark photoperiod to match ambient
(winter) conditions. Fluorescent lights (Grolux, Sylvania, Padstow, Australia) provided
UV light for 3h each day. Two hours after combining eggs and sperm, fertilization
success was scored in each container by visualizing the eggs under a microscope at
x 32 magnification. Fertilized embryos were at the 2- or 4-cell stage (Gosner Stage 3
or 4) at this point in time.
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1.3.6 Tadpole rearing & measurements
Containers were checked for hatchlings every 12h and time to hatching was recorded
to the nearest minute. Once all five tadpoles in a dish had hatched, the water was
replaced with fresh stream water to a depth of 2 cm. Embryonic survival was recorded
for each dish as the proportion of fertilized eggs that hatched. A macro picture of each
tadpole (dorsal view) was taken (Canon PowerShot G16, along with a micro-ruler for
calibration) for later analysis of tadpole morphology (Fig. 1.3A). Five morphological
variables were measured to the nearest 0.01 mm using ImageJ (version 1.50b)
software: total length, tail length, body length, body width and tail muscle width. Each
of these traits affects swimming performance (Van Buskirk and McCollum 2000; e.g.
Teplitsky et al. 2005; Wilson et al. 2005; Johnson et al. 2015), which is important for
predator escape (Watkins 1996).

A

B

Figure 1.3
Morphological measurements taken for Crinia georgiana A) hatchlings and B)
metamorphs. Tadpole labels: TTL - total tadpole length, TL - tail length, BL - body
length, BW - body width, TMW - width of tail muscle. Metamorph labels: SVL – snoutvent length, HW - head width, THL - thigh length, TL - tibia length, FL - foot length.

Feeding was initiated once tadpoles developed mouthparts (Gosner stage 21,
approximately 3 days after hatching). Tadpoles were fed a ground and sieved 3:1
mixture of rabbit pellets (Lucerne) and TetraMin tropical fish food (TetraWerke, Melle,
Germany), with 25 mg of this mixture added to each container every three days,
resulting in approximately 5 mg of food per tadpole. This feeding regime ensured a
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size at metamorphosis consistent with sizes that occur in the wild (Doughty and
Roberts 2003; Dziminski and Roberts 2006). Containers were frequently cleaned with
a sponge to remove debris and stream water was changed daily. Once tadpoles
reached Gosner Stage 34 (hind limb buds developing with early differentiation of toes,
approximately 28 days after fertilization), manipulation of water depth began. The
decision to initiate treatment at this stage was based on Doughty and Roberts (2003),
who reduced water depth at a range of larval stages and found the strongest response
when the treatment was initiated at Stage 34. Tadpoles were subjected to one of two
water depth treatments: a baseline treatment where tadpoles continued to experience
a constant water depth of 2 cm, or a low water depth treatment, where the water depth
was reduced to 0.5 cm. This water depth was chosen because it was low enough to
simulate pool drying whilst still allowing tadpoles to swim and feed. Thus, any effects
of treatment were likely attributable to water depth and not food intake.

The developmental stage of the tadpoles in each container was determined every 12h
using a binocular microscope. Tadpole survival was recorded as the proportion of
fertilized eggs that survived to Gosner Stage 42 (emergence of at least one forelimb),
which marks the end of the larval period and the beginning of metamorphosis, and the
stage at which individuals switch from gill breathing to lung breathing (Anstis 2013).
The length of the larval period was calculated as the time between hatching
(approximately Gosner stage 28, achieved at around 14 days after fertilization) and
Gosner Stage 42 (achieved approximately 49 days after fertilization). Individuals at
Stage 42 were placed in new containers with perforated lids, and containers were
placed onto a sloping shelf to provide wet and dry areas that allowed metamorphs to
leave the water. Food was not provided from this point onwards, as late developmental
stages do not feed (Williamson and Bull 1989).

Time to metamorphosis was interpreted as the time between fertilization and the
completion of metamorphosis (i.e. complete reabsorption of the tail; Gosner Stage 46),
and survival was calculated as the proportion of fertilized eggs that metamorphosed.
We also calculated the metamorphic duration - the time (in days) it took tadpoles to
progress from Gosner Stage 42 to Gosner Stage 46 - as this is a vulnerable stage in
amphibian life history when major internal reorganization occurs (Downie et al. 2004).
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On the day metamorphosis was achieved, jumping performance was assessed for
each metamorph. Jumping trials were conducted in a temperature controlled room at
16°C. Prior to each trial, metamorphs were placed in a Petri dish containing 3 mmdeep stream water for 15 min to ensure that they were fully hydrated but did not swim.
Metamorphs were then positioned into the middle of an A3 sized paper. A syringe was
used to apply a small amount of food coloring (Queen blue color) onto the hind limbs
of each metamorph (Whitehead et al. 1989). Metamorphs were then induced to jump
five times by lightly tapping the urostyle with a pen (Zug 1978). Distances between ink
marks on the paper were measured to the nearest mm and the average jumping
distance was calculated for each individual.

Following the measurement of jump performance, metamorphs were euthanized in
<0.03% benzocaine solution and preserved in 10% neutral buffered formalin. Wet
mass was later recorded to the nearest 0.001g after blotting on tissue. Preserved
metamorphs were photographed in dorsal view (while submerged in water to minimize
refraction) using a digital imaging camera (Leica DFC320) attached to a light
microscope (Leica MZ7.5) at X 6.3 magnification. ImageJ was used to measure the
following five morphological traits to the nearest 0.01 mm: snout-vent length (SVL),
head width (HW), thigh length (THL), tibia length (TL) and foot length (FL) (Fig. 1.3B).

1.3.7 Yolk corticosterone analysis
Maternal steroid hormones deposited in the egg, such as the glucocorticoid
corticosterone, can influence offspring fitness (Love and Williams 2008) and
development rate (Kulkarni and Buchholz 2012). We therefore measured
corticosterone concentrations in spare eggs from each female for inclusion as a
covariate in our analyses. For this purpose, egg samples (yolk + jelly) were weighed
and homogenized in 300 µl of double-distilled (DD) water using an Eppendorf®
micropestle. The micropestle was rinsed with 100 µl of DD water. Corticosterone was
extracted by adding 4 ml of pure diethyl ether and the samples were then vortexed for
10 min. Samples were kept frozen at -20°C overnight and the organic phase was
transferred into a 12 x 75 mm glass tube and dried under air flow. The dry samples
were reconstituted in 300 µl of PBS, vortexed for 5 min and centrifuged at 2000g for 5
min. Duplicates of 100 µl of egg extract were assayed using the ImunoChemTM
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Cortiscosterone l 125kit (MP Biomedicals, Orangeburg, NY, USA). All samples were
prepared in a single assay. The limit of detection was 2.9 ng/ml and the intra-assay
coefficients of variation for quality control samples containing 72.1 and 485.5 ng/ml
were 8.9% and 7.1%, respectively. Corticosterone concentrations were then
calculated as ng corticosterone/mg fresh egg sample from each female.

1.3.8 Statistical analysis
All analyses were performed using R version 3.3.1 (R Development Core Team 2016).
We used linear-mixed effects models (with restricted maximum-likelihood methods;
REML) to partition sources of phenotypic variation in each trait among genetic and
environmental effects, and to reveal potential genotype-by-environment interactions
underlying their expression. The REML models were performed with the lme4 package
in R (Bates et al. 2015). Models of traits that were measured before the water depth
treatment was initiated (fertilization success, time to hatching, tadpole morphology)
included only the random effects of sire, dam, block and the sire-by-dam interaction.
For all other traits, treatment was added as a fixed effect and the models also included
the random effects sire x treatment, dam x treatment and sire x dam x treatment. The
significance of the fixed treatment effect was evaluated using a Wald chi-squared test
on the full model. The significance levels of the random effects were obtained from
likelihood ratio tests, in which each random effect is excluded in turn and the fit of the
reduced model was compared with the full model (Shaw 1987). No adjustments for
multiple comparisons were performed. Tadpole morphological traits (total length, tail
length, body length, body width & tail muscle width) and metamorph morphological
traits (snout-vent, tibia, thigh and foot length & head width) were all highly correlated
with one another. In order to simplify the analysis, we conducted a Principal
Component Analysis (PCA) for both tadpole and metamorph morphological traits, and
performed the linear mixed-effects models on the first principal component (see Table
1.1 for PC factor loadings, eigenvalues and variance explained by each PC). Analysis
was restricted to the first principal component because the Eigenvalues of the
subsequent PCs were below 1, and because including other PCs did not significantly
alter any results.
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Table 1.1
Principal component analysis on five tadpole and five metamorph morphological traits.

A
Tadpole
morphology

Metamorph
morphology

B
Tadpole
morphology

Metamorph
morphology

Principal
component
1
2
3
4
1
2
3
4
5

Variable
Total length
Body length
Tail length
Body width
Tail muscle width
Snout-vent length
Thigh length
Tibia length
Foot length
Head width

Eigenvalue

Variance (%)

3.3942
0.8447
0.6110
0.1501
3.9490
0.4199
0.3258
0.1795
0.1258

67.9
16.9
12.2
3.0
79.0
8.4
6.5
3.6
2.5

PC1
0.523
0.510
0.507
0.250
0.384
0.455
0.460
0.464
0.418
0.437

Cum.
Variance (%)
67.9
84.8
97.0
100
79.0
87.4
93.9
97.5
100

Factor loadings
PC2
PC3
PC4
-0.172 0.262 -0.179
0.134
0.016
0.829
-0.178 0.328 -0.485
0.959
0.132 -0.001
0.023 -0.898 -0.215
0.400
0.088 -0.790
-0.120 -0.555 0.110
-0.210 -0.429 0.148
-0.672 0.602 -0.037
0.575
0.371
0.584

PC5
-0.772
0.188
0.607
0
0
-0.037
0.674
-0.731
0.098
0.013

Note: Eigenvalues (A) and factor loadings (B) are presented for each principal
component.

In the light of significant three-way sire-by-dam-by-treatment interactions for most
traits (see results), we further explored the causal basis for such interactions. Briefly,
genotype-by-environment interactions may arise either due to a change in the
magnitude of variance between environments (‘variance GEI’, i.e. where there is
substantially more non-additive genetic variance in one environment than another) or
a change in the ordering of rank family means, where genotypic values cross each
other in different environments (‘ecological crossover’) (Fry et al. 1996; Conner and
Hartl 2004). In order to distinguish between these factors, we tested the correlations
between trait scores for specific combinations of males and females between the two
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environmental treatments. The prediction from such an analysis is that the correlation
in offspring fitness for any given sire-dam combination should be increasingly weaker
as ecological crossover becomes more important. Conversely, a significantly positive
correlation between the ordering of fitness scores between environments would
indicate no significant change in the rank order of fitness between treatments
(consistent with variance GEI). To test these alternative scenarios, we used a
randomization approach to extract mean family trait scores for the three independent
sire-by-dam families (i.e. each involving a different sire-dam combination to avoid
pseudoreplication) in each block for each water-depth treatment. For each draw of the
data, this process generated a sample comprising n=30 independent crosses, from
which we calculated the Spearman Rank correlation in mean fitness scores between
treatments. We repeated this procedure 1000 times using the software package
PopTools (Hood 2011) and calculated the mean and 95% confidence limits for the
distribution of correlation coefficients generated by all independent correlations (Evans
et al. 2007). To further explore how patterns of non-additive genetic variation change
between treatments, we contrasted the ratios of non-additive genetic variation
(VSire*Dam) to total phenotypic variation (VP) between water depth treatments. These
latter comparisons enabled us to determine whether the level of expressed nonadditive variation (e.g. attributable to dominance and/or epistatic variance and thus the
expression of deleterious recessive alleles) is greater under stressful environments.

Fertilization rates and survival data were binomial variables and thus a generalized
linear mixed-effects model (GLMM) with a logit-link function was used for the analysis
of these traits. The significance of the treatment effect was evaluated using a Wald Z
test, and the significance of the random effects was evaluated using log-likelihood ratio
tests.

In order to control for some environmental aspects of maternal effects, ovum size and
corticosterone concentrations in the yolk were used as covariates in all of our
analyses. Because jumping distance was strongly positively correlated with
metamorph morphological traits (snout-vent, thigh, tibia and foot length and head
width), we used the first principal component of these traits as a covariate in the
analysis. Jumping distance was also correlated with metamorph wet weight. However,
since morphological traits and wet weight were highly correlated (P < 0.001, R2 > 0.76),
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we restricted the covariates to metamorph morphology only. In order to ensure that
data complied with assumptions of normality, Q-Q plots of residuals were inspected
and, where necessary, data were treated with the following transformations:
metamorph wet mass and tadpole tail muscle width were subject to log 10
transformations, metamorph tibia length data were squared and length of larval period
and time between Gosner Stage 42 and 46 data were transformed using the Box-Cox
method (Box and Cox 1964). We checked for overdispersion in our GLMM models
using the ‘overdisp_fun’ function proposed by Bolker et al. (2009). Only two traits,
metamorph wet mass and time between Gosner Stage 42 and 46, were
overdispersed; we added observation level as an extra random factor to account for
overdispersion when analyzing these traits (Harrison 2014).

We used untransformed variables to estimate causal components of genetic variation
(Garcia-Gonzalez et al. 2012), and data were centred around sample means for each
treatment separately to allow comparison of variances across treatments. Additive
genetic variance (VA) was estimated as four times the sire variance component. For
non-binomial data, total phenotypic variance (VP) was calculated by summing the
variance components of all random effects in the model. For the binomial fertilization
success and survival data, VP was calculated by summing the variance components
of all random effects in the GLMM model and adding this value to an estimate of
residual variance, calculated according to Nakagawa & Schielzeth (2010) (residual
variance = ω*[π2/3]). Narrow-sense heritability estimates (h2) were calculated as h2 =
VA/VP for each trait within each treatment group (note that for traits that were measured
before treatment was initiated, h2 was estimated across the whole sample). We also
present CVA, the coefficient of additive genetic variation, and its square IA, to provide
estimates of ‘evolvability’ (sensu Houle 1992). Unlike heritability, these measures are
standardized by the trait mean and therefore independent of other sources of variance,
making the comparison of evolvability among traits and taxa possible (Houle 1992;
Hansen et al. 2011; Garcia-Gonzalez et al. 2012). CVA was calculated as CVA =

√VA
̅
X

̅ = phenotypic mean) and IA was calculated as IA = VA/X
̅2 (Garcia-Gonzalez et al.
(X
2012).
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1.4 Results
1.4.1 Treatment effects
Crinia georgiana tadpoles responded to the low water depth treatment by accelerating
their development, significantly reducing the length of their larval period by an average
of 3.5 days (9% difference) and significantly reducing metamorphic duration by an
average of 3.5 days (20% difference) compared to tadpoles reared at higher water
depths (Fig. 1.4A,B & Table 1.2). However, survival was reduced slightly (6%
difference, P = 0.01) in tadpoles reared in the low water environment (Fig 1.4C) and
tadpoles that accelerated their development were smaller at metamorphosis and had
a poorer jumping performance, even when corrected for their smaller body size (Fig.
1.4D-I & Table 1.2).

Following page:
Figure 1.4
Reaction norms for various Crinia georgiana fitness traits. (A) Length of larval period,
(B) metamorphic duration, (C) larval survival (proportion of fertilized eggs reaching
Gosner Stage 42), (D) metamorph jumping distance (average of 5 jumps), (E) wet
weight at metamorphosis, (F-I) metamorph morphology. Each line represents the
mean score for each sire family (n=30 sires). Please note that any crossings of
reaction norms between sires are not significant. The thick line represents mean
scores within each treatment across all sires.
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Table 1.2
Mixed-effects model results of Crinia georgiana traits that were measured after water
depth treatments were initiated.

Trait

N

mean ± SD

Variances

Length of larval period
(days)

1373

35.25 ± 4.82

Metamorphic duration
(days)

1074

15.35 ± 4.25

Metamorph wet mass
(mg)

1059

16.48 ± 4.51

Metamorph
morphology
(residuals of the first
principal component of
all five morphological
traits measured)

1058

-

Treatment
Ovum volume
Ovum volume x Treatment
Yolk corticosterone
Sire
Dam
Sire x Dam
Sire x Treatment
Dam x Treatment
Sire x Dam x Treatment
Block
Treatment
Ovum volume
Ovum volume x Treatment
Yolk corticosterone
Sire
Dam
Sire x Dam
Sire x Treatment
Dam x Treatment
Sire x Dam x Treatment
Block
Treatment
Ovum volume
Ovum volume x Treatment
Yolk corticosterone
Sire
Dam
Sire x Dam
Sire x Treatment
Dam x Treatment
Sire x Dam x Treatment
Block
Treatment
Ovum volume
Ovum volume x Treatment
Yolk corticosterone
Sire
Dam
Sire x Dam
Sire x Treatment
Dam x Treatment
Sire x Dam x Treatment
Block
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χ2
102.04
8.44
2.10
0.25
0
7.10
12.55
0
3.34
38.15
0.09
112.48
12.12
1.02
2.46
2.36
6.24
5.09
0.09
1.59
6.20
0
204.43
38.68
1.40
1.11
0
2.63
8. 70
0
0
5.79
0.33
354.54
35.84
5.25
0.98
0
0.95
13.76
0
0
5.04
1.96

P
< 0.001
0.004
0.15
0.61
1
0.008
< 0.001
1
0.07
< 0.001
0.76
< 0.001
< 0.001
0.31
0.12
0.12
0.01
0.02
0.76
0.21
0.01
1
< 0.001
< 0.001
0.24
0.29
1
0.11
0.003
1
1
0.02
0.56
< 0.001
< 0.001
0.02
0.32
1
0.33
< 0.001
1
1
0.05
0.16

Table 1.2 continued
Trait

N

mean ± SD Variances

Metamorph jumping
performance (cm)

908

4.73 ± 1.47

Proportion of fertilized eggs
reaching Gosner Stage 42

1373

0.72

Proportion of fertilized eggs
completing metamorphosis

1059

0.55

Treatment
Ovum volume
Yolk corticosterone
PCA of metamorph morphology
Sire
Dam
Sire x Dam
Sire x Treatment
Dam x Treatment
Sire x Dam x Treatment
Block
Treatment
Ovum volume
Yolk corticosterone
Sire
Dam
Sire x Dam
Sire x Treatment
Dam x Treatment
Sire x Dam x Treatment
Block
Treatment
Ovum volume
Yolk corticosterone
Sire
Dam
Sire x Dam
Sire x Treatment
Dam x Treatment
Sire x Dam x Treatment
Block

χ2

P

53.23
0.08
0.05
208.16
0.34
2.52
0.15
0.09
0.06
1.34
0.11
6.60
1.77
0.03
3.47
11.48
27.47
1.64
0
0
0.37
0.58
3.02
0.01
3.03
10.43
15.00
0
0
6.58
0.18

< 0.001
0.78
0.82
< 0.001
0.56
0.11
0.70
0.76
0.81
0.25
0.74
0.01
0.18
0.86
0.06
< 0.001
< 0.001
0.20
1
1
0.54
0.45
0.08
0.91
0.08
0.001
< 0.001
1
1
0.01
0.67

Note: Sample sizes (N), trait means and standard deviations are presented for each
trait and chi-squared values (χ2) and associated P values are presented for each
model. Significant results are highlighted in bold font. Ovum volume and yolk
corticosterone concentrations were added as covariates to each model.

1.4.2 Sources of phenotypic variation – maternal, additive and non-additive genetic
effects
As expected, ovum volume explained significant variance in many offspring traits
measured in our study (Table 1.2 & 1.3), including the length of larval period,
metamorphic duration (time between Gosner Stage 42 and 46), size at metamorphosis
and tadpole and metamorph morphology (e.g. snout-to-vent length, tibia and thigh
lengths tended to be greater in tadpoles from larger eggs). Conversely, ovum volume
did not explain variance in fertilization success, time to hatching, survival or jumping
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performance. Concentrations of maternal steroid hormones in the egg yolk ranged
between 4.14 and 250.86 ng corticosterone/mg egg sample for all females (mean =
34.53 ng corticosterone/mg egg sample), but had no significant influence on any
offspring trait measured in our study. Despite including ovum size and yolk
corticosterone levels as covariates, dam effects were still highly significant for most
traits, with the exception of metamorph wet mass, morphology and jumping
performance (Table 1.2 & 1.3).

Table 1.3
Mixed-effects model results of Crinia georgiana traits that were measured before
treatment was initiated.

Trait

N

mean ± SD

Proportion of eggs fertilized

2067

0.93

Proportion of fertilized eggs
hatching

1913

0.80

Time to hatching (days)

1536

14.06 ± 1.35

Tadpole morphology
(residuals of the first principal
component of all five measured
traits)

1536

-

χ2

P

1.08
1.61
0.05
12.36
5.01
1.30
0.17
0.01
0.91
11.75
67.21
0.16
0.003
0.30
0.68
7.84
64.12
3.20
12.29
0.01
0
31.77
71.48
8.34

0.30
0.20
0.82
< 0.001
0.03
0.26
0.68
0.91
0.34
< 0.001
< 0.001
0.69
0.96
0.58
0.41
0.005
< 0.001
0.07
< 0.001
0.91
1
< 0.001
< 0.001
0.004

Variances
Ovum volume
Yolk corticosterone
Sire
Dam
Sire x Dam
Block
Ovum volume
Yolk corticosterone
Sire
Dam
Sire x Dam
Block
Ovum volume
Yolk corticosterone
Sire
Dam
Sire x Dam
Block
Ovum volume
Yolk corticosterone
Sire
Dam
Sire x Dam
Block

Note: Sample sizes (N), trait means and standard deviations are presented for each
trait and chi-squared values (χ2) and associated P values are presented for each
model. Significant results are highlighted in bold font. Ovum volume and yolk
corticosterone concentrations were added as covariates to each model.
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Sire-by-dam interactions were significant for all traits except jumping performance
(Table 1.2 & 1.3), suggesting that non-additive (i.e., epistatic and/or dominance)
genetic variance is important in determining the expression of these traits. Nonadditive effects explained up to 32% of the phenotypic variance (Table 1.4). There
were no significant sire effects on any of the traits measured (p < 0.05). Accordingly,
narrow-sense heritability estimate (h2) values were low for most traits, with the
exception of embryonic and larval survival, where values ranged between 0.22 and
0.36 (Table 1.4). Some traits appeared to show higher heritability under the low water
depth treatment (Table 1.4), but these differences were not significant, as no sire-bytreatment interactions were significant for any of the traits. Hence heritability values in
Table 1.4 are simply shown for completeness.
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Table 1.4 Patterns of genetic variation for each of the Crinia georgiana fitness traits measured

Survival

Development
rate*

Tadpole
morphology*

VarRes (SE)

VP

VA

h2

CVA

IA

0.53 (0.02)

0.81 (0.02)

1.33 (0.03)

4.38

0.24

0.05

0.53

0.28

3.43 (0.04)

2.50 (0.04)

0.52 (0.02)

2.68 (0.02)

9.67

2.16

0.22

1.84

3.38

2.14 (0.04)
1.17 (0.03)
1.12 (0.03)
1.96 (0.04)
6.29 (1.11)
4.04 (2.41)
4.34 (2.53)
1.04 (0.03)
0.96 (0.12)
3.43 (0.59)
1.80 (0.42)
4.59 (0.67)
2.93 (0.29)
2.49 (0.50)
7.90 (4.22)
2.16 (2.80)
10.12 (4.84)
4.42 (3.04)
0.14 (0.09)
< 0.00 (~ 0)

1.77 (0.04)
0.73 (0.02)
0.96 (0.03)
1.56 (0.04)
0.94 (0.06)
2.60 (0.93)
5.38 (0.81)
0.56 (0.002)
0.55 (0.07)
0.92 (0.12)
0.27 (0.09)
1.39 (0.37)
< 0.00 (~ 0)
0.43 (0.21)
10.18 (2.54)
17.58 (2.89)
16.61 (6.21)
23.74 (7.05)
0.07 (0.02)
0.07 (0.02)

1.06 (0.03)
0.41 (0.02)
0.28 (0.02)
< 0.00 (~ 0)
0.03 (0.01)
1.84 (1.63)
0.68 (1.00)
0.43 (0.02)
0.04 (0.03)
6.14 (0.78)
3.89 (0.62)
7.21 (0.85)
2.40 (0.24)
6.91 (0.83)
< 0.00 (~ 0)
3.07 (1.34)
< 0.00 (~ 0)
< 0.00 (~ 0)
0.07 (0.05)
< 0.00 (~ 0)

2.86 (0.02)
4.68 (0.04)
4.88 (0.05)
4.47 (0.04)
4.43 (0.71)
5.57 (2.83)
6.38 (3.07)
1.75 (0.14)
1.61 (0.16)
4.86 (0.69)
2.96 (0.54)
7.07 (0.71)
30.41 (1.74)
12.46 (1.16)
43.64 (19.60)
38.87 (10.66)
139.52 (37.35)
110.37 (33.22)
0.95 (0.34)
0.79 (0.29)

8.45
7.69
7.38
8.80
11.9
14.55
16.78
3.92
3.58
15.35
8.92
20.26
35.74
22.47
61.72
61.68
168.63
138.53
1.25
0.88

2.48
2.80
0.56
3.24
0.84
2
~0
0.56
1.68
~0
~0
~0
~0
0.72
~0
~0
9.52
~0
0.08
0.08

0.29
0.36
0.08
0.37
0.07
0.14
~0
0.14
0.47
~0
~0
~0
~0
0.03
~0
~0
0.06
~0
-

2.10
2.43
1.39
3.21
0.03
0.04
0
0.04
0.10
0
0
~0
0
2.22
~0
0
0.05
0.07
-

4.41
5.89
1.92
10.33
0.0009
0.002
0
0.002
0.009
0
0
~0
0
4.94
~0
0
0.003
0.005
-

Treat

N

mean (SD)

VarSire (SE)

VarDam (SE)

Proportion of eggs fertilized
Proportion of fertilized eggs
hatching
Proportion of fertilized eggs
reaching Gosner Stage 42
Proportion of fertilized eggs
completing metamorphosis
Time to hatching (days)
Length of larval period
(days)
Metamorphic duration
(days)
Total length (cm)
Body length (cm)
Tail length (cm)
Body width (cm)
Tail muscle width (cm)
Metamorph wet mass (mg)

NA

2067

0.93

0.06 (0.01)

1.65 (0.03)

NA

1913

0.80

0.54 (0.02)

Baseline
Low
Baseline
Low
NA
Baseline
Low
Baseline
Low
NA
NA
NA
NA
NA
Baseline
Low
Baseline
Low
Baseline
Low

1373
1373
1059
1059
1536
695
678
528
546
1536
1536
1536
1536
1536
518
541
431
477
517
541

0.75
0.69
0.54
0.56
14.06 (1.35)
36.95 (4.41)
33.52 (4.61)
17.15 (3.91)
13.62 (3.82)
1.21 (0.15)
0.37 (0.04)
0.84 (0.12)
0.22 (0.04)
0.09 (0.01)
18.31 (4.45)
14.74 (3.82)
5.51 (1.31)
4.02 (1.22)
-

0.62 (0.02)
0.70 (0.02)
0.14 (0.01)
0.81 (0.03)
0.21 (0.20)
0.50 (0.84)
< 0.00 (~ 0)
0.14 (0.44)
0.42 (0.84)
< 0.00 (~ 0)
< 0.00 (~ 0)
< 0.00 (~ 0)
< 0.00 (~ 0)
0.18 (0.13)
< 0.00 (~ 0)
< 0.00 (~ 0)
2.38 (1.35)
< 0.00 (~ 0)
0.02 (0.01)
0.02 (0.01)

Metamorph
fitness*

Jumping distance (cm)

Metamorph
morphology*

Residuals of the 1st PC of
all five morphological traits

VarSirexDam

VarBlock (SE)

Traits

(SE)

Note: Data are presented for each water depth treatment separately where possible. NA describes traits that were measured before
treatment was initiated. Sample size and trait mean (± standard deviation) are presented for each trait. Variance components for sires
(VarSire), dams (VarDam), their interaction (VarSirexDam), block (VarBlock) and residual variance (VRes) were obtained from the mixedeffects models. For most traits, total phenotypic variance (VP) was calculated by summing the variance components of all random
effects in the model. For fertilization success and survival data, VP was calculated by summing the variance components of all random
effects in the GLMM model and adding this value to an estimate of residual variance. Please see methods for further information.
Heritability values are reported for completeness. * Data were centred around sample means for each treatment separately before
calculating variances, and all values are x 103.
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1.4.3 Genotype-by-environment interactions
Our analysis revealed significant three-way sire-by-dam-by-treatment interactions for
most traits, including the metamorphic duration and the wet mass and morphology of
metamorphs (Table 1.2). The slopes of the reaction norms for the trait ‘metamorphic
duration’, for example, differed between each sire-by-dam combination (= full-sib
family), as illustrated in Figure 1.5. Whilst most families accelerated development at
low water depths, there were some families where developmental rate was unaffected,
or where offspring took longer to metamorphose under the low water-depth treatment
relative to the baseline (positive slopes). Despite some variation in rank order changes
of sire-by-dam families across the two water depth treatments (Appendix A), we found
limited evidence for ecological crossover in traits revealing significant three-way
interactions. The independent correlations from the randomization approach (see
Materials and Methods) were positive and significant (length of larval period: r mean
= 0.64, 95% CL = 0.44/0.82; metamorphic duration: r mean = 0.58, 95% CL =
0.33/0.79; metamorph wet mass: r mean = 0.69, 95% CL = 0.47/0.86; metamorph
morphology: r mean = 0.75, 95% CL = 0.56/0.90; proportion of fertilized eggs surviving
to metamorphosis: r mean = 0.81, 95% CL = 0.65/0.924; see Appendix B for a
visualization of the distributions of correlation coefficients). When we compared the
ratio of non-additive genetic variation to total phenotypic variation (i.e. V Sire*Dam/VP)
between water depth treatments, we found consistently higher levels of non-additive
genetic variation in the low water (stressful) environments (see Fig. 1.6).

Finally, we found no evidence for sire-by-treatment or dam-by-treatment interactions
for any of the offspring traits investigated in this study (Tables 3 & 4).
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Water depth treatment Water depth treatment

Figure 1.5
Reaction norms for selected Crinia georgiana fitness traits, illustrating mean trait
values for each Sire x Dam combination across the two water depth environments.
The thick black line represents mean scores within each treatment across all families.
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Figure 1.6
The relative magnitude of non-additive genetic variation (ratio of the variance
components for non-additive genetic variation to total phenotypic variation;
VSire*Dam/VP) in baseline and low water depth treatments.

1.5 Discussion
Our findings emphasize clear fitness consequences associated with variation in water
depth for the larval stage of C. georgiana, but also demonstrate that there is nonadditive genetic variance underlying traits that are responsive to water depth.
Moreover, our analyses reveal that the magnitude of non-additive genetic variation
contributing towards the fitness of offspring depends on the environment in which they
emerge. Specifically, all traits that revealed evidence for three-way genotype-byenvironment interaction (i.e. where the level of non-additive genetic variation differed
between treatments) exhibited a higher magnitude of non-additive genetic variation in
the stressful (low water) rearing environment. These results have important
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evolutionary implications by providing genetic insights into how climatic variables drive
life history traits in amphibians. We discuss these key findings in turn below.

1.5.1 Treatment effects
Crinia georgiana tadpoles facing low water depths were able to accelerate their
development and metamorphose significantly earlier than tadpoles in the baseline
treatment. Whilst this plastic response would allow metamorphs to escape drying
pools earlier, our analysis shows that allocating energy towards rapid development
comes at a cost, as implied by earlier studies on this species (Doughty and Roberts
2003; Mueller et al. 2012). Specifically, faster developers exhibited slightly reduced
larval survival (although survival to metamorphosis was unaffected by the treatment),
a reduction in body size and poorer jumping performance compared to their slowerdeveloping counterparts. Importantly, work on other amphibian species has shown
that metamorph size and jumping performance are strong predictors of future fitness
in the terrestrial environment. For example, reduced jumping distance may lead to
increased vulnerability to terrestrial predators (Marsh 1994), while smaller
metamorphs can experience increased risks of desiccation (Newman and Dunham
1994) and may be less adept at catching and consuming prey (Cabrera-Guzmán et al.
2013). Furthermore, larger size at metamorphosis may convey physiological
advantages, particularly with regards to juvenile aerobic performance (Pough and
Kamel 1984; Taigen and Pough 1985). Size at metamorphosis is also linked to
reproductive success, with smaller metamorphs taking longer to mature (Smith 1987;
Semlitsch et al. 1988), maturing at a smaller body size (Semlitsch et al. 1988; Berven
1990; Altwegg and Reyer 2003) and having reduced fecundity and lower mating
success (Howard 1980; Berven 1981).

1.5.2 Non-additive genetic variance
We found significant and strong sire-by-dam interactions in all but one offspring trait,
implying the existence of non-additive genetic variation due to dominance or epistatic
effects (Lynch and Walsh 1998). Our results therefore suggest that the interaction
between male and female haplotypes plays an important role in determining offspring
fitness in C. georgiana, in line with an earlier study on this species (Dziminski et al.
2008). Several other studies on amphibians that have employed similar breeding
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designs to the one used here have also reported significant non-additive genetic
variation underlying the expression of traits putatively tied to fitness (Travis et al. 1987;
Laurila et al. 2002; Merilä et al. 2004; Eads et al. 2012). However, in our study the
magnitude of non-additive effects was modified by the environment (water depth) in
which offspring developed, as evident by the significant sire-by-dam-by-treatment
interactions (see also Nystrand et al. 2011; Eads et al. 2012; Lymbery and Evans
2013). Specifically, our analyses revealed consistently higher levels of non-additive
genetic variation under stressful (low water) rearing conditions (Fig. 1.6). One
interpretation of this finding is that individuals harboring deleterious recessive alleles
in the homozygous state will suffer greater fitness costs when they encounter new
(stressful) environments. Our supplementary analyses revealing significant positive
correlations between treatment groups for the different components of offspring fitness
supports this interpretation. Specifically, this latter finding is consistent with the idea
that some individuals carry more deleterious alleles than others, irrespective of context
(i.e. their rank order for fitness does not change between environments), but that the
phenotypic effects of such alleles are stronger under certain (stressful) conditions. A
number of studies, for example, have suggested that inbreeding depression is
amplified in stressful (or novel) environments (for a review, see; Armbruster and Reed
2005), and thus the sire-by-dam-by treatment effects observed here could be a
manifestation of context-dependent inbreeding. Accordingly, relatively common
environments (in our case the baseline water depth treatment) may act as
‘evolutionary capacitors’ (see Masel 2013), in that they allow populations to
accumulate deleterious (or potentially advantageous) alleles that have limited
phenotypic effects. According to this scenario, as environmental conditions change, or
when individuals move to new environments, the deleterious and/or beneficial effects
of those alleles will be realized, rendering them visible to natural selection (Kim 2007;
Trotter et al. 2014). Therefore, phenotypic plasticity in C. georgiana tadpoles in
response to changes in water depth may not be adaptive, since the complex sire-bydam-by-environment interactions may produce phenotypes that differ from the local
phenotypic optimum. According to this view, non-adaptive plasticity may facilitate
evolutionary responses to new environments by increasing the strength of directional
selection (Ghalambor et al. 2015), although this subject is still highly debated (Mallard
et al. 2018; Van Gestel and Weissing 2018). The accumulating evidence for sire-bydam-by-environment interactions reported in crickets (Nystrand et al. 2011), sea
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urchins (Lymbery and Evans 2013) and frogs (Eads et al. 2012) suggests that such
effects may be more common than currently appreciated. Collectively, these studies
highlight the importance of estimating levels of genetic variation across multiple
contexts in order to better assess the potential for evolutionary responses to
environmental change.

1.5.3 Maternal effects
Consistent with previous reports in anurans (Kaplan 1998; Pakkasmaa et al. 2003;
Räsänen et al. 2003; Merilä et al. 2004; Dziminski et al. 2008; Eads et al. 2012),
maternal effects were strong determinants of most offspring fitness traits we
measured. Ovum size in particular was an important source of phenotypic variance in
a range of traits considered in our analysis, and we found a significant interaction
between ovum volume and treatment in the trait metamorph morphology (Table 1.2).
In accordance with dynamic energy budget (DEB) theory, larger reserves of
maternally-derived yolk within an individual ovum will enable offspring to partition more
energy into maturation and growth (Mueller et al. 2012), which in C. georgiana leads
to higher survival, larger size at metamorphosis and shorter development time
(Dziminski and Roberts 2006; Dziminski et al. 2009b). Therefore at low water depths,
maternal fitness is increased when fewer but larger ova are produced (Dziminski and
Roberts 2006), as offspring can develop plastically when hydroperiods are short. As
ovum size is independent of female size in this species (Dziminski and Roberts 2006),
this trait has the potential to be selected for (and evolve) separately, suggesting that
maternal provisioning could play a key role in C. georgiana’s adaptation to climate
change (Doughty 2002; Pakkasmaa et al. 2003).

Significant dam effects remained for most traits after accounting for variation in ovum
size, which suggests that other non-genetic or genetic maternal effects contribute to
offspring phenotypes. Aside from the amount of yolk available to the embryo, yolk
composition can also influence offspring quality. In birds and reptiles, for example,
differences in the maternal allocation of antioxidants, antibodies and hormone
concentrations in the yolk can affect various offspring traits (Schwabl 1996; Royle et
al. 2001; Saino et al. 2003). Maternally-derived steroid hormones, such as the
glucocorticoid corticosterone, have been linked to offspring phenotypes and quality
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(Sinervo and DeNardo 1996; McCormick 1998; Seckl 2001; Meylan and Clobert 2005;
Saino et al. 2005; Love and Williams 2008) and in amphibians, corticosterone
concentrations in the yolk can influence development rate (Wada 2008; Kulkarni and
Buchholz 2012). In the present study, corticosterone concentrations differed
substantially between clutches from different females, but had no significant effect on
any offspring trait, suggesting that other factors were a significant source of phenotypic
variation in developing C. georgiana. Hence our results are in alignment with the
increasing awareness that ovum size is only a crude proxy for maternal allocation of
compounds to the offspring (Giron and Casas 2003; Lock et al. 2007; Geister et al.
2008). Future work examining the role of specific egg components that affect
embryonic and larval development would greatly benefit our understanding of the
mechanisms underlying non-genetic maternal effects. There is tentative evidence, for
example, that differential allocation of free amino acids to eggs may influence offspring
fitness in some insect species (Geister et al. 2008; Newcombe et al. 2015).

1.5.4 Conclusions
While our results suggest that C. georgiana embryos can respond plastically to drying
conditions by accelerating their development, we found no evidence for additive
genetic variation underlying the expression of this response, pointing to limited
potential for this population to respond genetically to drying conditions. Overall, we
show that larval fitness is reduced under low-water (stressful) rearing environments,
but our results also highlight how environmental factors can alter patterns of nonadditive genetic variation and thus potentially change the way in which deleterious
alleles affect individual fitness. Collectively our findings suggest that the
consequences of deleterious alleles may only become apparent under certain
environmental conditions, which may have important implications for a population’s
resilience to changing environments. Whilst complex patterns of non-additive
variation, and sensitivity to environmental conditions thereof, have been found in
laboratory studies of invertebrates (e.g. Drosophila), this study is one of only a handful
to show evidence for similar complexity in a wild vertebrate population.
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1.7 Appendix
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Appendix A
Rank orders for each sire-by-dam combination across the two water depth
environments for (A) length of larval period, (B) metamorph wet mass, (C) metamorph
morphology (residuals) and (D) survival to metamorphosis.
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Appendix B
Distribution of correlation coefficients of independent sire-by-dam family rank trait
scores across two water depth environments (see Materials and Methods). (A) length
of larval period, (B), metamorphic duration, (C) metamorph wet mass, (D) metamorph
morphology and (E) proportion of fertilized eggs completing metamorphosis.
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2.1 Abstract
Intra-specific variation in the ability of individuals to tolerate environmental
perturbations is often neglected when considering the impacts of climate change. Yet
this information is potentially crucial for mitigating any deleterious effects of climate
change on threatened species. Here we assessed patterns of intra-specific variation
in desiccation tolerance in the frog Pseudophryne guentheri, a terrestrial-breeding
species experiencing a drying climate. Adult frogs were collected from six populations
across a rainfall gradient and their dehydration and rehydration rates were assessed.
We also compared desiccation tolerance of embryos and hatchlings originating from
within-population parental crosses from four of the six populations. Embryos were
reared on soil at three soil-water potentials, ranging from wet to dry (ψ = -10, -100 & 400 kPa), and their desiccation tolerance was assessed across a range of traits
including survival, time to hatch after inundation, wet mass at hatching, hatchling
malformations and swimming performance. We found significant and strong patterns
of intra-specific variation in almost all traits, both in adults and first generation
offspring. Adult frogs exhibited clinal variation in their water balance responses, with
populations from drier sites both dehydrating and rehydrating more slowly compared
to frogs from more mesic sites. Similarly, desiccation tolerance of embryos and
hatchlings was significantly greater in populations from xeric sites. Taken together, our
findings suggest that populations within this species will respond differently to the
regional reduction in rainfall predicted by climate change models. We emphasise the
importance of considering geographic variation in phenotypic plasticity when
predicting how species will respond to climate change.
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2.2 Introduction
Understanding how organisms will respond to rapid environmental change is a major
challenge for conservation and evolutionary biologists (Hoffmann and Sgro 2011).
Most commonly, projections of climate change impacts on communities and species
have been based on studies of the effects of environmental change on single
populations (Moran et al. 2016). However, species are not uniform entities (Bolnick et
al. 2003, 2011); individuals and populations vary genetically and phenotypically within
species (Endler 1977), and intra-specific variation can be as great as trait variation
across species (Albert et al. 2010; Des Roches et al. 2018). Therefore, models based
on the assumption that all members of a species will respond similarly to ecological
challenges may be invalid (see Kolbe et al. 2010; Kelly et al. 2012; Valladares et al.
2014; Llewelyn et al. 2016; Moran et al. 2016). In particular, information on the
environmental sensitivity of range-edge populations will be vital for understanding
future changes in species distributions, since it is at range edges where colonisations
and extinctions primarily occur as the climate changes (Valladares et al. 2014; Rehm
et al. 2015).

Clinal studies investigating patterns of phenotypic differentiation along environmental
gradients can provide insight into how environmental stress has shaped the tolerance
of populations (Keller et al. 2013). For example, in anuran amphibians, acid tolerance
(Räsänen et al. 2003) and thermal tolerance (Hoppe 1978) vary between populations
in a pattern consistent with the cline of each environmental stressor. By quantifying
and comparing the sensitivity of populations along environmental clines, estimates of
a species’ capacity to adjust, either via phenotypic plasticity or local adaptation (or a
combination of both), to altered environmental conditions can be generated (Llewelyn
et al. 2016; Pontes-da-Silva et al. 2018). For example, range-edge populations may
hold a reservoir of pre-adapted genes that might, with sufficient gene flow, facilitate
adaptation at the species level (Aitken and Whitlock 2013). Studies of variation in
stress tolerance along environmental clines have demonstrated the capacity for
populations to adjust their phenotypes to local conditions (Hoffmann and Harshman
1999; Hoffmann et al. 2002; Arthur et al. 2008; Gilchrist et al. 2008; Sinclair et al. 2012;
Keller et al. 2013), and have shown that phenotypic divergence is often adaptive
(Rajpurohit and Nedved 2013).
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Water availability is a key environmental factor that is particularly important for
amphibians. Amphibian skin is highly permeable to water (Young et al. 2005) and thus
the ability of anurans to occupy terrestrial habitats is dependent on their ability to resist
and avoid desiccation. In adult anurans, hydration state affects signalling behaviours
and reproductive success (Mitchell 2001), locomotor performance (Gatten 1987;
Hillman 1987), and predator avoidance and the ability to catch prey (Titon et al. 2010).
Similarly, water availability has major effects on offspring fitness, particularly in
terrestrial-breeding species, as the outer capsule of their eggs is almost completely
permeable to water (Bradford and Seymour 1988a; Mitchell 2002; Andrewartha et al.
2008). Terrestrial embryos that develop on relatively dry soils are typically smaller
(Mitchell 2002; Andrewartha et al. 2008; Eads et al. 2012), develop more slowly
(Bradford and Seymour 1985), have reduced survival (Martin and Cooper 1972;
Bradford and Seymour 1988a; Eads et al. 2012) and are more often malformed
(Mitchell 2002; Eads et al. 2012). Thus, low environmental water availability is likely to
induce strong directional selection through its negative effects on survival,
reproduction and growth. This in turn can potentially lead to genetic or plastic
differences in desiccation tolerance among populations that occur across a range of
hydric environments. Despite this, there are few studies of population-level variation
in anuran desiccation tolerance across clines of water availability (but see Van Berkum
et al. 1982), and no studies investigating whether such patterns exist at early
developmental stages, where selection on desiccation tolerance should be especially
strong given that embryos cannot move to escape unfavourable microclimates.

Here, we quantified intra-specific variation in traits that reflected adult and embryonic
desiccation tolerance in populations of the terrestrial-breeding frog Pseudophryne
guentheri. This species is highly suited to investigating geographic patterns in trait
variation, as populations are distributed over a large area of southwestern Australia
(Fig. 2.1) that spans a pronounced rainfall gradient (~300-1250 mm annual rainfall).
Furthermore, P. guentheri inhabits a region that has experienced a substantial decline
in winter rainfall over the past 40 years (19% reduction since the 1970s) (Smith 2004;
IOCI 2012; Andrich and Imberger 2013; CSIRO and Bureau of Meteorology 2016).
Rainfall in this region is predicted to decline further in the coming decades (Gallant et
al. 2007; Bates et al. 2008; Smith and Power 2014; CSIRO and Bureau of Meteorology
2015) and there is concern that the range of this species will contract (Arnold 1988).
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We investigated whether adult P. guentheri show clinal variation in their water balance
and whether the desiccation tolerance of their offspring differs in line with the rainfall
gradient. We focused on quantifying variation in a range of traits putatively tied to
fitness, including survival, time to hatch after inundation, wet mass at hatching,
hatchling malformations and swimming performance.

2.3 Materials and Methods
2.3.1 Ethics statement
All animal experiments were conducted in accordance with the University of Western
Australia’s (UWA) Animal Ethics Committee (permit number RA/3/100/1466).
Fieldwork was conducted under permit SF010807 issued by the Western Australian
Department of Biodiversity, Conservation and Attractions.
2.3.2 Study species
Pseudophryne guentheri (Anura: Myobatrachidae) is a small (26-33 mm snout-to-vent
length) terrestrial-breeding frog endemic to the southwest of Western Australia (Tyler
and Doughty 2009). Its range abuts that of an inland, arid-adapted member of this
widespread genus (P. occidentalis). Breeding takes place in autumn and early winter
following seasonal rainfall. Males excavate burrows in areas that are likely to be
flooded and call from the burrow entrance to attract females (Anstis 2013). After a
female has selected and approached a male, mating occurs inside burrows. Females
deposit clutches of 60 to 300 eggs directly onto the soil and encapsulated embryos
develop terrestrially (Anstis 2013). Hatching occurs when burrows flood in late winter
(Eads et al. 2012) and tadpoles complete their development in ephemeral water
bodies in about three months (Anstis 2013).
2.3.3 Animal collection and study sites
Adult P. guentheri were collected by hand and in pit-fall traps from six study sites
located in the centre and northern limit of the species’ range (Fig 2.1) in May and June
2016. Sites were distributed across a rainfall gradient, with the wettest site (population
1) receiving ~790 mm of rain per year and the driest site (population 6) receiving ~330
mm of rain per year (Table 2.1). In total, 10 to 19 (mean = 15.8, Table 2.1) calling
males were collected from each site. Gravid females were more difficult to locate and
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hence our collection of females was restricted to four sites (Table 2.1). Adult frogs
were temporally housed in small (4.4 L) plastic containers containing moist sphagnum
moss and transported to the University of Western Australia in Perth within five days
of collection. Frogs were then housed in a controlled-temperature room at 16°C with
an 11/13 h light/dark photoperiod to mimic winter conditions, and were fed a diet of
pinhead crickets.

Figure 2.1
Map showing the distribution of P. guentheri in Western Australia (grey line; based on
occurrence records from the Atlas of Living Australia) and the location of collection
sites, overlaid with annual mean rainfall data (mm). Populations are numbered by
increasing aridity. Female P. guentheri left, male right.
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Table 2.1
Site characteristics and sample numbers (N) for each P. guentheri population sampled, with populations numbered by increasing
aridity.

Chidlow

1

31°53'05.5"S, 116°18'48.0"E

17

5

647

Annual mean
precipitation
(mm)
788

Flint Plot

2

32°17'01.4"S, 116°31'24.1"E

12

4

453

654

16.7

Pingelly

3

32°28'25.9"S, 116°58'27.9"E

19

8

911

428

16.6

Dudinin

4

32°49'17.4"S, 117°53'01.0"E

18

0

0

358

16.5

Binnu

5

28°02'30.8"S, 114°39'36.0"E

19

5

870

352

19.9

Mullewa

6

28°31'07.3"S, 115°38'11.4"E

10

0

0

329

20.5

Collection
site

Population
No

N
Longitude

Latitude

♂

♀

F1*

Annual mean
temperature
(°C)
17.2

Note: Climate data were obtained from the Bureau of Meteorology and are interpolated values for the specific coordinates of each
population, averaged from 1980 to 2017. *First generation offspring obtained via within-population parental crosses from four
localities.
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2.3.4 Dehydration and rehydration assays in adult males
Rates of dehydration and rehydration were assessed in 90 adult males collected
across all six populations, with a minimum sample size of 10 males per population
(mean = 15). Frogs were maintained at 16°C for two to five days, during which time
they were fed ad libitum. Body mass during this period remained stable (± 2.5% body
mass). One day prior to commencement of the experiments, all food was removed to
minimise weight changes due to defecation during water balance experiments, and
sphagnum moss was moistened to ensure that frogs were fully hydrated.

Dehydration rate
After the urinary bladder was emptied by cannulation, frogs were weighed (= 100%
standard mass) and then placed individually in desiccation cages. Desiccation cages
consisted of a PVC ring (diameter = 5.5 cm, height = 2 cm) wrapped in Nylon mesh
that allowed frogs to be weighed without handling. Desiccation cages holding frogs
were weighed (± 0.01g, GX-600 high precision balance, A&D Weighing, NSW,
Australia), and placed into a desiccating chamber containing Drierite (W. A.
Hammond, Xenia, OH, USA). Cages were weighed every 30 min until frogs reached
85% of their standard mass. This amount of water loss via evaporation and respiration
was reversible and did not cause adverse effects, and frogs moved very little during
trials.

Rehydration rate
Immediately after the desiccation trials, frogs were removed from the cages and
placed in lidded petri dishes containing deionised water to a level of 1 cm. This ensured
that a frog’s ventral patch was exposed to the water at all times and minimised their
movements. Rehydration occurred rapidly and frogs were blotted dry and weighed
every 10 min until regaining 100% of their standard mass.

As rates of water loss and water uptake are dependent on body size (Withers et al.
1982; Wygoda M. 1984; Titon and Gomes 2015), dehydration and rehydration rates
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are expressed as area specific measurements, calculated for each frog by the
equation
Dehydration rate =

W1 -W2
[SA× (T2 -T1 )]

where W 1, and W 2 indicate initial and final body mass, and T 1 and T2 represent start
and end time of each trial (Liu and Hou 2012). The same equation was used to
calculate area-specific rehydration rates. The surface area of the frogs was estimated
as SA (cm2) = 9.9 (standard weight)0.56 (McClanahan and Baldwin 1969).

2.3.5 In-vitro fertilisation methods
In-vitro fertilisation was used to perform controlled within-population crosses in the
laboratory. The eggs of each female were divided equally into five groups and fertilised
separately with sperm from one of five males. This allowed us to control for potential
parental compatibility effects on offspring fitness, which have been identified in this
species (Eads et al. 2012) and in other anurans (Dziminski et al. 2008). Due to the
restricted number of sires, we used the same male’s sperm to fertilise several females
in some populations (see Statistical Analysis). Males were euthanized via ventral
immersion in <0.03% benzocaine solution for 10 min, followed by double pithing. Both
testes were removed, blotted dry and weighed to the nearest 0.1 mg (precision
balance XS204, Mettler Toledo) and placed on ice. Testes were then macerated in 20
to 615 µL (adjusted according to the weight of the testes) of chilled 1:1 standard
amphibian ringer (SAR; 113mM NaCl, 2mM KCl, 1.35 mM CaCl2, and 1.2 mM
NaHCO3). This buffer has a similar osmolality to the male’s reproductive tract and
keeps spermatozoa in an inactive state (Byrne et al. 2015), allowing sperm storage for
extended periods of time (days - weeks) without considerable declines in motility
(Browne et al. 2001; Kouba et al. 2003). Sperm concentrations in testes macerates
were measured using an improved Neubauer haemocytometer (Hirschmann
Laborgeräte, Eberstadt, Germany), and sperm suspensions were diluted with 1:1 SAR
to produce stock solution of 100 sperm per μl.

Ovulation in females was induced via two subcutaneous injections of the hormone
LHRHa over the course of two days (Silla 2011). On day one, a priming dose of 20%
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of the ovulatory dose was administered, followed by an ovulatory dose (2 μg LHRHa
per 1g female standard weight, diluted in 100 μl of SAR) 22 hours after the first
injection. Approximately ten hours after administration of the ovulatory dose, eggs
were gently squeezed from each female onto a clean surface. They were then
moistened with SAR and divided equally among five small petri dishes and placed on
ice until fertilisation. Following Eads et al. (2012), a small volume of sperm suspension
was pipetted onto one edge of the petri dish, followed by a larger volume of diluted
SAR solution (one part SAR to four parts deionised water) which activated the sperm.
To promote fertilisation, each dish was manually agitated for 20 sec to mix the
solutions and eggs. After 15 minutes, eggs were backlit and photographed (while
submerged in water to minimize refraction) using a digital imaging camera (Leica
DFC320) attached to a light microscope (Leica MZ7.5) at X 6.3 magnification. These
images were used to measure the ovum diameter of a random sample of 50 eggs from
each female, using ImageJ software (Abràmoff et al. 2004). One hour after combining
eggs and sperm, fertilisation success was scored by counting eggs that had rotated
(Gosner Stage 1; Gosner 1960).

2.3.6 Soil preparation and embryo incubation
Fertilised eggs were assigned to one of three water-potential (ψ) rearing
environments: a wet treatment (ψ = -10 kPa), an intermediate treatment (ψ = -100
kPa) and a dry treatment (ψ = -400 kPa). These water potentials represented a range
of hydric conditions in which egg clutches develop in the field, which depends largely
on the time since rainfall (N. J. Mitchell, unpubl. data).

Soil water potentials were established by oven-drying homogenised soil, previously
collected from a P. guentheri breeding site, at 80 °C for 24 hours. Soil was distributed
into small, lidded containers (dimensions: 7.5 x 11 x 4 cm, 50 g of soil per container),
and re-wetted with an appropriate mass of deionised water using a soil water-retention
curve previously determined for the same soil type (N. J. Mitchell, unpubl. data), and
allowed to equilibrate. The water content of the soil (g/g of dry soil) was approximately
50% in the wet treatment, 33% in the intermediate treatment, and 21% in the dry
treatment.
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Eggs were distributed onto soils 7 - 9 hours after fertilisation, with three replicates per
water potential treatment and family (sire-by-dam combination). Small plastic rings
(nylon plumbing olives, 12 mm in diameter) were placed to surround egg clusters and
were labelled to identify individual crosses. The containers housing the eggs and soils
were then placed in incubators (model i-500, Steridium, Australia) set at 16 ± 0.5 °C
(to mimic winter conditions) and weighed every two days to ensure that soil water
potentials remained stable throughout incubation. Embryos were monitored every two
days and any mouldy eggs were removed. Embryonic survival was recorded for each
family as the percentage of fertilised eggs that hatched (see below).
2.3.7 Desiccation tolerance of embryos and hatchlings
Time to hatching
In P. guentheri, hatching is triggered by the flooding of terrestrial nests late in winter.
In the absence of flooding, embryos slow their metabolism, halt development and
remain dormant until flooding (or death) occurs. In this study, hatching was induced
by placing embryos individually in small tubes containing 2 ml of deionised water to
mimic conditions in the wild. Eads et al. (2012) established that emerging P. guentheri
tadpoles have reached a stage in their development that renders them ready to hatch
and survive in the rearing habitats after 33 days at 16 ºC (Gosner Stage 26), and thus
the same time period was used in this study. Embryos were monitored every 30 min,
and once a hatchling escaped the egg capsule, the time to hatching was recorded.

Swimming performance
Swimming performance was recorded 6 - 12 hours after hatching for a subset of
hatchlings (N = 556 across all populations, with a minimum sample size of 30 per
population and treatment). For this purpose, individual hatchlings were placed in a
petri dish (diameter = 15 cm) containing water to a level of 1 cm. After an initial
acclimation period of 1 min, a glass cannula was used to gently poke the tail of each
hatchling, which elicited a burst swimming response. A video camera (Canon
PowerShot G16, recording at 60 fps) installed 30 cm above the petri dish was used to
film three burst swimming responses for each hatchling, and their movement was later
tracked and analysed using EthoVision v8.5 software (Noldus et al. 2001). EthoVision
enabled the quantification of the following swimming parameters: maximum velocity
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(cm s-1), mean velocity (cm s-1) and total distance moved (cm). We also recorded mean
meander (deg cm-1), a measure of the straightness of the swimming response, as dry
rearing environments can lead to asymmetrically shaped hatchlings (Eads et al. 2012)
that swim in a more circular motion (N. J. Mitchell, pers. observations). A hatchling
was considered moving when it exceeded 0.45 cm s-1. Since each video recording
contained three burst swimming responses with periods of no movement in between
them, EthoVision only analysed frames in which a hatchling moved faster than 0.45
cm s-1 (consequently merging the three swimming responses for each hatchling).
Immediately following the swimming performance trials, hatchlings were euthanized in
<0.03% benzocaine and preserved in 10% neutral buffered formalin.

Hatchling wet weight and malformations
Wet masses of preserved hatchlings were recorded to the nearest 0.001 g after
blotting on tissue. Hatchlings were then photographed in lateral view while submerged
in water using a digital imaging camera (Leica DFC320) attached to a light microscope
(Leica MZ7.5) at X 6.3 magnification. These images were used to score any
malformations for each hatchling. Malformations consisted of three forms of notochord
malformations (scoliosis – lateral curvature of the spine; lordosis – concave curvature
of the spine; and kyphosis – convex curvature of the spine) and edemas (abnormal
accumulation of fluids in tissues) (Fig. 2.2). Collectively, these deformities represented
84% of the total number of malformations observed. Malformations were quantified for
each combination of treatment and sire-by-dam family as the percentage of hatchlings
that showed a malformation of any kind.
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Figure 2.2
Types of malformations in P. guentheri hatchlings scored in this study: (A) normal
shaped hatchling without malformations, (B) hatchling with scoliosis, (C) hatchling with
lordosis, (D) hatchling with kyphosis and (E) hatchling with edema.

2.3.8 Statistical analysis
All analyses were performed in R version 3.4.3 (R Development Core Team 2017).

Adult de- and rehydration rates
Rehydration rate was log10-transformed and the rate of dehydration was transformed
using the Box-Cox method (Box and Cox 1964) to fulfil assumptions of normality. We
then used one-way ANOVAs, followed by Tukey HSD post-hoc tests, to test whether
dehydration and rehydration rates significantly differed between populations. Linear
regression analyses were used to test for relationships between dehydration or
rehydration rates and mean annual rainfall.
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Desiccation tolerance of embryos and hatchlings
For four populations where we created within-population crosses we used linear
mixed-effects models (with restricted maximum-likelihood methods; REML) to
investigate variation in offspring fitness traits resulting from the water potential
treatment. To ensure that data complied with assumptions of normality, Q-Q plots of
residuals were inspected and, where necessary, data were transformed using the BoxCox method (Box and Cox 1964). These transformations were performed for hatchling
wet weight, time to hatching, total distance moved, and mean meander. Linear mixedeffect models were run using the lme4 package in R (Bates et al. 2015), with treatment,
population and the population-by-treatment interaction treated as fixed effects and
dam fitted as a random effect. We also added sires as random effects to all models to
control for the repeated use of sperm donors across IVF trials. Ovum size was added
as a covariate in all analyses to control for some trait variation due to maternal effects
(Eads et al. 2012). The significance levels of fixed effects were evaluated using Wald
chi-squared tests on the full model.

Fertilization rates, survival and malformation data were binomial variables and thus a
generalized linear mixed-effects model (GLMM) with a logit-link function was used for
the analysis of these traits. Fixed effects were treatment, population and the
population-by-treatment interaction, and sire and dam were added as random effects.
The significance of the fixed effects of treatment and population and their interaction,
were evaluated using Wald Z tests, and 95% Wald confidence intervals were obtained
using the “confint” function from the MASS package in R (Venables and Ripley 2002).

2.4 Results
2.4.1 Dehydration and rehydration rates
Across all six study populations, males lost 15% of their standard mass on average
after 4.98 ± 1.39 SD h (range: 2.03 - 8.20 h) in the desiccation chamber, and on
average rehydrated from this benchmark to full hydration in less than an hour (0.82 ±
0.39 SD h, range: 16 - 120 min). Time to dehydrate and rehydrate correlated strongly
with body size (P < 0.001), and therefore only area-specific dehydration and
rehydration rates are used to compare populations (see Materials and Methods).
Rates of dehydration differed significantly among populations (F5,84=11.58, P < 0.001),
74

with the highest in males from the wettest site (population 1) and a trend towards
decreasing rates with increasing aridity (Fig. 2.3A). Rehydration rates followed a
similar pattern (Fig 2.3B), but the population effect was not significant (F5,84 = 0.964, P
= 0.445). We found significant linear relationships between dehydration and
rehydration rates and mean annual rainfall (dehydration rate: regression coefficient =
99.75 ± 13.66 SE, t = 2.27, P = < 0.001, rehydration rate: regression coefficient = 3.42
± 1.51 SE, t = 2.27, P = 0.026) (Fig. 2.3A & B), with frogs originating from more mesic
sites dehydrating and rehydrating faster than frogs from xeric populations.
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Figure 2.3
Variation in (A) dehydration and (B) rehydration rates (mean ± SE) among the six P.
guentheri populations located along a natural rainfall gradient (790 - 330 mm/year).
The x-axis lists populations from wettest to driest sites. Populations that do not share
the same letters are significantly different (Tukey HSD post-hoc tests, P < 0.05).
Relationship between annual mean rainfall (mm) and (C) dehydration rate (mean ±
SE) and (D) rehydration rate (mean ± SE) in six P. guentheri populations. For statistics,
see results section.
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2.4.2 Desiccation tolerance of embryos and hatchlings
Survival
Embryonic survival on wet soils (high water potential) was high (> 93%) in all four
populations (Fig. 2.4A). Lower soil water potentials negatively affected survival rates,
although the severity of the treatment effect varied among populations, as evident from
significant population-by-treatment effects (Table 2.2). The population from the wettest
site (population 1) showed the largest reduction in survival in response to dry and
intermediate soil moisture, and this difference tended to decrease in populations
originating from sites of increasing aridity (Fig. 2.4A). As such, low soil water potentials
had very little effect on embryonic survival in the driest population (population 5), with
over 88% of embryos surviving to hatching stage.

Time to hatching
Across all populations, the average time that the terrestrial embryos required to hatch
after submergence in water significantly increased with decreasing soil water
potentials (Table 2.2, Fig. 2.4B). That is, embryos reared on relatively wet soils
hatched more quickly than their siblings reared on drier soils. However, there were
marked differences in hatching times between populations, and the way treatment
affected time to hatching also differed significantly among populations (Table 2.2, Fig.
2.4B). As such, hatchlings originating from the driest population (population 5) hatched
significantly more quickly than hatchlings from the other three populations, irrespective
of the rearing environment (Fig. 2.4B). Hatchlings reared on wet soils from populations
1, 2 and 3 hatched after approximately 17 hours, but required approximately 30 hours
when reared at intermediate water potentials. Furthermore, hatchlings originating from
the wettest site (population 1) took > 40 h to hatch, but this increase in hatching time
was less substantial in population 2, and populations 3 and 5 exhibited similar hatching
times in dry and intermediate rearing environments (Fig. 2.4B).

Wet mass at hatching
Low soil water potentials significantly reduced the wet mass of hatchlings. Similar to
the pattern observed in the previous two traits, the population-by-treatment interaction
was significant, suggesting that the severity of the treatment effect varied among
populations (Table 2.2). Hatchlings from the wettest site (population 1) showed the
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largest reduction in hatchling size in response to low soil water potentials, and this
decline in size decreased in populations originating from sites with increasing aridity
(Fig 2.4C). Accordingly, hatchling wet mass from the driest site (population 5) hardly
varied between dry, intermediate or wet rearing environments (Fig. 2.4C). As
expected, ovum size significantly affected the wet mass of hatchlings (Table 2.2).

Malformations
The total percentage of malformed hatchlings was low (~ 5%) in the wet treatment in
all four populations (Fig 2.4D) but increased with decreasing soil water potential.
Malformation rates did not differ significantly between populations, and there were no
significant population-by-treatment interactions for this trait. Soil water potential
treatments did not significantly affect the relative occurrence of notchord or edema
type malformations, but there were significant population effects for both these traits
(Table 2.2, Fig. 2.4D).

Swimming performance
Low soil water potential significantly reduced the swimming performance of hatchlings
(Table 2.3), with maximum and mean swimming velocity decreasing (Fig. 2.5A & B)
and the total distance moved declining in dry and intermediate rearing environments
(Fig. 2.5D, Table 2.3). Furthermore, mean meander increased in response to low soil
water potentials (Fig. 2.5C), indicating that hatchlings swam more linearly when reared
in wetter conditions. The effect of the soil water potential treatment on swimming
performance differed significantly among populations (Table 2.3), with the wettest
population (population 1) showing the largest declines in velocity and largest increases
in mean meander in response to the dry and intermediate treatment. In contrast,
swimming performance in hatchlings from the driest population (population 5) was
hardly affected by the dry treatment (Fig. 2.5).
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Treatment
dry
intermediate
wet
e

Figure 2.4
Embryonic and larval Pseudophryne guentheri trait responses (mean with 95%
confidence intervals) for four populations, reared on soil at three water potentials; dry
(white circles), intermediate (grey circles) and wet (black circles). The x-axis shows
populations arranged from the wettest (1) to the driest (5) sites. (A) embryonic survival
(proportion of fertilised eggs that hatched), (B) time to hatching (h), (C) wet weight at
hatching (mg), (D) proportion of malformed hatchlings, (E) proportion of malformations
in the notochord category and (F) proportion of malformations in the edema

category.
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Table 2.2
Mixed-effects model results of embryonic and larval P. guentheri traits associated with
desiccation tolerance

Trait
Embryonic survival (%)

N
2844

Time to hatching (h)

2378

Wet weight at hatching
(mg)

2344

Proportion of hatchlings
malformed

2382

Proportion of notochord
malformations

2382

Proportion of edema
malformations

2382

Source
Treatment
Population
Population x Treatment
Ovum size
Treatment
Population
Population x Treatment
Ovum size
Treatment
Population
Population x Treatment
Ovum size
Treatment
Population
Population x Treatment
Ovum size
Treatment
Population
Population x Treatment
Ovum size
Treatment
Population
Population x Treatment
Ovum size
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df
2
3
6
1
2
3
6
1
2
3
6
1
2
3
6
1
2
3
6
1
2
3
6
1

Χ2
98.398
8.874
19.924
0.926
745.596
104.731
173.249
0.455
864.308
5.641
295.199
3.770
59.152
5.934
2.940
2.545
2.929
18.234
12.272
0.006
2.811
13.673
2.350
1.489

P
< 0.001
0.031
0.003
0.336
< 0.001
< 0.001
< 0.001
0.499
< 0.001
0.130
< 0.001
0.05
< 0.001
0.115
0.816
0.111
0.231
< 0.001
0.056
0.939
0.245
0.003
0.885
0.222

Sig.
***
*
**
ns
***
***
***
ns
***
ns
***
*
***
ns
ns
ns
ns
***
ns
ns
ns
**
ns
ns

Table 2.3
Mixed-effects model results of swimming performance traits in P. guentheri hatchlings
originating from four populations along a natural rainfall gradient.

Trait
Maximum velocity
(cm s-1)

N
556

Mean velocity
(cm s-1)

556

Mean meander
(deg cm-1)

556

Total distance
moved (cm)

556

Source
Treatment
Population
Population x Treatment
Ovum size
Treatment
Population
Population x Treatment
Ovum size
Treatment
Population
Population x Treatment
Ovum size
Treatment
Population
Population x Treatment
Ovum size
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df
2
3
6
1
2
3
6
1
2
3
6
1
2
3
6
1

Χ2
197.270
12.499
95.770
0.4347
197.270
12.499
95.770
0.4347
138.066
11.747
25.783
4.518
66.881
5.699
17.385
1.765

P
< 0.001
0.006
< 0.001
0.510
< 0.001
0.006
< 0.001
0.510
< 0.001
0.008
< 0.001
0.036
< 0.001
0.127
0.008
0.184

Sig.
***
**
***
ns
***
**
***
ns
***
**
***
*
***
ns
**
ns

Treatment
dry
intermediate
wet
e

Figure 2.5
Swimming performance (mean with 95% confidence intervals) of P. guentheri
hatchlings from four populations, reared on soil at three water potentials; dry (white
circles), intermediate (grey circles) and wet (black circles). The x-axis shows
populations arranged from the wettest (1) to the driest (5) sites. (A) maximum velocity
(cm s-1), (B) mean velocity (cm s-1), (C) mean meander (deg cm
distance moved (cm).

82

-1)

and (D) total

2.5 Discussion
Our findings demonstrate significant intra-specific variation in traits related to
desiccation tolerance in Pseudophryne guentheri (adult males and first generation
offspring), consistent with patterns of genetic adaptation and/or phenotypic plasticity
in response to local water availability. These results emphasize the importance of
considering geographic variation in fitness-related traits when making predictions
about the fate of species and populations in the face of climate change. We discuss
these key findings in turn below.

2.5.1 Dehydration and rehydration rates in adult males
Our observation that populations significantly differed in their water balance
(dehydration and rehydration rates) was in accordance with annual variation in rainfall
in these populations (Fig. 2.3). Dehydration negatively affects survival and fitness in
anurans through its effects on locomotor performance (Claussen 1974; Gatten 1987;
Moore and Gatten 1989; Köhler et al. 2011), which can impede predator escape,
foraging behaviour, territorial defence, signalling and mating (Mitchell 2001; Titon and
Gomes 2015). Consequently, lower rates of dehydration are likely to benefit frogs
occupying dry habitats, as they allow individuals to leave moist retreats for longer to
perform ecologically important behaviours (Feder and Londos 1984; Winters and
Gifford 2013). While our experiments were not designed to determine whether
variation in dehydration rates was a consequence of genetic adaptation or phenotypic
plasticity, our results reflect interspecific patterns for amphibians reported elsewhere.
For example, in anurans, resistance to evaporative water loss (EWL) correlates with
environmental water availability (Wygoda M. 1984; De Andrade and Abe 1997), with
terrestrial specialists exhibiting lower rates of EWL than species occupying primarily
aquatic habitats (Young et al. 2005). Similarly, Winters and Gifford (2013) found
variation in EWL rates at the population level, with populations of lungless salamander
(Plethodon montanus) from dry, low-elevation areas dehydrating more slowly relative
to those from wetter, higher-elevation areas.

One finding less consistent with the current understanding of amphibian water balance
was our observation that mean annual rainfall and rates of rehydration had a
significant positive relationship (Fig. 2.3D). That is, males from xeric sites rehydrated
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more slowly than males from mesic sites. This finding is in contrast to interspecific
patterns, where rehydration rates are generally highest in species from arid
environments (Ewer 1952; Bentley et al. 1958; Dumas 1966; Van Berkum et al. 1982;
Titon and Gomes 2015). Similarly, the single study we found that investigated
rehydration rates of an anuran species at the population level demonstrated higher
rates of water uptake in populations from drier habitats (Van Berkum et al. 1982). The
ability to absorb water rapidly can extend the time that a frog can be active by
decreasing the amount of time spent in a refuge for rehydration (Van Berkum et al.
1982), suggesting that fast and efficient hydration is likely beneficial for frogs,
particularly those inhabiting dry areas.

One explanation for the slower rehydration rates observed in the more xeric
populations could be that the mechanisms that reduce evaporative water loss also
reduce water uptake. The thickness of the epidermis (stratum corneum), for example,
affects both dehydration and rehydration rates in anurans (Toledo and Jared 1993).
There is also evidence that skin thickness is associated with habitat aridity at the
species level (Toledo and Jared 1993), with species from drier areas producing a
thicker epidermis which reduces dehydration rates whilst also impeding water uptake.
Further, aquaporins (water channel proteins) embedded within the pelvic patch
(Kubota et al. 2006) can influence rehydration rates in anurans, and variation in the
density and type of aquaporins among species has been interpreted as an adaptation
of frogs to their respective hydric environment (Suzuki et al. 2007; Ogushi et al. 2010).
It is currently unknown whether similar patterns of morphological or physiological
differences in the skin properties exist at the population level, and we encourage future
studies to explore the underlying mechanisms that drive intra-specific differences in
dehydration and rehydration rates across hydric gradients.

An alternative explanation for our rehydration rate data is that our method of exposing
the ventral patch of dehydrated frogs to water may not have adequately reflected
natural behaviours. Terrestrial frogs rarely rehydrate in free standing water, and
instead water uptake is most often achieved via exposure of the ventral patch to moist
soil (Wells 2007). Whilst our design minimised potential behavioural co-factors that
could influence rehydration rates (e.g. frogs rehydrating on soil could employ a range
of tactics, including burying and/or adopting different postures that aid water uptake),
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future work comparing rates of water uptake in water and moist soil would be beneficial
for an evaluation of the generality of the rehydration patterns obtained here.

2.5.2 Desiccation tolerance of embryos and hatchlings
We found substantial intra-specific variation in traits related to desiccation tolerance in
P. guentheri embryos and hatchlings. Low soil water potentials generally reduced the
expression of traits putatively linked to fitness, although the severity of this effect
varied greatly among populations, with populations from the wettest site (pop. 1) being
the most negatively affected by dry rearing environments. Embryonic survival, for
example, was reduced by ~35% in the dry treatment in the wettest population, but only
by ~5% in the population originating from the driest site (Fig. 2.4A). Whilst negative
effects of desiccation on the survival of terrestrial embryos are well established (Martin
and Cooper 1972; Bradford and Seymour 1988a; Mitchell 2002; Eads et al. 2012), the
present study is, to our knowledge, the first to report such marked differences among
populations. Nevertheless, we are only able to speculate about the mechanisms
driving such intra-specific differences in embryonic survival across the dry rearing
environments. One possible explanation is that the structural composition of the egg
jelly coat may differ among populations. For example, females from drier areas may
produce eggs with thicker capsules, which would limit water loss during embryonic
development (Martin and Cooper 1972). Alternatively, there may be physiological
processes that enhance desiccation tolerance of embryos developing on drier soils.
For example, embryos may slow their metabolism and development rates and extend
the period of subsistence on energy reserves to reduce their water requirements
(Bradford and Seymour 1985; Podrabsky et al. 2010). We eagerly anticipate future
studies designed to uncover the mechanisms underlying variation in desiccation
resistance among populations.

We found marked intra-specific differences in the time an embryo was able to hatch
after submerging it in water. In particular, embryos from the driest population (pop. 5)
hatched quickly, irrespective of the water potential of the soil on which they were
reared, whereas time to hatching was prolonged in populations originating from areas
with increasing annual precipitation (Fig 2.4B). Faster hatching times are likely
beneficial, as they can allow hatchlings to be washed into stable pools of standing
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water, where they can feed and seek refuge (Warkentin 2011a). This response may
be particularly vital in areas where annual precipitation is low and where ephemeral
water bodies also dissipate more quickly due to higher ambient temperatures. At the
same time, immediate hatching after submergence is not always advantageous. For
example, embryos may delay hatching if they are too premature to be fully competent
as free-swimming tadpoles (Warkentin 2011a).

The strong intra-specific variation in hatching time raises questions about the
mechanisms driving these differences. Hatching in amphibians is highly plastic
(Warkentin 2011a) and can be achieved through chemical or mechanical processes,
or a combination of both (Duellmann and Trueb 1986). The chemical hatching
mechanism is more common (Warkentin 2011a), and embryos of many species have
hatching glands which release proteolytic enzymes in response to hatching cues (such
as predators or low PO2) that digest components of the egg (Carroll and Hedrick 1974;
Nokhbatolfoghahai and Downie 2007). It is possible that embryos produced from drier
sites had denser hatching glands, synthesised a larger amount of enzyme or released
enzymes from vesicles more rapidly (Nokhbatolfoghahai and Downie 2007;
Kawaguchi et al. 2009; Cohen et al. 2016). Alternatively, intra-specific differences in
hatching time could potentially arise due to variation in development rate.
Development rate is negatively affected by low soil water potentials (Bradford and
Seymour 1985; Packard 1991) and it is possible that embryos from mesic populations
were too premature to hatch after 33 days when reared on dry soils. For example,
hatching glands may not have developed, or embryos may have lacked the sensory
capacities to perceive the hatching cue (Warkentin 2011b). However, hatching glands
in Myobatrachids develop relatively early (from Gosner stage 17) and are fully present
in embryos by Gosner stage 19 (Anstis 2010), making it unlikely that any slight
differences in the maturity of embryos in our study affected their ability to hatch.

A further potential driver of intra-specific differences in hatching time may be the
structural composition of the egg capsule. For example, egg capsules from
populations occupying drier habitats may swell more rapidly when they rehydrate
when flooded, resulting in mechanical rupture of the perivitelline membrane, or an
outer egg cuspule layer, and so releasing the embryo (Duellmann and Trueb 1986).
While understanding the mechanisms driving differences in hatching time was not the
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focus of our study, in light of our findings we suggest that P. guentheri offers an ideal
experimental system to explore this further.

Low soil water potentials reduced the wet mass of hatchlings and increased the
occurrence of hatchling malformations, in line with earlier studies (Taigen et al. 1984;
Mitchell 2002; Andrewartha et al. 2008; Eads et al. 2012). Embryos were preserved 6
- 12 hours after hatching, and therefore differences in wet weight are unlikely to be the
result of variation in body water content as hatchlings had ample time to hydrate.
Retarded growth on drier soils may be a consequence of reduced metabolic rates
(Bradford and Seymour 1985; Mitchell 2002) and yolk consumption (Packard 1999).
However, wet mass at hatching was only reduced slightly in hatchlings from the driest
site when reared on dry soils, whereas wet mass decreased significantly in hatchlings
originating from more mesic sites (Fig. 2.4C). Malformations are associated with
insufficient swelling of the egg capsule on dry substrates, which leads to embryos
being unable to rotate freely within the perivitelline space and sometimes adhering to
the perivitelline membrane (Bradford and Seymour 1988a; Mitchell 2002; Andrewartha
et al. 2008). Tadpole malformations can persist after metamorphosis (Plowman et al.
1994) and are therefore likely to have long-term consequences for survival and fitness.

The effect that water potential treatment had on body size and shape explained
differences in swimming performance among hatchings from different populations,
with hatchlings swimming more slowly, less straight and moving a smaller distance if
they were reared on drier soils (Fig 2.5). Decreased swimming performance is likely
to have negative fitness consequences, as rapid swimming allows tadpoles to escape
predators and generally aids foraging (Webb 1986; Watkins 1996; Wilson and Franklin
1999; Teplitsky et al. 2005; Walker et al. 2005; Langerhans 2009). As observed for
other traits studied here, there was pronounced intra-specific variation in the effects of
dry soils on hatchling swimming performance. Swimming performance was unaffected
by the dry or intermediate soil water potential treatments in the driest population (pop.
5), but decreased steeply in more mesic populations in response to incubation on dry
soils. Interestingly, hatchlings from the driest population swam comparatively poorly,
even though other effects of the dry rearing environments were minimal. One
explanation could be that egg capsules from mesic populations are more permeable
to water, and consequently swell relatively more on moist soils while also dehydrating
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more rapidly on dry soils. Thus, the benefit of moist soils may be greater in mesic
populations. Alternatively, there may be selection for smaller body size in hatchlings
from drier sites (Fig. 2.4C), enhancing their survival via a reduction of deleterious
malformations due to lesions with the perivitelline membrane, but at a cost to
swimming performance.

In summary, we show significant intra-specific variation in traits associated with
desiccation tolerance in P. guentheri adults, and in the early developmental stages of
their offspring. While dry rearing environments generally had a negative effect on traits
putatively linked to fitness, the severity of treatment effects varied greatly among
populations in a pattern consistent with the cline in annual precipitation. Together our
findings suggest that water availability has influenced patterns of population variation
in desiccation tolerance in P. guentheri, mediated either by phenotypic plasticity, local
adaptation, or a combination of both. Whether the species will persist under the
predicted rapid declines in annual rainfall in southwestern Australia remains unclear.
Prior work (Eads et al. 2012) revealed that at least one P. guentheri population lacks
sufficient additive genetic variation in desiccation tolerance to adapt to changes in
water availability. Depending on the generality of these patterns, the species may be
limited in its ability to adapt to conditions beyond its current range (e.g. Kellermann et
al. 2009). Yet, if the observed intra-specific variation in desiccation tolerance is the
result of local adaptation, dry-adapted populations could possess a reservoir of genes
that may facilitate adaptive responses to changes in water availability. As many P.
guentheri populations are now isolated due to extensive habitat fragmentation (Arnold
1988; Hobbs 1993), limiting gene flow (Cummins 2017), the dry-adapted populations
identified here could be used as source populations for assisted, targeted gene flow
(Aitken and Whitlock 2013) in future efforts to conserve mesic populations.
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3.1 Abstract
Ejaculate traits vary extensively among individuals and species, but little is known
about their variation among populations. Accordingly, the factors that promote intraspecific differences in male gamete traits are poorly understood. Here, we investigated
patterns of intra-specific variation in male reproductive investment in the terrestrialbreeding frog Pseudophryne guentheri. Like most anurans, its breeding activity is cued
by precipitation and thus the timing and duration of breeding seasons may differ
among geographically separated populations, potentially leading to local adaptation in
sperm traits. Males were collected from six populations (two near the northern range
edge and four central populations), and reproductive traits were assessed including
testis size, sperm density, sperm motility and sperm length. We found a striking
divergence in all ejaculate traits that corresponded with latitude. Males from the
northern and dry edge of the species range had significantly smaller testes (68%
decrease) containing sperm at a lower density (66% decrease) compared to males
from the more mesic central populations, and their spermatozoa were smaller and
swam more slowly (26% decrease for both). Our results may reflect spatial variation
in the strength of postcopulatory sexual selection among populations, most likely
driven by local patterns of precipitation.
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3.2 Introduction
Much of the striking interspecific diversity in ejaculate traits (e.g. the number, motility
and morphology of sperm) has been attributed to differences in the strength of
postcopulatory sexual selection. For example, in his pioneering work, Parker (1970,
1990a, 1990b) predicted that male reproductive investment should increase with
increasing intensity and/or risk of sperm competition (the competition between the
ejaculates of two or more rival males for the fertilization of a single set of ova).
Widespread empirical support for this prediction comes from numerous studies that
have compared investment in spermatogenesis between species. For example, testis
size has been found to increase with the risk and/or intensity of sperm competition in
widely diverse taxa (for a review, see Parker 2016). Sperm competition has also been
credited with driving the evolution of sperm quality, and higher levels of sperm
competition are generally associated with larger, faster and more viable sperm (Briskie
et al. 1997; Morrow and Gage 2000; Hunter and Birkhead 2002; Byrne et al. 2003;
Fitzpatrick et al. 2009; Lüpold 2013).

Despite the success of sperm competition in explaining interspecific diversity in testes
and ejaculates traits, we know far less about the factors driving intra-specific variation
in these trait. In theory, differences in environmental conditions among populations of
the same species can influence mating systems and levels of sperm competition, and
thus promote local adaptation of sperm traits. For example, abiotic variables such as
temperature and precipitation can influence the seasonality and length of the breeding
season (Wingfield 2008), and thus affect operational sex ratios (OSR – the ratio of
males to females ready to mate) at breeding sites and consequently levels of sperm
competition (Emlen and Oring 1977). However, intra-specific studies that investigated
male gamete traits along ecological gradients thought to correlate with risk and/or
intensity of sperm competition have provided mixed results. For example in two
amphibian species, testis size (Chen et al. 2014) and sperm length (Chen et al. 2016)
decreased with altitude, possibly due to shorter breeding seasons lowering
male/female operational sex ratios and thus reducing male-male competition (Chen et
al. 2014). However, the opposite pattern has also been found in the same taxa, with
testis size (Chen et al. 2016; Jin et al. 2016) and sperm length (Jin et al. 2016)
increasing with altitude. Similarly, opposing patterns have been found along latitudinal
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gradients. For example, relative testis size (Hettyey et al. 2005) and sperm length
(Blanckenhorn and Hellriegel 2002) decrease with increasing latitude, which was
interpreted as a consequence of harsher environmental conditions or weaker sexual
selection (Hettyey et al. 2005). At the same time, Lüpold et al. (2011) showed that in
the red-winged blackbird (Agelaius phoeniceus), sperm length increased with latitude,
while Snook (2001) found no latitudinal pattern in sperm length differences among
populations of fruit flies (Drosophila). Thus, for the most part we still lack an
understanding of the drivers of intra-specific geographic variation in sperm traits and
male reproductive investment.

In amphibians, breeding phenology is usually inextricably linked to temperature and
precipitation (Corn et al. 2003; Walls et al. 2013a). In species that occupy temporary
wetlands or more arid environments, breeding activities are mainly synchronised with
precipitation events, and rainfall patterns determine both the seasonality and length of
breeding activities. For example, anurans occupying arid or semi-arid habitats tend to
be opportunistic breeders, initiating short bouts of breeding activity following rainfall
events throughout the year (Denver 1998; Shine and Brown 2008). Other amphibians,
such as terrestrial-breeders, rely on consistent rainfall after mating for the successful
development of their eggs, leading to prolonged breeding that coincides with
seasonally occurring rainfall. Therefore, local precipitation regimes are likely to
influence breeding systems and sperm competition patterns in amphibians (Álvarez et
al. 2014), which could be manifested in clinal divergence in male reproductive
investment between and among species.

Here, we investigated intra-specific variation in ejaculate traits along a precipitation
cline in the terrestrial-breeding frog Pseudophryne guentheri. This species is
distributed over a large area of southwestern Australia (Fig. 3.1) that spans a rainfall
gradient between ~300 and 1250 mm per year. The arrival of males and females at a
breeding site is synchronised with moist conditions following rainfall, and therefore
differences in precipitation patterns between populations are likely to have led to
divergent operational sex ratios and intensity of sperm competition in this species. Our
aim in this study was to test whether male reproductive investment differs among six
populations situated on two latitudes – two being at the northern range edge, and
whether variation in sperm traits reflected the typical precipitation patterns at each
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location. We focused on quantifying a range of traits putatively tied to male
reproductive investment, including testis size, sperm density, sperm motility (e.g.
velocity) and sperm length. We predicted that the window of mating opportunity is
smaller in drier sites, leading to a more balanced operational sex ratio at breeding sites
which may consequently relax the intensity of sperm competition and reduce male
reproductive investment.

Figure 3.1
Map showing the distribution of P. guentheri (grey line; based on occurrence records
from the Atlas of Living Australia) and collection sites, overlaid with mean annual
rainfall (mm). Populations are numbered by increasing aridity. Inset: a male P.
guentheri.

3.3 Materials and Methods
3.3.1 Ethics statement
All animal work was conducted in accordance with the University of Western
Australia’s (UWA) Animal Ethics Committee (permit number RA/3/100/1466).
Fieldwork was conducted under permit SF010807 issued by the Western Australian
Department of Biodiversity, Conservation and Attractions.
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3.3.2 Study species
Crawling frogs, Pseudophryne guentheri, are small (26-33 mm snout-to-vent length,
SVL) myobatrachid frogs endemic to the southwest of Western Australia. Breeding
takes place in autumn and early winter following seasonal rainfall. Males excavate
burrows in areas that are likely to be flooded and call at the burrow’s entrance to attract
females (Anstis 2013). After a female has selected and approached a male, mating
occurs inside the burrow. The male grasps the female and, after a pre-ovipositional
clasping period which may last several hours in related species (Woodruff 1976),
fertilises egg clutches of 60 to 300 eggs as they are released. After mating, the male
usually remains with the eggs and resumes calling. Woodruff (1976) observed that in
some Pseudophryne sp., the female either leaves the breeding area after mating if all
eggs were deposited, or otherwise remains in the chorus to subsequently mate again.
Within the genus Pseudophryne, Woodruff (1976) estimated that less than half the
females lay all their eggs at once and seasonal monogamy or successive polygamy
are common. Encapsulated embryos develop terrestrially and hatching occurs when
burrows flood in late winter (Eads et al. 2012, Chapter 2). Tadpoles complete their
development in ephemeral water bodies in about three months (Anstis 2013).

While multiple paternity in P. guentheri has not been investigated directly, our field
observations lead us to speculate that sperm competition might play a role in this
species. For example, on several instances multiple males have been found in one
burrow, including occasions when more than one female was present. We have also
observed a burrow containing a male at the bottom, with a side channel located in
close proximity and occupied by another, smaller male. Byrne et al. (2002) estimated
that the risk of sperm competition (i.e. the probability that a female has mated with
another male) is comparatively high in this species (sperm competition index 3 out of
4; ranks were allocated with regards to density of breeding aggregations, proximity of
males and male-male interactions) due to close proximity of calling males at the
breeding sites and evidence of male-male interactions, such as territorial calling
(Woodruff 1977).
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3.3.3 Animal collection and study sites
Male P. guentheri were collected from six breeding choruses (Table 3.1) located along
west-east transects at approximately two latitudes: four central sites and two northern
sites near the edge of the species’ range (Fig. 3.1). Environmental conditions,
including the climate, differ considerably between sites (Table 3.1). Northern sites are
warmer and drier compared to southern sites and the breeding habitats are more open
and on sandier soils. Furthermore, annual rainfall decreases from coastal sites in the
west to more inland sites in the east.

Ten to 19 (mean = 15.8 ± 1.6 SE; Table 3.1) sexually mature and calling males were
collected by hand while in their breeding burrows in May and June 2016. Males were
temporally housed in small (4.4 L) plastic containers containing moist sphagnum moss
and transported to the University of Western Australia in Perth. Males were fed a diet
of small insects and kept in a controlled-temperature room at 16°C with an 11/13 h
light/dark photoperiod to mimic winter conditions. In order to control for differences in
body size or condition affecting sperm traits, snout-to-vent length (SVL; ± 1 mm) and
standard weight (weight of a fully hydrated frog with bladder water drained; ± 0.001g)
were measured for each male upon arrival at the laboratory.
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Table 3.1
Site characteristics and sample numbers (N) for each P. guentheri population sampled.

17

Number of days between first
rainfall* (≥ 5mm/day) and
sperm collection date (± SD)
27 ± 11

Annual mean
temperature
(°C)
17.2

Annual mean
precipitation
(mm)
788

Days of rain
(> 1mm) in
May-July
35

Days of rain
(> 5mm) in
May-July
20

116°31'24.1"E

12

11 ± 6

6.7

654

34

18

32°28'25.9"S

116°58'27.9"E

19

7±5

16.6

428

28

13

4

32°49'17.4"S

117°53'01.0"E

18

12 ± 4

16.5

358

23

9

Binnu

5

28°02'30.8"S

114°39'36.0"E

19

6±5

19.9

352

23

10

Mullewa

6

28°31'07.3"S

115°38'11.4"E

10

6±4

20.5

329

22

9

Collection
site

Pop.
No

Longitude

Latitude

N

Chidlow

1

31°53'05.5"S

116°18'48.0"E

Flint Plot

2

32°17'01.4"S

Pingelly

3

Dudinin

* of the breeding season (May-June 2016)
Note: Populations are numbered by increasing aridity. Climate data were obtained from the Bureau of Meteorology and are
interpolated values for the specific coordinates of each population, averaged from 1980 to 2017.
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3.3.4 Sperm collection
Three to eight days after collection, males were sacrificed via ventral immersion in
<0.03% benzocaine solution for 10 min, followed by double pithing. A previous pilot
study revealed that exposure to benzocaine in this manner does not affect sperm
motility (Rudin-Bitterli, unpublished data). Both testes were removed, blotted dry and
weighed to the nearest 0.1 mg (precision balance XS204, Mettler Toledo, Melbourne,
Australia) and placed on ice. Testes were then macerated in 20 to 615 µL (adjusted
according to the weight of the testes) of chilled standard amphibian ringer (SAR;
113mM NaCl, 2mM KCl, 1.35 mM CaCl2, and 1.2 mM NaHCO3. This buffer mimics the
osmolality within the male reproductive tract and keeps the spermatozoa in an inactive
state (Byrne et al. 2015). Sperm can be stored in the buffer for extended periods (days
- weeks) without experiencing substantial declines in sperm motility (Browne et al.
2001; Kouba et al. 2003). The residual testes tissue was removed from the macerate,
blotted dry and weighed. The sperm suspension volume (μl) was then calculated as:
the mass of both testes (mg) – (testes residual tissue mass (mg) + volume of SAR
added in μL). The sperm density in testes macerates was measured in an improved
Neubauer haemocytometer (Hirschmann Laborgeräte, Eberstadt, Germany) by
counting the number of spermatozoa within a given area of the slide (spermatozoa/μl).
The total number of sperm in testes was estimated by multiplying the sperm density
(spermatozoa/μl) by the sperm suspension volume (μl).

3.3.5 Sperm motility
A subsample of sperm suspension from each male was used to analyse sperm
motility. The sperm density of the subsample was adjusted to a standard of 4 x 10 6
sperm per ml (using 1:1 SAR) to minimise any effects of sperm concentration on
motility. Sperm motility was assessed using computer-assisted sperm analysis
(CASA, CEROS sperm tracker, Hamilton-Thorne Research) within 30 min of sperm
collection. For each male, 1 μL of sperm suspension was mixed with 10 μL of 25%
SAR to activate the spermatozoa. This sperm solution was immediately pipetted into
two uncoated wells of a 12-well multitest slide (MP Biomedicals, Aurora, OH, USA), 4
μL in each well, and covered gently with a coverslip. An average of 202 ± 11 SE motile
sperm tracks were measured per sample, with cell movements below 2.5 μm/s
considered to be static. The CASA assays generated seven motility parameters. Three
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of these parameters described components of sperm velocity, including average path
velocity (VAP) - the mean velocity of the sperm head along its average trajectory,
curvilinear velocity (VCL) - the mean path velocity of the sperm head along its actual
trajectory, and linear velocity (VSL) - the mean path velocity of the sperm head along
a straight line from its first to its last position. The remaining four motility parameters
included sperm linearity ((VSL/VCL) × 100), the beat frequency of the sperm’s
flagellum (BCF), the amplitude of the lateral sperm head displacement (ALH), and the
wobble coefficient ((VAP/VCL) × 100). Finally, the CASA assays also generated a
measure of the proportion of sperm exhibiting progressive motility (> 2.5 μm/s) in the
sample.

3.3.6 Sperm length
Within 24 h of sperm collection, samples containing inactive sperm were placed under
a phase-contrast microscope (Olympus BX41) and photographed at Χ 800
magnification. Tail length, head length and head width of 10 intact sperm per male
were later measured using ImageJ (Abràmoff et al. 2004).

3.3.7 Statistical analysis
All analyses were performed using R version 3.4.3 (R Development Core Team 2017).
In order to ensure that data complied with assumptions of normality, Q-Q plots of
residuals were inspected and, where necessary, data were transformed. Male
standard weight, mass of both testes, ALH motility parameter and sperm head length
and width were subject to log10 transformations. Sperm density, number of sperm in
testes, sperm tail length, BCF and proportion motile sperm were transformed using
the Box-Cox method (Box and Cox 1964). The sperm velocity parameters VAP and
VSL were both strongly correlated with VCL (both r-values > 0.89, P < 0.001), and we
therefore restricted our analysis of sperm velocity to VCL. Results did not change
when conducting analyses of VAP or VSL.

To test whether sperm quantity, motility or length traits significantly differed between
populations, we performed a multivariate analysis of covariance (MANCOVA) in which
population was entered as the fixed factor and ejaculate traits as the dependent
variables. We tested for multicollinearity of the dependent variables using the “olsrr”
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package in R (Hebbali 2018). Models including the dependent variables number of
sperm in testes and wobble coefficient had high levels of multicollinearity (VIF ≥ 10),
and we consequently removed both traits from the MANCOVA. Male size (quantified
as standard weight) was added as a covariate to control for potential allometric
relationships between body size and sperm traits. If significant differences between
populations were found, univariate analyses (ANCOVAs) with Bonferroni adjusted P
values were performed for each ejaculate trait.

To examine whether sperm traits significantly differed between northern and central
populations, data were grouped by latitude and a MANCOVA was performed with
latitude as the fixed factor, ejaculate traits as the dependent variables and male size
as a covariate. As above, to avoid multicollinearity, the number of sperm in testes and
wobble coefficient were removed from the list of dependent variables in the model.
ANCOVAs were performed for each ejaculate trait when the MANCOVA was
significant, and male size was added as a covariate in all analyses.

3.4 Results
Ejaculate traits differed significantly among populations (MANCOVA; Pillai’s trace =
0.700, F = 19.111, P < 0.001), and male size was a significant covariate (Pillai’s trace
= 0.406, F = 5.616, P < 0.001). Furthermore, ejaculate traits significantly diverged
between populations from the two latitudes (Pillai’s trace = 0.861, F = 50.652, P <
0.001), with the covariate male size being significant (Pillai’s trace = 0.458, F = 6.920,
P < 0.001). Our univariate analyses confirmed that males from central populations (1
to 4) had significantly larger testes than those from northern sites (22.9 ± 10.7 (SD)
mg vs 7.4 ± 2.8 mg), even after accounting for body size (Fig. 3.2, Table 3.2). This
pattern was also reflected in sperm quantity, with sperm density being approximately
three times higher and total number of sperm in testes nine times larger in central
populations (Fig. 3.2, Table 3.2). Sperm motility parameters also significantly diverged
between populations from the two latitudes. Sperm from central males swam more
quickly and in a more linear fashion than the spermatozoa of northern males, and a
larger proportion of sperm was motile (Fig. 3.3, Table 3.2). Furthermore, flagella beat
frequency and lateral sperm head displacement was greater in sperm from central
sites (Fig. 3.3, Table 3.2). Sperm length traits significantly differed between northern
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and central populations, with northern males having shorter spermatozoa (both shorter
heads and tails) with broader sperm heads (Fig. 3.4 & 3.5, Table 3.2).

Figure 3.2
Box plots showing median (central thick lines) and lower and upper quartile values
(box width) of male size and sperm quantity traits in six P. guentheri populations across
two latitudes. Central populations (1 - 4) are shown in dark grey and northern
populations (5, 6) are shown in light grey. Populations that do not share the same
letters are significantly different (Bonferroni post-hoc tests, P < 0.05).
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Table 3.2
Analysis of covariance (ANCOVA) test results for sperm trait comparisons among males from two latitudes (Central – populations 1
to 4); North – populations 5 and 6). P values are corrected for multiple comparisons following Bonferroni.

Sperm
quantity

Dependent variables

Latitude

Mass of both testes
(mg)
Sperm density
(sperm/μl)
Total number of sperm
in testes

Central
North
Central
North
Central
North
Central
North
Central
North
Central
North
Central
North
Central
North
Central
North
Central
North
Central
North
Central
North

VCL (μm/s)
Proportion of motile
sperm (%)
Sperm
motility

ALH (μm)
BCF (Hz)
Linearity coefficient
(%)
Wobble coefficient (%)
Sperm tail length (μm)

Sperm
length

Sperm head length
(μm)
Sperm head width
(μm)

Mean ± SD
22.89 ± 10.66
7.38 ± 2.78
4436 ± 2398
1506 ± 1024
1,151 K ± 959 K
125 K ± 129 K
20.42 ± 3.08
15.06 ± 2.04
58.13 ± 14.95
48.17 ± 10.07
1.11 ± 0.29
0.79 ± 0.17
31.77 ± 1.42
29.32 ± 1.43
79.49 ± 4.69
76.36 ± 4.99
83.71 ± 4.09
80.94 ± 4.65
35.21 ± 3.60
23.66 ± 2.30
17.43 ± 1.21
15.48 ± 0.97
1.66 ± 0.09
1.88 ± 0.10
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Effect
Latitude
Male size
Latitude
Male size
Latitude
Male size
Latitude
Male size
Latitude
Male size
Latitude
Male size
Latitude
Male size
Latitude
Male size
Latitude
Male size
Latitude
Male size
Latitude
Male size
Latitude
Male size

Mean
SS
23.47
4.90
127.13
12.13
7120
1018
579.00
23.70
0.01
0.001
2.08
0.69
28.66
0. 56
197.98
5.72
154.51
17.71
301.30
13.00
0.28
0.07
0.32
0.01

F

df

P

Sig.

124.73
26.07
69.26
6.61
126.92
18.15
75.21
3.08
9.53
1.15
44.86
14.81
57.28
1.12
9.11
5.72
8.73
3.70
46.97
2.03
75.55
19.99
105.29
4.44

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

< 0.001
< 0.001
< 0.001
0.142
< 0.001
< 0.001
< 0.001
0.994
0.032
1.00
< 0.001
0.003
< 0.001
1.00
0.039
0.225
0.048
0.691
< 0.001
1.00
< 0.001
< 0.001
< 0.001
0.454

***
***
***
ns
***
***
***
ns
*
ns
***
**
***
ns
*
ns
*
ns
***
ns
***
***
***
ns

Figure 3.3
Box plots of sperm motility parameters in six P. guentheri populations across two
latitudes. Each box shows the lower and upper quartile values and the thick line
indicates the median value. Central populations (1 - 4) are shown in dark grey and
northern populations (5, 6) are shown in light grey. Populations that do not share the
same letters are significantly different (Bonferroni post-hoc tests, P < 0.05).
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Figure 3.4
Box plots showing median (central thick lines) and lower and upper quartile values
(box width) of sperm length traits in six P. guentheri populations across two latitudes.
Central populations (1 - 4) are shown in dark grey and northern populations (5, 6) are
shown in light grey. Populations that do not share the same letters are significantly
different (Bonferroni post-hoc tests, P < 0.05).
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Figure 3.5
Micrographs showing a representative spermatozoon for (A) central males
(populations 1 – 4) and (B) northern males (populations 5 and 6).

3.5 Discussion
Our findings demonstrate striking patterns of intra-specific variation in testes size and
sperm traits in Pseudophryne guentheri collected at two latitudes. We show that males
from northern populations (pop. 5 and 6) had notably smaller testes (68% decrease)
containing sperm at a lower density (66% decrease) compared to males from central
populations. These patterns were also apparent in our analyses of sperm size and
motility, where we found that spermatozoa were smaller and swam more slowly in the
northern populations (26% decrease for both traits). These patterns are consistent
with lower reproductive investment by males from northern sites, and may indicate that
local environmental conditions influence mating systems and sperm competition levels
in this terrestrial-breeding species. We discuss factors that could drive such interpopulation differences in gamete traits below.

One environmental factor that can have a strong influence on sperm traits is the
predictability of the environmental conditions suitable for reproduction. In
unpredictable, aseasonal environments, animals breed more opportunistically
whenever conditions for reproduction are met (Milton et al. 2004). For example in
anurans, species from arid and semi-arid habitats are subject to highly unpredictable
rain patterns and breed opportunistically whenever water pools on the surface (Denver
1998; Shine and Brown 2008). Opportunistic breeding is energetically costly, as it
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requires the maintenance of reproductive organs in a near-functional state (Lofts 1984)
and continual spermatogenesis. Hence opportunistic breeders often have lower levels
of reproductive investment, but maintain this investment more or less continuously.
Opportunistic breeding tropical frogs, for example, have lower androgen levels than
confamilial seasonal breeders, suggesting that maintenance of high plasma
testosterone concentrations is energetically expensive (Emerson and Hess 1996).

In contrast, seasonal, discontinuous breeding allows the regression of reproductive
organs for most of the year (Wikelski et al. 2000) and reproductive investment
correlates strongly with the time of reproduction. Studies on a range of seasonallybreeding animals have reported elevated androgen levels during the reproductive
period (Burger and Millar 1980; Kao et al. 1993), along with enlarged testes (Lofts
1964; Burger and Millar 1980; Kao et al. 1993; Hahn 1998; Chavadej et al. 2000;
Wikelski et al. 2000; El-Wailly 2002) and increased spermatogenetic activity (Lofts
1964; Chavadej et al. 2000). Therefore, one potential explanation for the observed
divergence in sperm quantity and quality between populations from the two latitudes
studied here is that males from the northern, drier and warmer areas breed more
opportunistically than populations from the more mesic centre of the species’ range.
Given that populations 5 and 6 receive approximately half the substantial rainfall
events (above 5 mm of rain per day) during the main breeding season compared to
the most mesic site (population 1), they may have a breeding strategy similar to that
an arid-adapted member of the genus, Pseudophryne occidentalis. This species
breeds readily in response to bouts of heavy rain in summer (Main et al. 1959), and
has populations that abuts that of P. guentheri (Cummins 2017, unpublished Honour’s
thesis).

Next to the predictability of environmental conditions suitable for reproduction, the
length of the breeding season can influence the degree of sperm competition and
consequently promote local adaptation in sperm traits (Álvarez et al. 2014). Male
Pseudophryne sp. call and defend their breeding burrows throughout the duration of
the breeding season (Woodruff 1977; Mitchell 2001), and the arrival of females at
breeding sites is triggered by moisture on the surface following recent rainfall (Mitchell
2001; Tabitha Rudin-Bitterli, pers. observations). This suggests that the window of
mating opportunity is smaller in sites that have fewer nights of rainfall. Therefore, whilst
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breeding in P. guentheri may span six weeks in at more mesic sites (Nicola Mitchell,
personal observations), it is likely that populations from northern sites breed in a more
‘explosive’ fashion (Wells 1977), with many females arriving at a breeding site
simultaneously over just a few nights each year. This is likely to lead to a more
balanced operational sex ratio in drier sites which would consequently relax the
intensity of male-male competition (Kvarnemo and Ahnesjö 1996) and potentially
reduce male reproductive investment. As there is evidence that sperm competition
selects for increased testis size, sperm length (both sperm head and tail length) and
slower sperm velocities in frogs (Kusano et al. 1991; Jennions and Passmore 1993;
Emerson 1997; Byrne et al. 2002; Zeng et al. 2014), the disparate patterns of
reproductive investment between northern and central populations revealed by our
analyses are consistent with the idea that males from central populations experience
higher levels of sperm competition than their northern counterparts.

There is growing evidence that postcopulatory sexual selection can rapidly drive
diversification of gamete traits, and is consequently a potent force in reproductive
isolation and speciation (Parker and Partridge 1998; Panhuis et al. 2001; Manier et al.
2013; Tinghitella et al. 2018). If divergence of gamete traits between reproductively
isolated groups is strong, prezygotic incompatibilities between the male ejaculate and
female reproductive tract or ovum can arise, resulting in reduced fertilisation success.
Palumbi et al. (1991), for example, found that changes in egg-sperm recognition
between two closely related sea urchins led to strong reproductive isolation. In species
that mate with multiple partners, variation in gamete traits between or among
populations can influence the success rate of competitive fertilisations, and thus
divergence in sperm traits influencing fertilisation success may also lead to
reproductive isolation (Howard 1999; Coyne and Orr 2004; Howard et al. 2009). There
is tentative evidence, for example, that variation in sperm length, driven by sperm
competition and cryptic female choice, may promote reproductive isolation in insects
(Noguchi 2012). Whilst competitive fertilisation experiments for P. guentheri are
lacking, it is likely that sperm from northern males would compete poorly with sperm
from central males, given the smaller quantity of sperm produced, the slower
swimming speed of spermatozoa and altered sperm morphology. Thus, the marked
intra-specific variation in sperm traits and reproductive investment in P. guentheri may
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indicate that range edge and mesic populations are, at least partially, reproductively
isolated.

In summary, we found a striking divergence in testes size, sperm quantity, motility and
length in P. guentheri between males from two latitudes. Together, our finding that
males from northern sites exhibit a lower reproductive investment compared to males
from the more mesic centre of the species range is consistent with emerging evidence
that patterns of sexual selection can diverge among populations of the same species
(Romano et al. 2017), most likely driven by local climatic factors, such as precipitation.
Irrespective of the drivers of these disparate patterns, differences in gamete traits
between populations may be a common mechanism leading to reproductive isolation
and speciation (Parker and Partridge 1998; Panhuis et al. 2001). The degree of
divergence between north and central populations raises questions about whether
successful interbreeding is possible, and provides an explanation for recent evidence
of cryptic speciation in this widespread Australian genus (Donnellan et al. 2012;
Cummins 2017, unpublished Honour’s thesis).
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4.1 Abstract
Assisted gene flow (AGF) is an emerging strategy for bolstering the genetic variation
and adaptive potential of isolated populations threatened by climate change. It
involves translocation of pre-adapted individuals (e.g. from range edge populations)
to facilitate the adaptation of recipient populations to future environmental conditions.
Empirical tests of the efficacy of the strategy are lacking for most taxa, and concerns
over negative effects of mixing populations (e.g. outbreeding depression) remain.
Here, we tested the outcomes of AGF within a laboratory setting in Pseudophryne
guentheri, a terrestrial-breeding frog experiencing a drying climate in the south west
of Australia. This species shows strong clinal variation in desiccation tolerance, and
contemporary populations are isolated by severe habitat fragmentation due to recent
land clearing. We performed reciprocal crosses between four populations, two from
the drier northern edge of the species range, and two from the more mesic centre of
the species’ distribution. We reared embryos on wet and dry soils, and quantified a
range of fitness-related traits upon hatching. AGF resulted in mixed outcomes in hybrid
crosses, which depended strongly on crossing distance and direction. Long-distance
crosses between range edge and central populations led to low embryonic survival
(~15%) in one direction, and high malformation rates (~36% of hatchlings) in crosses
in the opposite direction. Thus, our data suggest an almost complete asymmetric (onedirectional) postzygotic isolation between range edge and central populations,
indicating that these populations may be in the process of speciation. In contrast,
short-distance crosses led to one instance of hybrid vigour, evident by increased
fitness and desiccation tolerance of hybrids relative to within-population crosses.
These results provide the first insights into the factors influencing AGF outcomes in
amphibians, and suggest that laboratory trials will be an important step before AGF is
used in the management of threatened populations.
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4.2 Introduction
Genetic variation in traits related to environmental tolerance can allow populations
to rapidly adapt to environmental change (Lande and Shannon 1996; Barrett and
Schluter 2008). However, many populations are increasingly isolated from one
another due to habitat fragmentation, which can limit gene flow among adjacent
populations and consequently reduce (within-population) genetic diversity (Young
et al. 1996; Opdam and Wascher 2004; Cushman 2006). Small populations in
particular are vulnerable to environmental change due to loss of genetic variation
and associated processes such as genetic drift and inbreeding (Willi et al. 2006),
and even species that are relatively common may be susceptible to rapid
environmental change if they lack the evolutionary capacity to adjust to new
selection pressures. For example, Foden et al. (2013) estimated that 17-41% of bird
species, 11-29% of amphibian species and 9-22% of coral species that are currently
not classified as threatened (using traditional approaches) are highly vulnerable to
climate change when incorporating adaptive capacity, sensitivity and exposure to
environmental change to projection models. Further, two recent meta-analyses have
demonstrated that a species’ rarity or conservation status does not predict its
vulnerability to environmental change (Wade et al. 2017; Daskalova et al. 2018).
Collectively these studies highlight the need for new priorities and management
practices to conserve biodiversity. In particular, there is a need for conservation
actions that target genetic variation to utilise or increase the evolutionary resilience
of vulnerable populations and species (Sgrò et al. 2011; Kelly and Phillips 2015;
Aitken and Bemmels 2016; Anthony et al. 2017; Pavlova et al. 2017).

One strategy used to increase the evolutionary resilience of populations to changing
environmental conditions is assisted gene flow (AGF). AGF involves the deliberate
translocation of individuals or gametes within a species’ current or historical range
to increase the genetic variation (and concurrently the fitness) of recipient
populations and to promote their adaptation to anticipated local conditions (Weeks
et al. 2011; Aitken and Whitlock 2013). Many species show geographic variation in
environmental tolerance across their range, and much of this variation is adaptive
(Kawecki and Ebert 2004; Rajpurohit and Nedved 2013). AGF can utilise such
naturally occurring geographic variation in environmental tolerance to increase
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genetic variation of recipient populations in a desired direction (Kelly and Phillips
2015). For example, genotypes from range edge populations that are pre-adapted
to climates that a recipient population will likely experience in the future can be
introduced via AGF, reinstating or increasing natural gene flow between populations
to facilitate adaptation at the species level (Macdonald et al. 2017). For these
reasons, AGF has already been implemented, often with great success, for several
species (O’Neill et al. 2008; Robinson et al. 2017; Weeks et al. 2017), and has been
suggested for the management of many other plant (Broadhurst et al. 2008; Vitt et
al. 2010; Aitken and Bemmels 2016) and animal species (Weeks et al. 2011;
Anthony et al. 2017; Pavlova et al. 2017).

Broad scale implementation of AGF is hindered by concerns over risks associated
with mixing previously disjunct populations. Most notably, hybridization between
genetically divergent populations can lead to outbreeding depression, wherein
offspring of local and introduced parents have a lower fitness than pure cross
offspring of the recipient population (Edmands 1999, 2007; Frankham et al. 2011;
Whiteley et al. 2015). Outbreeding depression is considered as a first step toward
speciation (Escobar et al. 2008) and can arise in F1 or later generations as a result
of genetic incompatibilities (e.g. via underdominance or epistatic interactions;
Schierup and Christiansen 1996) or the dilution of local adaptation in the recipient
population (e.g. if populations are adapted to conditions other than climate;
Bjorkman et al. 2017).

Frankham et al. (2011) developed a decision tree for genetic rescue and suggested
that the probability of outbreeding depression is high if (1) the combined populations
are from different species, (2) have fixed chromosomal differences, (3) have had no
gene flow for 500 years, or (4) occupy different environments. Several metaanalyses have shown that if none of these criteria are met, the risks of outbreeding
depression are both predictable and rare (Weeks et al. 2011; Aitken and Whitlock
2013; Frankham 2015, 2016). However, as effective AGF inevitably violates the
fourth criterion, the risks of outbreeding depression are more difficult to predict
(Tallmon et al. 2004; Edmands 2007). It is therefore important to assess the
potential risks and benefits of AGF for target species empirically, something only a
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handful of studies have done to date (but see Le Cam et al. 2015; Fitzpatrick et al.
2016; Pavlova et al. 2017; Robinson et al. 2017; Weeks et al. 2017).

Amphibians are one of the most vulnerable taxa to climate change (Stuart et al.
2004; Urban et al. 2014). Globally, many amphibians have undergone climaterelated extinctions or declines (Carey and Alexander 2003; Parmesan and Yohe
2003; Pounds et al. 2006; Urban et al. 2014) and correlative climate envelope
models predict that climate change will cause further extinctions in 12-47% of
endemic frog species (Thomas et al. 2004). In particular, there is concern that
changes in precipitation will affect amphibians, as their permeable skin, biphasic
lifecycles and unshelled eggs render them highly susceptible to changes in water
availability (Carey and Alexander 2003). Drying conditions may be especially
challenging for terrestrial-breeding species, as amphibian jelly capsules are almost
completely permeable to water (Bradford and Seymour 1988a; Mitchell 2002) and
successful embryonic development is reliant on moist soils (Andrewartha et al. 2008;
Eads et al. 2012).

Here, we tested the outcomes of assisted gene flow in a laboratory environment in
the terrestrial-breeding frog Pseudophryne guentheri. This species is an excellent
candidate for AGF for several reasons. First, P. guentheri inhabits a region in
southwestern Australia that has experienced a substantial decline in winter rainfall
over the past 40 years (19% reduction since the 1970s) (Smith 2004; IOCI 2012;
Andrich and Imberger 2013; Raut et al. 2014; CSIRO and Bureau of Meteorology
2016). Winter rainfall in this region is predicted to decline by another 15% by 2030
under all greenhouse gas emission scenarios, and a further precipitation decline by
up to 30% is projected by 2090 (CSIRO and Bureau of Meteorology 2014, 2015).
Second, the range of P. guentheri spans a pronounced rainfall gradient (~300-1250
mm annual rainfall), and a recent study has shown that P. guentheri adults and
developmental stages show clinal variation in desiccation tolerance (Chapter 2), with
range edge populations being considerably more resistant to dry conditions than mesic
populations at the centre of the species range. Third, whilst this species is currently
not classified as threatened, many populations are isolated due to extensive recent
habitat fragmentation (Arnold 1988; Hobbs 1993). Population genetic analysis has
revealed high levels of inbreeding in multiple populations, and a significant decline in
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genetic diversity (expected heterozygosity and allelic richness) within a decade in one
population (Cummins 2017, unpublished Honour’s thesis). Finally, P. guentheri, like
many amphibians, deposits large clutches of eggs that are fertilised externally.
Coupled with reliable in vitro fertilisation techniques developed for this species (Silla
2011), this provides the opportunity to employ a highly tractable breeding framework,
where a female’s eggs can be fertilised with sperm originating from males from
different populations. Therefore, in this species, the outcomes of AGF can be
investigated with high levels of experimental control.

We performed reciprocal crosses between four populations of P. guentheri, reared
their offspring on dry and wet soils, and evaluated the effects of these population
crosses and treatments on a range of fitness-related traits and desiccation tolerance
at hatching. Two populations were located at the northern and dry edge of the species’
range, whereas the other two originated from the more mesic centre of the range (Fig
4.1A). Our experiments were designed to answer two main questions. First, do hybrid
offspring from between-population crosses show signs of outbreeding depression (e.g.
due to genetic incompatibilities), and is this effect dependent on crossing distance?
Second, does the direction of the cross influence AGF outcomes?

4.3 Materials and Methods
4.3.1 Ethics statement
All animal procedures were approved by the University of Western Australia’s (UWA)
Animal Ethics Committee (permit number RA/3/100/1510), and the research was
conducted under license 08-000560-1 from the Western Australian Department of
Biodiversity, Conservation and Attractions.

4.3.2 Animal collection and study populations
Adult Pseudophryne guentheri were collected by hand and in pit-fall traps from four
geographically isolated breeding choruses, situated at two latitudes, in May and June
2017 (Table 4.1, Fig. 4.1A). Sites spanned a ~460 mm annual rainfall gradient, with
population A receiving the most amount of rain per year and population D receiving
the least (Table 4.1, Fig. 4.1A). Prior work has revealed that these populations show
clinal variation in desiccation tolerance, with population A being the most sensitive to
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dry conditions (Chapter 2). A recent population genetic analysis (Cummins 2017,
unpublished Honour’s thesis) demonstrated that all populations show high levels of
inbreeding (Table 4.1). Furthermore, genetic differentiation among P. guentheri
populations is high (overall FST = 0.186), suggesting low levels of contemporary
dispersal. Accordingly, populations A and B sit within two distinct genetic clusters
(Cummins 2017, unpublished Honour’s thesis), indicating low historical gene flow
despite their close proximity (100 km).

Figure 4.1
A) Map showing the distribution of P. guentheri in Western Australia (grey line; based
on occurrence records from the Atlas of Living Australia) and the location of the four
populations, overlaid with mean annual rainfall (mm). B) Within- and betweenpopulation crosses performed in this study. The arrows depict the movement of sperm
used to fertilise eggs. We did not obtain gravid females from population D, and
therefore only crosses between populations A, B & C were reciprocal.

In total, 15-16 calling males were collected from each of the four breeding sites. Gravid
females were more difficult to collect, and sampling was restricted to 5-13 females
from three of these sites (Table 4.1, Fig. 4.1). All frogs collected were temporarily
housed in small (4.4 L) plastic terraria containing moist sphagnum moss and
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transported to the University of Western Australia within two days. There, frogs were
fed a diet of pinhead crickets and kept in a controlled-temperature room at 16°C with
an 11/13 h light/dark photoperiod to mimic winter conditions.
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Table 4.1
Site characteristics, sample numbers and genetic diversity estimates (He = mean expected heterozygosity, FIS = inbreeding
coefficient) for each P. guentheri population sampled in this study.

Population
code

Population
name

Longitude

Latitude

♂

N
♀

F1

Annual mean
precipitation (mm)

He*

FIS *

A

Chidlow

31°53'05.5"S

116°18'48.0"E

15

5

622

788

0.217

0.304

B

Ridgefield

32°28'25.9"S

116°58'27.9"E

16

13

1548

428

0.226

0.342

C

Binnu

28°02'30.8"S

114°39'36.0"E

15

6

803

352

0.215

0.281

D

Mullewa

28°31'07.3"S

115°38'11.4"E

15

0

0

329

0.193

0.220

* (Cummins 2017, unpublished Honour’s thesis)
Note: Climate data were obtained from the Bureau of Meteorology and are interpolated average values (1980-2017) for the
coordinates of each population.
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4.3.3 Breeding design and in vitro fertilisations
In vitro fertilisation techniques were used to perform controlled within- and betweenpopulation crosses in the laboratory. The eggs of each female were divided equally
into four parts and fertilised with sperm from males originating from each of the four
populations, resulting in pure and hybrid crosses (Fig. 4.1B). In order to control for
potential parental compatibility (male-by-female) effects on offspring fitness (e.g. Eads
et al. 2012, Chapter 1), a sperm mixture, containing sperm from five random males
from the appropriate population, was used to fertilise the eggs of each female in each
population.

Sperm was obtained from testes macerates after euthanizing males via ventral
immersion in <0.03% benzocaine solution, followed by double pithing. Sperm was
stored on ice in 25 - 458 μL (adjusted according to the weight of the testes) standard
amphibian ringer (SAR; 113mM NaCl, 2mM KCl, 1.35 mM CaCl2). This buffer allows
storage of sperm for extended periods (days – weeks) without substantial declines in
motility (Browne et al. 2001; Kouba et al. 2003). Sperm concentrations were measured
using an improved Neubauer haemocytometer (Hirschmann Laborgeräte, Eberstadt,
Germany) and sperm suspensions were diluted with 1:1 SAR to 100 sperm per μL.

Upon arrival at the laboratory, females were gently squeezed to determine whether
ovulation had occurred. Approximately 35% of females had ovulated naturally and
their eggs were gently stripped. For the remaining females, ovulation was induced via
two subcutaneous injections of the hormone LHRHa over the course of two days (Silla
2011, Chapter 2). Approximately 10 hours after the second injection, eggs were gently
stripped from each female. In all instances, freshly stripped eggs were moistened with
SAR and divided equally among four small petri dishes. A standardised number of
sperm from five random males was pipetted onto one edge of the petri dish, mixed
gently and then activated with a calculated volume of 1:4 SAR solution (Eads et al.
2012). Each dish was then manually agitated for 20 seconds to promote fertilisation.
After 15 minutes, eggs were temporarily submerged in water, backlit and
photographed using a digital imaging camera (Leica DFC320) attached to a light
microscope (Leica MZ7.5) at 6.3 Χ magnification. These images were used to
measure the ovum diameter of 50 eggs from each female, using ImageJ software
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(Abràmoff et al. 2004). Fertilisation success was initially scored one hour after
combining eggs and sperm by counting eggs that had rotated (Gosner stage 1; Gosner
1960). However, eggs from populations A and B took substantially longer to show
signs of fertilisation when crossed with sperm from populations C or D. We therefore
scored fertilisation success a second time, six hours after fertilisation.
4.3.4 Incubation treatments
Fertilised eggs from each cross were reared on soil at two water potentials (ψ): a wet
soil (ψ = -10 kPa) and dry soil (ψ = -400 kPa). These soil water potentials represent a
range found in natural nest sites (N. J. Mitchell, unpubl. data) and trait responses to
these soil water potentials elicit higher mortality in the drier treatment, particularly in
mesic populations (Chapter 2). Embryo incubation and soil preparation were
performed as described in Chapter 2. In brief, soil from a P. guentheri breeding site
was oven-dried at 80°C for 24 hours, distributed into small lidded containers and
rewetted with an appropriate mass of deionised water using a soil water-retention
curve previously determined for the soil sample (N. J. Mitchell, unpubl. data). The
water content of the soil (g/g/ of dry soil) was approximately 50% in the wet treatment,
and 21% in the dry treatment. Eggs were randomly distributed onto soils 7 – 9 hours
after fertilisation. Small plastic rings (nylon plumbing olives, 12 mm in diameter)
surrounded egg clusters and were labelled to identify individual crosses, and
containers housing the eggs and soils were placed in incubators set at 16 ± 0.5 °C.
Embryos were monitored every two days and any mouldy eggs were removed.

4.3.5 Response variables
Putative fitness from within- and between-population crosses, reared in dry and wet
rearing environments, was assessed at hatching. At 33 days after fertilisation (when
embryos were approximately at Gosner Stage 26), hatching was induced by placing
embryos individually in small test tubes containing 2 ml of deionised water (Bradford
and Seymour 1988b; Eads et al. 2012). Embryos were then monitored every 30 min
until hatching, which was defined as the moment when an individual had completely
escaped from the egg capsule. Embryonic survival was recorded for each family as
the percentage of fertilised eggs that hatched.
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Swimming performance was recorded 6 - 12 hours after hatching on a subset of
hatchlings (N = 633 across all within and between-population crosses). For this
purpose, individual hatchlings were placed in a petri dish (diameter = 150 mm)
containing water 10 mm deep. After an initial acclimation period of 1 min, a glass
cannula was used to gently poke the tail of each hatchling, which elicited a burst
swimming response. A video camera (Canon PowerShot G16, recording at 60 fps)
installed 300 mm above the petri dish was used to film three burst swimming
responses for each hatchling, and their movement was later tracked and analysed
using EthoVision v8.5 software (Noldus et al. 2001). EthoVision enabled the
quantification of the following swimming parameters: maximum velocity (cm s-1), mean
velocity (cm s-1) and total distance moved (cm). We also recorded mean meander (deg
cm-1), a measure of the straightness of the swimming response, as dry rearing
environments can lead to asymmetrically shaped hatchlings (Eads et al. 2012, Chapter
2) that swim in a more circular motion (N. J. Mitchell, pers. observations). A hatchling
was considered moving when it exceeded 0.45 cm s-1. Since each video recording
contained three burst swimming responses with periods of no movement in between
them, EthoVision only analysed frames in which a hatchling moved faster than 0.45
cm s-1 (consequently merging the three swimming responses for each hatchling).
Immediately following the swimming performance trials, hatchlings were euthanized in
<0.03% benzocaine and preserved in 10% neutral buffered formalin.

Wet masses of preserved hatchlings were recorded to the nearest 0.001 g after
blotting on tissue. Hatchlings were then photographed in lateral view (while submerged
in water to minimize refraction) using a digital imaging camera (Leica DFC320)
attached to a light microscope (Leica MZ7.5) at X 6.3 magnification. These images
were used to score malformations for each hatchling and to determine their
developmental stage by examining the hind limb buds (Gosner 1960).

4.3.6 Statistical analysis
All analyses were performed in R version 3.4.3 (R Development Core Team 2017).
Linear mixed-effects models (with restricted maximum-likelihood methods; REML)
were run using the lme4 package (Bates et al. 2015) to compare offspring traits from
pure and hybrid crosses. In these models, treatment, female (population) origin, male
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(population) origin and all interactions (female origin-by-male origin, female origin-bytreatment, male origin-by-treatment, female origin-by-male origin-by-treatment) were
considered as fixed factors. Because the eggs from each female were subjected to a
split-clutch design, the term for dam (i.e. individual female ID) was added as a random
effect to account for the use of individual females across multiple fertilisation events.
We also included ovum size as a covariate in all analyses to control for possible
maternal effects arising from different patterns of egg provisioning among females
(Eads et al. 2012). The significance of the fixed effects was evaluated using Wald chisquared tests.

Embryonic survival and hatchling malformation data were binomial variables and thus
a generalized-linear mixed-effects model (GLMM) with a logit-link function was used
for the analysis of these traits. In these models we included treatment, female
(population) origin, male (population) origin and all interactions (see above) as fixed
effects. As above, dam ID was treated as a random effect and ovum size was added
as a covariate to control for possible maternal effects (Eads et al. 2012). The
significance of the fixed effects was evaluated using Wald Z tests.

4.4 Results
Across all within- and between-population crosses, low soil water potentials
significantly reduced embryonic survival, increased the time required to hatch after
inundation, reduced the wet weight and developmental stage of hatchlings, and
increased the proportion of malformed hatchlings (Table 4.2, Fig. 4.2). Soil water
potential treatments also affected the swimming performance of hatchlings, with
maximum and mean swimming velocity decreasing in hatchlings reared on dry soils
(Table 4.3, Fig. 4.3).
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Table 4.2
Results from a mixed-effects model of traits associated with desiccation tolerance in
offspring originating from within- and between-population crosses of four P. guentheri
populations.

Trait

N

Source

Embryonic
survival
(Proportion of
fertilised eggs
hatching)

2973 Treatment
Female origin
Male origin
Female origin x Male origin
Female origin x Treatment
Male origin x Treatment
Female origin x Male origin x Treatment
Ovum size
Time to
1752 Treatment
hatching (h)
Female origin
Male origin
Female origin x Male origin
Female origin x Treatment
Male origin x Treatment
Female origin x Male origin x Treatment
Ovum size
Wet weight at
1747 Treatment
hatching (mg)
Female origin
Male origin
Female origin x Male origin
Female origin x Treatment
Male origin x Treatment
Female origin x Male origin x Treatment
Ovum size
Gosner Stage at 1460 Treatment
hatching
Female origin
Male origin
Female origin x Male origin
Female origin x Treatment
Male origin x Treatment
Female origin x Male origin x Treatment
Ovum size
Proportion of
1752 Treatment
tadpoles
Female origin
malformed
Male origin
Female origin x Male origin
Female origin x Treatment
Male origin x Treatment
Female origin x Male origin x Treatment
Ovum size
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df

Χ2

P

Sig.

1
2
3
6
2
3
6
1
1
2
3
6
2
3
6
1
1
2
3
6
2
3
6
1
1
2
3
6
2
3
6
1
1
2
3
6
2
3
6
1

38.168
3.048
344.410
366.984
2.242
9.371
7.581
2.333
444.039
143.315
464.274
38.514
23.102
49.484
17.444
14.673
654.286
6.240
121.064
23.800
102.256
2.406
19.926
17.987
115.129
322.906
621.233
279.617
39.907
6.316
21.024
17.098
16.945
24.689
39.446
40.540
8.757
1.341
3.095
3.544

< 0.001
0.218
< 0.001
< 0.001
0.326
0.025
0.270
0.127
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.008
< 0.001
< 0.001
0.044
< 0.001
< 0.001
< 0.001
0.493
0.003
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.097
0.002
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.013
0.719
0.797
0.060

***
ns
***
***
ns
*
ns
ns
***
***
***
***
***
***
**
***
***
*
***
***
***
ns
**
***
***
***
***
***
***
ns
**
***
***
***
***
***
*
ns
ns
ns

Table 4.3
Mixed-effects model results of swimming performance traits in P. guentheri tadpoles
originating from within- (pure) and between-population (hybrids) crosses of four
populations.

Trait
Maximum
velocity (cm/s)

Mean velocity
(cm/s)

Mean meander
(deg/cm)

Total distance
moved (cm)

N

Source

633 Treatment
Female origin
Male origin
Female origin x Male origin
Female origin x Treatment
Male origin x Treatment
Female origin x Male origin x Treatment
Ovum size
633 Treatment
Female origin
Male origin
Female origin x Male origin
Female origin x Treatment
Male origin x Treatment
Female origin x Male origin x Treatment
Ovum size
633 Treatment
Female origin
Male origin
Female origin x Male origin
Female origin x Treatment
Male origin x Treatment
Female origin x Male origin x Treatment
Ovum size
633 Treatment
Female origin
Male origin
Female origin x Male origin
Female origin x Treatment
Male origin x Treatment
Female origin x Male origin x Treatment
Ovum size
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df

Χ2

P

Sig.

1
2
3
6
2
3
6
1
1
2
3
6
2
3
6
1
1
2
3
6
2
3
6
1
1
2
3
6
2
3
6
1

167.580
0.817
95.852
74.797
21.254
8.382
3.407
9.442
59.2105
32.4375
49.6092
39.4010
14.8543
3.3253
6.6809
6.5305
3.6926
101.5708
40.8448
29.3617
8.1671
1.8680
15.2026
3.0844
6.9260
2.1111
1.0777
13.1107
3.4361
10.4143
5.6245
0.001

< 0.001
0.665
< 0.001
< 0.001
< 0.001
0.039
0.756
0.002
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.344
0.351
0.011
0.055
< 0.001
< 0.001
< 0.001
0.017
0.600
0.019
0.079
0.008
0.348
0.782
0.041
0.179
0.015
0.467
0.983

***
ns
***
***
***
*
ns
**
***
***
***
***
***
ns
ns
*
ns
***
***
***
*
ns
*
ns
**
ns
ns
*
ns
*
ns
ns

Treatment
Treatment
dry
dry wet
wet

Figure 4.2
Embryonic and hatchling trait responses (mean ± SE) to dry (empty circles) and wet
(black circles) rearing environments in within- and between-population crosses of four
populations. The first letter of the parental origin represents the female (population)
origin, and the second letter represents the male origin.

135

Treatment
dry
wet

Figure 4.3
Swimming performance (mean ± SE) of hatchlings reared at two soil water potential
treatments (dry – empty circles; wet – black circles) in all within- and betweenpopulation crosses produced in this study. The first letter of the parental origin
represents the female (population) origin, and the second letter represents the male
origin.
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The fitness-related traits differed remarkably between crosses as a result of a complex
interplay between many of the fixed effects considered here. The population origin of
females was a significant effect in six of the nine traits examined (Table 4.2 & 4.3). For
example, hatching wet mass was greatest in offspring from females from population
A, and lowest in offspring where females originated from populations B and C,
irrespective of ovum size. Male origin effects were also strong and significantly
affected all but one offspring trait (Table 4.2 & 4.3), and female origin-by-male origin
interactions were highly significant in all traits (Table 4.2 & 4.3). This latter result
showed that the interaction between female and male gametes affects offspring fitness
in hybrid and non-hybrid crosses, and that the direction of the cross (e.g. AB vs BA)
influences the outcome. Additionally, many of the female, male, and female-by-male
origin effects were modified by the treatment in which offspring developed (Table 4.2
& 4.3). In light of these complex patterns, the outcomes of each type of cross will be
discussed in turn below.

4.4.1 Within-population crosses (AA, BB & CC)
Within-population (local) crosses differed in their desiccation tolerance in a pattern
consistent with local water availability, in line with an earlier study (Chapter 2).
Offspring from local crosses of the wettest population (AA) were most sensitive to dry
conditions, with embryonic survival, hatchling wet weight, and developmental stage
decreasing markedly, and hatchling malformations becoming more prominent when
reared on dry soils (Fig. 4.2). Furthermore, the swimming performance of AA
hatchlings reared on dry soils was reduced substantially, with hatchlings swimming
more slowly and less straight than those from the wettest rearing environment (Fig.
4.3). Offspring from local crosses of population C, situated on the northern edge of the
range, showed little response to the dry rearing treatment (CC in Figs. 4.2 & 4.3).

4.4.2 Long-distance hybrid crosses (AC, AD, BC, BD & CA, CB)
Embryonic survival was very low (~15%) when eggs from populations A or B were
crossed with sperm from populations C or D, both in the dry and wet soil treatments
(Fig. 4.2A). Offspring from these crosses that did survive to hatching, however,
hatched more quickly in the dry treatment compared to their pure cross counterparts
(Fig. 4.2B). Furthermore, the developmental stage at hatching in AC and AD crosses
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was more advanced (average Gosner stage 27.25) in the dry treatment compared to
pure AA crosses (average Gosner stage 26.5), indicating slightly more rapid
development (Fig. 4.2D).

Offspring originating from long-distance crosses in the opposite direction (eggs from
population C crossed with sperm from populations A or B), also had reduced survival
in dry and wet treatments compared to pure CC crosses, although these effects were
much less severe, with at least 55% of embryos hatching (Fig. 4.2A). Approximately
one third of hatchlings from these crosses were malformed, irrespective of the rearing
environment (Fig. 4.2E), and their swimming performance was poor (Fig. 4.3).
Furthermore, the developmental stage at hatching was lower compared to CC crosses
(Fig. 4.2D) and the time required to hatch after inundation was greater in the dry
treatment (Fig. 4.2B).

4.4.3 Short-distance hybrid crosses (AB, BA, CD)
Offspring originating from hybrid crosses of the two populations located in the centre
of the species’ range (AB; eggs from population A crossed with sperm from population
B) showed enhanced desiccation tolerance compared to AA crosses in all traits
studied. As such, embryonic survival increased, and time required to hatch and
number of hatchling malformations decreased in AB offspring reared on dry soils (Fig
4.2A, B & D). Furthermore, tadpole wet mass and developmental stage at hatching
were greater in AB offspring compared to their pure cross counterparts (Fig. 4.2C &
2D), both in the wet and dry treatments, and their swimming performance was
enhanced (Fig. 4.3).

Offspring originating from short-distance crosses in the opposite direction (eggs from
population B crossed with sperm from population A) took longer to hatch after
inundation compared to BB crosses, and their developmental stage at hatching was
reduced slightly, both in the wet and dry treatments (Fig. 4.2B & D).

Offspring originating from short-distance crosses between the two populations at the
northern edge the species’ range (CD; eggs of population C crossed with sperm from
population D) barely differed in traits putatively tied to fitness and desiccation tolerance
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compared to CC offspring. Wet mass at hatching was increased slightly in the dry
treatment, and developmental stage at hatching was increased marginally in the wet
treatment in CD crosses, compared to their pure cross counterparts (CC).

4.5 Discussion
Reciprocal crosses between the four P. guentheri populations resulted in very diverse
outcomes for offspring fitness (Fig. 4.4). Outbreeding depression was apparent in
offspring that originated from all long-distance crosses (range edge crossed with
centre of the range populations), whereas short-distance crosses led to two neutral
outcomes and one instance of hybrid vigour across all traits measured. In addition to
crossing distance, the direction of the cross greatly influenced the viability of the
resulting offspring. Most notably, crosses between range edge and mesic populations
led to very low embryonic survival (15%) in one direction of the cross, but higher
survival and very high malformation rates (36%) in hatchlings produced from crosses
in the opposite direction. Together, these results demonstrate asymmetric postzygotic
isolation between range edge and mesic populations, and indicate that these
populations may be in the process of speciation. Further, these results support the
view that the risk of outbreeding depression increases with genetic, geographic and
environmental distance (Whiteley et al. 2015), and highlight the utility of experimentally
testing AGF in controlled environments before attempting AGF in wild populations. We
discuss these key findings in turn below.
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Figure 4.4
Summary of the effects of male (population) origin on overall offspring fitness in P.
guentheri hatchlings originating from crosses with females from populations A, B or C.
Orange = negative effects, blue = positive effects and grey = neutral effects.

4.5.1 Asymmetric genetic incompatibilities in long-distance hybrid crosses
Our demonstration of outbreeding depression in F1 hybrids originating from longdistance (~460 km) crosses is consistent with asymmetric reproductive isolation, as
reciprocal crosses produced different levels of fertilization success and hybrid
inviability. Asymmetric reproductive isolation is common at the species level (Turelli
and Moyle 2007) and is frequently the result of Dobzhansky-Muller incompatibilities,
where two species accumulate complementary genes that have no deleterious effects
within species, but cause inviability or sterility when brought together with genes from
another species (complementary epistasis between loci) (Dobzhansky 1936; Muller
1942; Orr 1995; Turelli and Moyle 2007). Reproductive isolation is positively correlated
with pairwise genetic distance (and thus, presumably, time of divergence) (SánchezGuillén et al. 2014), and it is therefore likely that the range edge and mesic populations
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in this study have sufficient genetic divergence for reproductive isolation to occur, and
hence are in the process of speciation.

In frogs, the lower threshold for the evolution of hybrid inviability has been estimated
to be a Nei’s genetic distance (DA) of 0.3 (Sasa et al. 1998). A recent genetic analysis
of 12 P. guentheri populations, based on more than 12,000 single-nucleotide
polymorphism (SNP) markers, revealed that the genetic distance between the two
range edge and mesic populations used in this study was below this threshold (D =
0.14) (Cummins 2017, unpublished Honour’s thesis). However, strong sexual
selection might facilitate rapid evolution of reproductive isolation, even when the
genetic distance between populations is low (Sánchez-Guillén et al. 2014).
Furthermore, the relationship between hybrid inviability and genetic divergence can
differ vastly, even between closely related taxa (Edmands 2007). For example,
crosses between Drosophila species that diverged 0.35 Myr ago resulted in
outbreeding depression in the F2 (Coyne and Orr 1989), while hybridisations between
other Drosophila species isolated for much longer (3-4.3 Myr; Kelemen and Moritz
1999) resulted in F2 heterosis (Hercus and Hoffmann 1999). This makes it difficult to
predict the severity of outbreeding depression in advance, and further highlights the
need to experimentally test AGF outcomes for target species.

Asymmetric reproductive isolation can be prezygotic and/or postzygotic in nature
(Turelli and Moyle 2007). Based on the observation that fertilisation success was very
high (> 96%) in all crosses (Fig. 4.2F), we suggest that the latter was more likely in
our study. This finding is consistent with a meta-analysis of reproductive isolation in
Bufo toads, where fertilisation rates in hybrid crosses were not related to genetic
distance of the parents (Malone and Fontenot 2008). However, in our study,
fertilisation in crosses that led to low hybrid survival took substantially longer than
fertilisations in within-population crosses (up to 5-6 hours difference). In a nonlaboratory setting, with the potential for sperm competition (where ejaculates from
different males compete to fertilise a female’s eggs; Parker 1970), sperm from these
males would likely compete poorly with sperm from local males (Browne et al. 2015).

A previous study (Chapter 3) revealed considerable differences in sperm
characteristics between the range edge and mesic populations used in this study. For
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example, spermatozoa from populations C and D swum more slowly and in a less
linear fashion than sperm from populations A and B, and a smaller proportion of C/D
sperm were active (Chapter 3). Furthermore, C/D spermatozoa were smaller (both
shorter tails and heads) with broader heads (Chapter 3). Therefore, atypical
spermatozoa-egg interactions (Shaver et al. 1962) may have contributed to slow
fertilisation rates between range edge and mesic populations, further highlighting the
complexity of potential (non-genetic) constraints on applying AGF in conservation
programs.

4.5.2 Evidence for hybrid vigour in one short-distance cross
Despite forming distinct genetic clusters (Cummins 2017, unpublished Honour’s
thesis), short-distance (~100 km) crosses between populations A and B led to
asymmetric hybrid vigour. When sperm from population B was used to fertilise eggs
from population A (the most mesic site in this study), the resulting offspring showed
enhanced desiccation tolerance relative to AA offspring. These effects were very
strong in most traits that were measured, to the extent where trait responses of AB
hatchlings resembled those of BB offspring in the dry treatment. For example,
embryonic survival of AB hybrids was greater (22% difference), time to hatching was
faster (37% difference) and the number of hatchling malformations was reduced (46%
difference) in the dry treatment compared to AA offspring (Fig. 4.2). Furthermore,
hatchling wet mass and developmental stage in hybrids were greater compared to
their AA counterparts, and their swimming performance was enhanced (Fig. 4.2 & 4.3).

These trait differences are likely to provide fitness benefits in a drying climate. For
example, faster hatchings times can allow larvae to be washed into stable pools of
standing water where they can feed and seek refuge. Furthermore, faster development
rates allow embryos to hatch sooner if flooded, reducing risks such as predation or
infection of eggs (Seymour et al. 1991; Warkentin 1995). Finally, malformations and
body size affect swimming performance at hatching, which in turn influences predator
avoidance and foraging efficiency (Webb 1986; Watkins 1996; Wilson and Franklin
1999; Teplitsky et al. 2005; Walker et al. 2005; Langerhans 2009). As malformations
can persist past metamorphosis (Plowman et al. 1994), they are likely to have longterm consequences on survival and fitness.
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4.5.3 Introduction of pre-adapted genes?
Whether the increased desiccation tolerance in AB offspring is the result of hybrid
vigour, introduction of desiccation tolerant genes, or both, is difficult to disentangle.
Importantly, the cause of these effects matters greatly for the long-term outcomes of
AGF. Hybrid vigour most commonly arises due to immigrant alleles masking
deleterious alleles in the receiving population (Lynch and Walsh 1998; Remington and
O’Malley 2000). Any increase in population fitness following hybridization is expressed
particularly strongly in the F1 generation, but is likely to disappear in subsequent
generations when potentially deleterious interactions among recessive alleles at
different loci become exposed to selection due to recombination (Lynch 1991). For
example, there are numerous examples of outbreeding depression following initial
heterosis across a range of taxa, including copepods (Edmands 1999), insects
(Armbruster et al. 1999), birds (Marr et al. 2002) and mammals (Marshall and Spalton
2000). Yet, if the observed enhanced desiccation tolerance of AB hybrids is the result
of an introduction of desiccation tolerant genes from population B, then the positive
effects observed here are more likely to persist in the long term, and selection may
favour the establishment of these genes within the recipient population.

Although multi-generational studies are needed to separate the origin of these effects,
comparison of trait responses between local and hybrid crosses suggests that
introduction of pre-adapted genes may have contributed to faster hatching and to a
more advanced developmental stage at hatching in BA hybrids in the dry treatment.
In within-population crosses, both of these traits differed among populations in a
pattern consistent with local water availability, with AA offspring (from the wettest
population) taking longest to hatch and showing markedly reduced developmental
stage at hatching, and CC offspring (from the driest population where we could obtain
females) hatching and developing the fastest in the dry treatment. If males carry locally
adapted genes for these traits, then we would expect their expression to be altered in
hybrids in a pattern that reflects the annual rainfall at the male population. Accordingly,
AB, AC and AD hybrids should hatch more quickly in the dry treatment compared to
AA offspring. Analogously, BA offspring would be expected to take longer to hatch in
the dry treatment than BB offspring (whereas BC and BD offspring should hatch
faster), and CA and CB offspring should take longer to hatch compared to CC
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offspring. Our data (Fig. 4.2B & D) show that this pattern is evident for the ‘time to
hatching’ trait, and for developmental stage at hatching. The strength of male
population origin effects, which exceeded treatment effects in both traits (Table 4.2),
further underscores the role that male population origin plays in altering the
desiccation tolerance of hybrids. Alternatively, the negative effects of genetic
incompatibility may be exacerbated under stressful (dry) environments (e.g. Chapter
1), consequently leading to different offspring fitness and desiccation tolerance
amongst hybrid crosses. However, given that positive outcomes were observed in
some crosses (e.g. the time to hatching was reduced), despite genetic incompatibilities
(low embryonic survival), this latter explanation is less likely.

4.6 Conclusions
Our results demonstrate that the outcomes of AGF in P. guentheri depend on the
genetic and geographic distances between the source and recipient population, and
more surprisingly, on the direction of the cross. The strong hybrid vigour and increased
desiccation tolerance in AB crosses is promising, particularly considering that the
parental populations form two distinct genetic clusters. Further work is needed to
confirm whether this was due to the introduction of pre-adapted alleles, or to heterosis.
Our results also highlight the risks of AGF, as evident by severe outbreeding
depression in some long-distance crosses at levels that suggest reproductive isolation
is imminent. Because the effects we observed depended on the direction of the cross,
we expect the outcomes of AGF will be difficult to predict theoretically, and hence we
encourage empirical tests of AGF in model species, and when practical, the monitoring
of long term consequences.

4.7 Acknowledgements
This work benefited from extensive assistance from Brighton Downing in the field and
laboratory, and we are also grateful to Deanne Cummins, Blair Bentley, Jon-Paul
Emery and Emily Hoffman for their assistance collecting adults from breeding
choruses. This research was supported by funding from the School of Biological
Sciences at the University of Western Australia, the ANZ Holsworth Wildlife Research
Endowment and the Australian Government’s National Environmental Science
Programme through the Threatened Species Recovery Hub. T. Rudin-Bitterli was
144

supported by the International Postgraduate Research Scholarship and the C.F.H. &
E.A. Jenkins Postgraduate Research Scholarship.

4.8 References
Abràmoff, M. D., P. J. Magalhães, and S. J. Ram. 2004. Image processing with
ImageJ. Biophotonics International 11:36–41.
Aitken, S. N., and J. B. Bemmels. 2016. Time to get moving: Assisted gene flow of
forest trees. Evolutionary Applications 9:271–290.
Aitken, S. N., and M. C. Whitlock. 2013. Assisted gene flow to facilitate local adaptation
to climate change. Annual Review of Ecology, Evolution, and Systematics 44:367–
388.
Andrewartha, S. J., N. J. Mitchell, and P. B. Frappell. 2008. Phenotypic differences in
terrestrial frog embryos: effect of water potential and phase. The Journal of
Experimental Biology 211:3800–3807.
Andrich, M. A., and J. Imberger. 2013. The effect of land clearing on rainfall and fresh
water resources in Western Australia: a multi-functional sustainability analysis.
International Journal of Sustainable Development & World Ecology 20:549–563.
Anthony, K., L. K. Bay, R. Costanza, J. Firn, J. Gunn, P. Harrison, A. Heyward, et al.
2017. New interventions are needed to save coral reefs. Nature Ecology & Evolution
1:1420–1422.
Armbruster, P., W. E. Bradshaw, A. L. Steiner, and C. M. Holzapfel. 1999. Evolutionary
responses to environmental stress by the pitcher-plant mosquito, Wyeomyia smithii.
Heredity 83:509–519.
Arnold, G. W. 1988. Possible effects of climatic change on wildlife in Western
Australia. Pages 375–386 in G. I. Pearman, ed. Greenhouse: Planning for climate
change. E. J. Brill, Leiden.
Barrett, R. D. H., and D. Schluter. 2008. Adaptation from standing genetic variation.
Trends in Ecology and Evolution 23:38–44.
Bates, D., M. Mächler, B. M. Bolker, and S. C. Walker. 2015. Fitting linear mixedeffects models using lme4. Journal of Statistical Software 67:1–48.
Bjorkman, A. D., M. Vellend, E. R. Frei, and G. H. R. Henry. 2017. Climate adaptation
is not enough: warming does not facilitate success of southern tundra plant
populations in the high Arctic. Global Change Biology 23:1540–1551.
Bradford, D. F., and R. S. Seymour. 1988a. Influence of water potential on growth and
survival of the embryo, and gas conductance of the egg, in a terrestrial breeding frog,
Pseudophryne bibronii. Physiol. Zool. 61:470–474.
———. 1988b. Influence of environmental PO2 on embryonic oxygen consumption,
rate of development, and hatching in the frog Pseudophryne bibroni. Physiological
Zoology 61:475–482.
Broadhurst, L. M., A. Lowe, D. J. Coates, S. A. Cunningham, M. McDonald, P. A. Vesk,
145

and C. Yates. 2008. Seed supply for broadscale restoration: maximizing evolutionary
potential. Evolutionary Applications 1:587–597.
Browne, R. K., J. Clulow, and M. Mahony. 2001. Short-term storage of cane toad (Bufo
marinus) gametes. Reproduction 121:167–173.
Browne, R. K., S. A. Kaurova, V. K. Uteshev, N. V. Shishova, D. McGinnity, C. R.
Figiel, N. Mansour, et al. 2015. Sperm motility of externally fertilizing fish and
amphibians. Theriogenology 83:1–13.
Carey, C., and M. A. Alexander. 2003. Climate change and amphibian declines: Is
there a link? Diversity and Distributions 9:111–121.
Coyne, J. A., and H. A. Orr. 1989. Patterns of speciation in Drosophila. Evolution
43:362–381.
CSIRO and Bureau of Meteorology. 2015. Climate change in Australia. Information for
Australia’s natural resource management regions: technical report. CSIRO and
Bureau of Meteorology, Australia.
CSIRO, and Bureau of Meteorology. 2014. State of the Climate 2014. CSIRO
Publishing, Collingwood, VIC, Australia.
———. 2016. State of the Climate 2016. CSIRO Publishing, Collingwood, VIC,
Australia.
Cummins, D. 2017. A genome-wide search for genetic diversity and local adaptation
in a terrestrial breeding frog highlights vulnerability to climate change. Honours Thesis.
University of Western Australia, unpublished.
Cushman, S. A. 2006. Effects of habitat loss and fragmentation on amphibians: A
review and prospectus. Biological Conservation 128:231–240.
Daskalova, G. N., I. H. Myers-Smith, and J. L. Godlee. 2018. Rarity and conservation
status do not predict vertebrate population trends. bioRxiv.
Dobzhansky, T. 1936. Studies on hybrid sterility. II. Localization of sterility factors in
Drosophila pseudoobscura hybrids. Genetics 21:113–135.
Eads, A. R., N. J. Mitchell, and J. P. Evans. 2012. Patterns of genetic variation in
desiccation tolerance in embryos of the terrestrial-breeding frog, Pseudophryne
guentheri. Evolution 66:2865–2877.
Edmands, S. 1999. Heterosis and outbreeding depression in interpopulation crosses
spanning a wide range of divergence. Evolution 53:1757.
———. 2007. Between a rock and a hard place: Evaluating the relative risks of
inbreeding and outbreeding for conservation and management. Molecular Ecology
16:463–475.
Escobar, J. S., A. Nicot, and P. David. 2008. The different sources of variation in
inbreeding depression, heterosis and outbreeding depression in a metapopulation of
Physa acuta. Genetics 180:1593–1608.
Fitzpatrick, S. W., J. C. Gerberich, L. M. Angeloni, L. L. Bailey, E. D. Broder, J. TorresDowdall, C. A. Handelsman, et al. 2016. Gene flow from an adaptively divergent
source causes rescue through genetic and demographic factors in two wild
146

populations of Trinidadian guppies. Evolutionary Applications 9:879–891.
Foden, W. B., S. H. M. Butchart, S. N. Stuart, J. C. Vié, H. R. Akçakaya, A. Angulo, L.
M. DeVantier, et al. 2013. Identifying the world’s most climate change vulnerable
species: a systematic trait-based assessment of all birds, amphibians and corals.
PLoS ONE 8:e65427.
Frankham, R. 2015. Genetic rescue of small inbred populations: meta-analysis reveals
large and consistent benefits of gene flow. Molecular Ecology.
Frankham, R. 2016. Genetic rescue benefits persist to at least the F3 generation,
based on a meta-analysis. Biological Conservation 195:33–36.
Frankham, R., J. D. Ballou, M. D. B. Eldridge, R. C. Lacy, K. Ralls, M. R. Dudash, and
C. B. Fenster. 2011. Predicting the probability of outbreeding fepression. Conservation
Biology 25:465–475.
Gosner, K. L. 1960. A simplified table for staging anuran embryos and larvae with
notes on identification. Herpetologica 16:183–190.
Hercus, M. J., and A. A. Hoffmann. 1999. Desiccation resistance in interspecific
Drosophila crosses: Genetic interactions and trait correlations. Genetics 151:1493–
1502.
Hobbs, R. J. 1993. Effects of landscape fragmentation on ecosystem processes in the
Western Australian wheatbelt. Biological Conservation 64:193–201.
IOCI. 2012. Western Australia’s weather and climate: a synthesis of Indian Ocean
Climate Initiative stage 3 research: Summary for policymakers. (B. Bates, C.
Frederiksen, & J. Wormworth, eds.). Indian Ocean Climate Initiative (IOCI),
Commonwealth Scientific and Industrial Research Organization (CSIRO) and Bureau
of Meteorology (BoM), BoM, Melbourne, VIC, Australia.
Kawecki, T. J., and D. Ebert. 2004. Conceptual issues in local adaptation. Ecology
Letters 7:1225–1241.
Kelemen, L., and C. Moritz. 1999. Comparative phylogeography of a sibling pair of
rainforest Drosophila species (Drosophila serrata and D. birchii). Evolution 53:1306–
1311.
Kelly, E., and B. L. Phillips. 2015. Targeted gene flow for conservation. Conservation
Biology 30:259–267.
Kouba, A. J., C. K. Vance, M. A. Frommeyer, and T. L. Roth. 2003. Structural and
functional aspects of Bufo americanus spermatozoa: effects of inactivation and
reactivation. Journal of Experimental Zoology. Part A, Comparative Experimental
Biology 295:172–82.
Lande, R., and S. Shannon. 1996. The role of genetic variation in adaptation and
population persistence in a changing environment. Evolution 50:434–437.
Langerhans, R. B. 2009. Morphology, performance, fitness: functional insight into a
post-Pleistocene radiation of mosquitofish. Biology Letters 5:488–491.
Le Cam, S., C. Perrier, A.-L. Besnard, L. Bernatchez, and G. Evanno. 2015. Genetic
and phenotypic changes in an Atlantic salmon population supplemented with non-local
147

individuals: a longitudinal study over 21 years. Proceedings of the Royal Society B:
Biological Sciences 282:20142765–20142765.
Lynch, M. 1991. The genetic interpretation of inbreeding depression and outbreeding
depression. Evolution 45:622–629.
Lynch, M., and B. Walsh. 1998. Genetics and analysis of quantitative traits. Sinauer
Associates, Inc., Sunderland, MA.
Macdonald, S. L., J. Llewelyn, C. Moritz, and B. L. Phillips. 2017. Peripheral isolates
as sources of adaptive diversity under climate change. Frontiers in Ecology and
Evolution 5:88.
Malone, J. H., and B. E. Fontenot. 2008. Patterns of reproductive isolation in toads.
PLoS ONE 3:e3900.
Marr, A. B., L. F. Keller, and P. Arcese. 2002. Heterosis and outbreeding depression
in descendants of natural immigrants to an inbred population of song sparrows
(Melospiza melodia). Evolution 56:131–142.
Marshall, T. C., and J. A. Spalton. 2000. Simultaneous inbreeding and outbreeding
depression in reintroduced Arabian oryx. Animal Conservation 3:241–248.
Mitchell, N. J. 2002. Low tolerance of embryonic desiccation in the terrestrial nesting
frog Bryobatrachus nimbus (Anura: Myobatrachinae). Copeia 2002:364–373.
Muller, H. J. 1942. Isolating mechanisms, evolution and temperature. Biol. Symp 6:71–
125.
Noldus, L. P. J. J., A. J. Spink, and R. A. J. Tegelenbosch. 2001. EthoVision: A
versatile video tracking system for automation of behavioral experiments. Behavior
Research Methods, Instruments & Computers 33:398–414.
O’Neill, G. A., N. K. Ukrainetz, M. Carlson, C. V. Cartwright, B. C. Jaquish, J. N. King,
J. Krakowski, et al. 2008. Assisted migration to address climate change in British
Columbia recommendations for interim seed transfer standards. Technical Report Ministry of Forests and Range, Forest Science Program, British Columbia.
Opdam, P., and D. Wascher. 2004. Climate change meets habitat fragmentation:
Linking landscape and biogeographical scale levels in research and conservation.
Biological Conservation 117:285–297.
Orr, H. A. 1995. The population genetics of speciation: The evolution of hybrid
incompatibilities. Genetics 139:1805–1813.
Parker, G. A. 1970. Sperm competition and its evolutionary consequences in the
insects. Biological Reviews 45:525–567.
Parmesan, C., and G. Yohe. 2003. A globally coherent fingerprint of climate change
impacts across natural systems. Nature 421:37–42.
Pavlova, A., L. B. Beheregaray, R. Coleman, D. Gilligan, K. A. Harrisson, B. A. Ingram,
J. Kearns, et al. 2017. Severe consequences of habitat fragmentation on genetic
diversity of an endangered Australian freshwater fish: A call for assisted gene flow.
Evolutionary Applications 10:531–550.
Plowman, M. C., S. Grbac-lvankovic, J. Martin, S. M. Hopfer, and F. W. Sunderman.
148

1994. Malformations persist after metamorphosis of Xenopus laevis tadpoles exposed
to Ni2+, Co2+, or Cd2+ in FETAX assays. Teratogenesis, Carcinogenesis, and
Mutagenesis 14:135–144.
Pounds, J. A., M. R. Bustamante, L. A. Coloma, J. A. Consuegra, M. P. L. Fogden, P.
N. Foster, E. La Marca, et al. 2006. Widespread amphibian extinctions from epidemic
disease driven by global warming. Nature 439:161–167.
R Development Core Team. 2017. A Language and Environment for Statistical
Computing, Version 3.4.3. R Foundation for Statistical Computing, Vienna, Austria:
URL http://www.R-project.org/.
Rajpurohit, S., and O. Nedved. 2013. Clinal variation in fitness related traits in tropical
drosophilids of the Indian subcontinent. Journal of Thermal Biology 38:345–354.
Raut, B. A., C. Jakob, and M. J. Reeder. 2014. Rainfall changes over Southwestern
Australia and their relationship to the southern annular mode and ENSO. Journal of
Climate 27:5801–5814.
Remington, D. L., and D. M. O’Malley. 2000. Whole-genome characterization of
embryonic stage inbreeding depression in a selfed loblolly pine family. Genetics
155:337–348.
Robinson, Z. L., J. A. Coombs, M. Hudy, K. H. Nislow, B. H. Letcher, and A. R.
Whiteley. 2017. Experimental test of genetic rescue in isolated populations of brook
trout. Molecular Ecology 26:4418–4433.
Sánchez-Guillén, R. A., A. Córdoba-Aguilar, A. Cordero-Rivera, and M. Wellenreuther.
2014. Genetic divergence predicts reproductive isolation in damselflies. Journal of
Evolutionary Biology 27:76–87.
Sasa, M. M., M. M. Sasa, P. T. Chippindale, P. T. Chippindale, N. a Johnson, and N.
a Johnson. 1998. Patterns of postzygotic isolation in frogs. Evolution 52:1811–1820.
Schierup, M. H., and F. B. Christiansen. 1996. Inbreeding depression and outbreeding
depression in plants. Heredity 77:461–468.
Seymour, R. S., F. Geiser, and D. F. Bradford. 1991. Metabolic cost of development
in terrestrial frog eggs (Pseudophryne bibronii). Physiological Zoology 64:688–696.
Sgrò, C. M., A. J. Lowe, and A. A. Hoffmann. 2011. Building evolutionary resilience for
conserving biodiversity under climate change. Evolutionary Applications 4:326–337.
Shaver, J. R., S. H. Barch, and C. A. Shivers. 1962. Tissue-specificity of frog egg-jelly
antigens. Journal of Experimental Zoology 151:95–103.
Silla, A. J. 2011. Effect of priming injections of luteinizing hormone-releasing hormone
on spermiation and ovulation in Gϋnther’s Toadlet, Pseudophryne guentheri.
Reproductive Biology and Endocrinology 9:68.
Smith, I. 2004. An assessment of recent trends in Australian rainfall. Australian
Meteorological Magazine 53:163–173.
Stuart, S. N., J. S. Chanson, N. A. Cox, B. E. Young, A. S. L. Rodrigues, D. L.
Fischman, and R. W. Waller. 2004. Status and trends of amphibian declines and
extinctions worldwide. Science 306:1783–1786.
149

Tallmon, D. A., G. Luikart, and R. S. Waples. 2004. The alluring simplicity and complex
reality of genetic rescue. Trends in Ecology and Evolution 19:489–496.
Teplitsky, C., S. Plenet, J. P. Léna, N. Mermet, E. Malet, and P. Joly. 2005. Escape
behaviour and ultimate causes of specific induced defences in an anuran tadpole.
Journal of Evolutionary Biology 18:180–190.
Thomas, C. D., A. Cameron, R. E. Green, M. Bakkenes, L. J. Beaumont, Y. C.
Collingham, B. F. N. Erasmus, et al. 2004. Extinction risk from climate change. Nature
427:145–148.
Turelli, M., and L. C. Moyle. 2007. Asymmetric postmating isolation: Darwin’s corollary
to Haldane’s rule. Genetics 176:1059–1088.
Urban, M. C., J. L. Richardson, and N. A. Freidenfelds. 2014. Plasticity and genetic
adaptation mediate amphibian and reptile responses to climate change. Evolutionary
Applications 7:88–103.
Vitt, P., K. Havens, A. T. Kramer, D. Sollenberger, and E. Yates. 2010. Assisted
migration of plants: Changes in latitudes, changes in attitudes. Biological
Conservation.
Wade, A. A., B. K. Hand, R. P. Kovach, C. C. Muhlfeld, R. S. Waples, and G. Luikart.
2017. Assessments of species’ vulnerability to climate change: from pseudo to
science. Biodiversity and Conservation 26:223–229.
Walker, J. A., C. K. Ghalambor, O. L. Griset, D. McKenney, and D. N. Reznick. 2005.
Do faster starts increase the probability of evading predators? Functional Ecology
19:808–815.
Warkentin, K. M. 1995. Adaptive plasticity in hatching age: a response to predation
risk trade-offs. Proceedings of the National Academy of Sciences 92:3507–3510.
Watkins, T. B. 1996. Predator-mediated selection on burst swimming performance in
tadpoles of the Pacific tree frog, Pseudacris regilla. Physiological Zoology 69:154–
167.
Webb, P. W. 1986. Effect of body form and response threshold on the vulnerability of
four species of teleost prey attacked by largemouth bass (Micropterus salmoides ).
Canadian Journal of Fisheries and Aquatic Sciences 43:763–771.
Weeks, A. R., D. Heinze, L. Perrin, J. Stoklosa, A. A. Hoffmann, A. Van Rooyen, T.
Kelly, et al. 2017. Genetic rescue increases fitness and aids rapid recovery of an
endangered marsupial population. Nature Communications 8:1071.
Weeks, A. R., C. M. Sgro, A. G. Young, R. Frankham, N. J. Mitchell, K. A. Miller, M.
Byrne, et al. 2011. Assessing the benefits and risks of translocations in changing
environments: A genetic perspective. Evolutionary Applications 4:709–725.
Whiteley, A. R., S. W. Fitzpatrick, W. C. Funk, and D. A. Tallmon. 2015. Genetic rescue
to the rescue. Trends in Ecology and Evolution 30:42–49.
Willi, Y., J. Van Buskirk, and A. A. Hoffmann. 2006. Limits to the adaptive potential of
small populations. Annual Review of Ecology, Evolution, and Systematics 37:433–
458.

150

Wilson, R. S., and C. E. Franklin. 1999. Thermal acclimation of locomotor performance
in tadpoles of the frog Limnodynastes peronii. Journal of Comparative Physiology - B
Biochemical, Systemic, and Environmental Physiology 169:445–451.
Young, A., T. Boyle, and T. Brown. 1996. The population genetic consequences of
habitat fragmentation for plants. Trends in Ecology & Evolution 11:413–418.

151

Epilogue
Climate change and other human induced pressures are exerting mounting pressures
on amphibian populations worldwide (Wake 2012; Campbell Grant et al. 2016). With
dispersal not being a viable option for many species, populations will have to respond
to rapid environmental change in situ to avoid decline or extinction (Hoffmann and
Sgro 2011). Expanding current knowledge on the evolutionary resilience of vulnerable
populations and species, and exploring ways to increase their adaptive potential, will
be vital for more accurately predicting and mitigating any deleterious effects of climate
change on amphibians. The aims of this thesis were therefore twofold. The first
objective was to contribute to limited data on the adaptive capacity of amphibians.
Secondly, I aimed to take early steps towards testing whether populations at risk from
projected environmental conditions can be assisted via promoting gene flow. Assisted
gene flow (AGF) is increasingly being proposed as a management tool for the
conservation of threatened populations and species, and, if successful, could be used
to devise low-cost methods to remove or reduce the need for continuous population
augmentation or other management. Empirical tests are lacking for most taxa,
including amphibians, which is redressed in this thesis.
Whilst the overarching aims of this thesis were centred on investigating the adaptive
potential of terrestrial-breeding amphibians facing a drying climate, and optimising
ways to transfer adaptive gene complexes into populations at risk, I was fortunate to
find interesting and surprising results along the way. These results are therefore likely
to be of interest to evolutionary biologists more generally, along with those seeking to
understand mating systems and mechanisms driving reproductive isolation among
populations. A brief summary of the main findings of this thesis, implications thereof,
and suggestions for future research are discussed in turn below.

Can amphibians adapt to drying conditions?
The broad aim of Chapter 1 was to assess whether genetic adaptation could enable
frogs to adapt to predicted changes in rainfall in south-west Australia. It was originally
intended that I would use the crawling frog, Pseudophryne guentheri, for this study,
but poor rainfall in April-June 2015 and a recent fire at the breeding site prevented me
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from collecting sufficient numbers of adult frogs for my planned experiments.
Consequently, I switched focus to a winter-breeding species, and so in Chapter 1 I
investigated the genetic architecture underlying desiccation tolerance in the quacking
frog, Crinia georgiana, using a quantitative genetics approach. This species is equally
suited for investigating genetic responses to drying conditions, as eggs are deposited
in shallow pools that are at frequent risk of desiccation. Furthermore, a previous study
(Dziminski et al. 2008) revealed strong sire-by-dam effects in this species, and I was
particularly interested to investigate whether the expression of these effects is altered
by environmental conditions.

My results demonstrate that embryos were able to respond plastically to low water
level conditions by accelerating their development, significantly reducing the length of
their larval period by 9%. Crinia georgiana deposit eggs in shallow pools that can
frequently dry between bouts of winter rain. By being able to accelerate development
when water levels decrease, larvae can metamorphose earlier and potentially escape
the pool before it desiccates. However, I found no evidence for additive genetic
(heritable) variation underlying the expression of this response, pointing to limited
potential for this population to respond genetically to drying conditions. This finding is
in line with a recent synthesis on genetic adaption in amphibians (Urban et al. 2014),
where the authors found many studies that documented plastic responses in response
to climate variation, but no direct evidence for adaptive evolution in response to climate
change over time. Whilst more research is needed to determine the generality of this
finding in other wild amphibian species and populations, it is likely that human
intervention will be needed to protect amphibian biodiversity in the face of climate
change.

Chapter 1 also showed that sire-by-dam effects are strong determinants for traits
putatively tied to fitness, and more importantly, that the magnitude of these effects
were modified by water depth. Specifically, my analyses revealed consistently higher
levels of non-additive genetic variation under stressful (low water) rearing conditions.
Together these results highlight that environmental factors can alter patterns of nonadditive genetic variation and that the consequences of deleterious or beneficial alleles
may only become apparent under certain environmental conditions. Therefore, it may
be just as important to consider patterns of non-additive genetic variation when trying
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to determine the resilience of populations, rather than solely focusing on heritable
genetic variation alone, as has been the more traditional approach.

Can we use AGF to increase the resilience of terrestrial-breeding frogs to climate
change?
Together, Chapters 2, 3 and 4 focused on testing the potential of assisted gene flow
to aid the persistence of terrestrial-breeding frogs as the climate dries. In Chapter 2, I
investigated whether populations show clinal variation in desiccation tolerance along
a precipitation gradient. This is a prerequisite for AGF, which can only be effective if
there are populations that are preadapted to environmental extremes that recipient
populations will likely experience in the future, and thus have genes that will convey
an adaptive advantage to the recipient population. My original, rather ambitious,
intention was to collect many gravid females to conduct a comprehensive quantitative
genetics analysis, and thus provide estimates of heritability in the traits studied. This
did not prove to be possible, but the observed clinal variation in desiccation tolerance
among the six populations was strong, and thus very encouraging. In particular,
population 5 (Binnu) was so invariant to the soil water potential treatments that a
reviewer (for Peer Community in Evolutionary Biology) questioned whether this could
be a different species. Thankfully, UWA honours student Deanne Cummins (Cummins
2017) established that this was not the case, but her work led to the discovery of a
new cryptic species (my former population 7, located approximately 200 km east of
Binnu) which led to the removal of this population from the datasets presented in
Chapters 2 and 3.
One aspect not addressed in my research were behavioural adjustments that breeding
pairs could employ to aid successful incubation of their offspring within their respective
environments. For example, Felton et al. (2006) demonstrated that in the terrestrialbreeding ornate nursery frog (Cophixalus ornatus), females can reliably assess the
quality of oviposition sites, and generally prefer deeper and chambered nests that
provide offspring with greater protection from biotic or abiotic disturbance. Whether
the nature and strength of this preference varies across environmental gradients
remains to be tested. I therefore suggest future work to investigate whether P.
guentheri males from drier sites dig deeper burrows, which would provide developing
embryos with lower (wetter) and more stable soil water potentials. Concurrently, it
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would be helpful to test whether female P. guentheri can assess oviposition site
quality, as this may in turn affect a females choice of a mate (O’Brian et al. 2018) and
mating systems (Byrne and Keogh 2009).

Whilst Chapter 2 demonstrated clinal intra-specific variation in desiccation tolerance,
we know little about the mechanisms that drive such differences. All specimens used
in this study were donated to the Western Australian Museum, and could ultimately be
used to investigate the thickness and structure of the epidermis (e.g. aquaporin
density). I also preserved newly hatched tadpoles in RNAlater and stored samples at
-80 °C, which could be used to investigate the transcriptome of P. guentheri hatchlings,
and thus provide insights into the expression of genes, such as those related to
hatching enzymes.

In an attempt to consider as many factors that could influence AGF outcomes as
possible, Chapter 3 investigated ejaculate traits of six P. guentheri populations. In
many amphibians occupying temporary wetlands or more arid environments, breeding
phenology is cued by precipitation, and thus breeding seasonality and length are likely
to differ among geographically separated populations, potentially leading to local
adaptation in sperm traits. If spermatozoa from different populations have been
selected towards different optima, then cross-fertilisation attempts may not be fruitful,
or translocations may only have a very small contribution towards the recipient
population’s reproductive output. The striking divergence in all ejaculate traits between
populations from two latitudes exceeded my expectations. The small testes of northern
males that I first considered a nuisance because it made dissections difficult, ultimately
provided a fascinating glimpse into divergent mating systems within a single species.
Due to the limited time spent at the breeding site (as gravid females had to be quickly
transferred to the laboratory for in vitro fertilisations), I could not measure operational
sex ratios at breeding sites, which would have strengthened the conclusions of this
chapter. Avenues for future research include quantifying testis size across different
populations throughout the year, which might already be possible using museum
specimens, and conducting competitive fertilisation experiments in the laboratory.
Chapter 4 investigated the outcomes of AGF experimentally by performing reciprocal
crosses between four P. guentheri populations, two from the drier northern edge of the
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species range, and two from the more mesic centre of the species’ distribution.
Offspring were reared on wet and dry soils and a range of fitness-related traits were
quantified upon hatching. The strong outbreeding depression apparent in longdistance crosses suggests that range edge and central populations are almost
completely asymmetrically isolated, and hence may be in the process of speciation.
These results may highlight the risks involved in AGF, as the same factors that make
range-edge (or other populations adapted to extreme environments) ideal source
populations for translocation efforts can also promote reproductive isolation. This
finding may also have further implications, as climate change will shift species
distributions which may lead to secondary contact of diverged populations (Jennings
et al. 2011), with or without AGF.
One weakness of Chapter 4 was that the effects AGF were not observed over multiple
generations. This information will be vital to better understand the long-term effects of
AGF, and to gain more realistic estimates of the strength of the outbreeding
depression initially observed in some of the long-distance crosses. For example, if
there is strong selection for hybrid survivors, then AGF between range-edge and mesic
populations may still have positive effects, despite initial poor embryonic survival.
The strong hybrid vigour in all traits measured in one short-distance cross, despite
source and recipient population forming distinct genetic clusters, is very encouraging
for the application of AGF. The next step should ideally be a multi-generational study
to test whether the increased desiccation tolerance of AB hybrids was due to the
introduction of preadapted alleles, or to heterosis. If the former, then AGF may not
need to rely on the translocation of range-edge populations, and moving individuals
that are only ~100 km apart may achieve desired effects whilst circumventing many
genetic (and non-genetic) issues.
Whilst I aimed to assess factors that influenced AGF outcomes as comprehensively
as possible, there were many variables that were not assessed. For example, tadpoles
from northern sites were lighter and more orange in colour than tadpoles from central
populations, which were quite dark. This colour variation may reflect adaptation to
more orange soils (and thereby pond colour) at northern sites. If these brighter colours
are inherited by hybrids, then hybrids may be more obvious to predators at the
recipient population (though in some species, tadpoles may be able to behaviourally
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adjust; Eterovick et al. 2018). Future research should also investigate mating success
of translocated individuals at recipient sites. For example, chemical signalling is
widespread in amphibians (Woodley 2014), including in the genus studied here
(Mitchell 2005; Byrne and Keogh 2007), and is used to locate mating partners and
may signal sex, reproductive status and mate quality (Johansson and Jones 2007). If
chemical signals have diverged among geographically separated populations, then
translocated individuals will contribute very little to the recipient population if they are
unattractive as mating partners. In amphibians however, along with other species with
external fertilisation, some of these potential constraints on AGF could be removed or
reduced by creating hybrids in the laboratory and releasing metamorphs at recipient
sites.
Since I started my PhD, approximately 400 papers have been published that mention
assisted gene flow, and over half of those were published within the last twelve
months. Clearly, scientists are increasingly recognising the need to explore new
techniques that can mitigate some impacts of climate change and so preserve
biodiversity. For some species (e.g. corals), conservation biologists are running out of
options, and are more willing to try more risky approaches, such as AGF (Anthony et
al. 2017). My thesis highlights that the outcomes of AGF will be very difficult to predict
theoretically, and it is therefore vital to continue to gather empirical data on the factors
influencing AGF outcomes for target species, as these are likely to be species-specific.
Great experimental work is currently underway by researchers from the Australian
Institute of Marine Science, who are testing the feasibility, benefits and risks of AGF
in enhancing thermal tolerance (which has been shown to have a strong genetic basis;
Dixon et al. 2015) in a branching coral. Studies such as these will cumulatively not
only give us the information needed to effectively implement AGF to conserve species
in the future, but might also increase our understanding of evolutionary principles more
generally.
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