
THE EVOLUTION OF VARIABLE OFFSPRING PROVISIONING 

 

MARTIN A. DZIMINSKI BSC (HONOURS) 

The School of Animal Biology, University of Western Australia 

 

 

 

This thesis was presented for the degree of Doctor of Philosophy at the 

University of Western Australia, June 2005. 

 1



 

Abstract 

Most theoretical models predict an optimal offspring size that maximises parental 

fitness. Variation in the quality of the offspring environment can result in multiple 

offspring size optima and therefore variation of offspring provisioning can evolve. 

Variation in offspring provisioning is common and found across a variety of taxa. It 

can be defined as between populations, explained by optimality models, or between 

and within individuals, neither so easily explained by optimality models. My 

research focused on the evolution of variable offspring provisioning by testing 

theoretical models relating to variation in offspring provisioning between and within 

individuals. Using comparative methods, I found a positive relationship between 

intraclutch variation in offspring provisioning and variation in the quality of the 

offspring environment in a suite of pond breeding frogs. This positive relationship 

provided evidence that patterns of variable offspring provisioning are related to the 

offspring environment. This study also identified a species (Crinia georgiana) with 

high variation in offspring provisioning on which to focus further investigations. 

High variation in offspring provisioning occured between and within individuals of 

this species independent of female phenotype and a trade-off in offspring size and 

number existed. In laboratory studies, increased yolk per offspring led to increased 

fitness per offspring. Parental fitness calculations revealed that in high quality 

conditions production of small more numerous offspring resulted in higher parental 

fitness, but in lower quality conditions the production of large offspring resulted in 

the highest parental fitness. This was confirmed in field experiments under natural 
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conditions using molecular markers to trace offspring to clutches of known 

provisioning, allowing me to measure exact parental fitness. The strategy of high 

variation in offspring size within clutches can be of benefit when the future of the 

offspring environment is not known to the parents: as a form of bet-hedging. Further 

study of the offspring environment revealed that conditions such as density 

dependent fitness loss, spatial variation in habitat quality, and non-random offspring 

dispersal, can combine to create the conditions predicted by theoretical models to 

maintain a strategy of variable offspring provisioning in the population. My research 

provides a comprehensive empirical test of the theory of variable offspring 

provisioning. 
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Forward 

This thesis is written as a series of stand-alone papers. Chapter 3 is accepted for 

publication in the Journal of Evolutionary Biology. Chapter 2 has been submitted to 

Evolution and the following chapters will be submitted to international journals 

shortly. As a by-product of working on anurans in Western Australia, together with 

M. Anstis, I described the larval stage of the sunset frog, a recently discovered 

species listed as Vulnerable on the IUCN Red List Categories. This paper has been 

published in Copeia. Because it is not directly related to the topic of the thesis, it is 

therefore attached as an appendix (Appendix 1) to the thesis. 
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CHAPTER 1 

INTRODUCTION 
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 Offspring provisioning can be defined as any parental investment in offspring other 

than just the complete set of genetic information. This may include behavioural 

investment such as parental care, as well as the more obvious such as yolk or other 

nutrients. Offspring provisioning has important influences on offspring fitness 

because of its effects on rates of growth, development and adult body size (e.g. 

Kaplan, 1980; Crump, 1984; Einum, 2003; review in Roff, 1992). Smith and 

Fretwell (1974) initially proposed a theoretical model of parental investment (Figure 

1) which assumes that offspring fitness increases with provisioning, and that there is 

a trade-off between offspring size and number. A parent has a fixed amount of 

energy available for reproduction and this can be partitioned between offspring, but 

more provisioning per offspring results in fewer offspring being produced. Points on 

the offspring fitness curve that are of equal parental fitness value are joined by 

fitness functions (Figure 1a: straight lines, for example points Y and Z). The fitness 

function with the highest slope predicts the point of optimal parental fitness (Figure 

1 a and b: point X). Therefore a single optimal offspring size that maximises 

parental fitness should evolve. Similar models based on the Smith-Fretwell (1974) 

fitness-set analysis also predict a single optimal offspring size (Shine, 1978; Lloyd, 

1987; Winkler & Wallin, 1987). 

These models assume a uniform offspring environment and do not account for 

variation in the quality of the offspring environment. If there is variation in the 

quality of the offspring environment, the shape and position of the offspring fitness 

curve (Figure 1a) can change, resulting in different fitness functions for each 

variation of the environment, and therefore multiple offspring size optima can exist 
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(Capinera, 1979; Kaplan & Cooper, 1984; McGinley et al., 1987). Thus variation in 

offspring size can evolve, and it can be between populations, between clutches of 

individuals, between clutches of individual females over time, or within single 

clutches of individuals (Kaplan & Cooper, 1984).  

Variation in mean offspring size among populations should reflect spatial variability 

in the quality of the offspring environment between populations (Smith & Fretwell, 

1974). Variation among clutches within populations should evolve in response to 

spatial variability in the quality of the offspring environment within populations, 

especially when coupled with density-dependent offspring fitness loss and non-

random dispersal of offspring (McGinley et al., 1987). Between-breeding-season 

variability in the quality of the offspring environment may lead to either a single 

optimal offspring size or within-clutch variation in offspring size (Kaplan & Cooper, 

1984; McGinley et al., 1987). Temporal within-breeding-season variability in the 

quality of the offspring environment may lead to the evolution of interclutch 

variation in offspring size if parents can assess environmental conditions and 

produce a clutch of offspring of the appropriate size (McGinley et al., 1987). 

However, not all organisms are capable of this assessment, or alternatively it might 

be impossible to predict. Using a diversified bet-hedging strategy and producing a 

clutch of variable-sized offspring might then be optimal (Capinera, 1979; Crump, 

1981). The bet-hedging strategy (review in Philippi & Seger, 1989) ensures some 

survival of offspring in a poor quality offspring environment, but increases parental 

fitness if the offspring environment happens to be of high quality. Alternatively, in 

some cases variation in offspring provisioning among clutches could simply be a 
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function of female phenotype (Solemdal, 1997), for example, larger females may 

always produce larger offspring.  

Variation in offspring provisioning within species has been documented in a diverse 

array of taxa including plants (e.g. Harper et al., 1970; Sorenson, 1978; reviews in 

Capinera, 1979; McGinley et al., 1987), insects (e.g. Fox & Mousseau, 1996; Kudo, 

2001; Czesak & Fox, 2003; Seko & Nakasuji, 2004), spiders (e.g. Walker et al., 

2003), fish (e.g. Wourms, 1972; Einum & Fleming, 1999; Einum & Fleming, 2002; 

Koops et al., 2003), amphibians (e.g. Kaplan, 1979; Crump, 1981; Takahashi & 

Iwasawa, 1989; Takahashi & Iwasawa, 1990; Beachy, 1993), reptiles (e.g. Congdon 

et al., 1978; Nussbaum, 1981; Ford & Seigel, 1989), birds (e.g. Smith et al., 1995; 

Nol et al., 1997; Beatriz et al., 1998; Zielinski & Banbura, 1998) and mammals (e.g. 

Oksanen et al., 2001). In anuran amphibians, high variation in offspring size, in the 

form of egg size variation, both between and within individuals in populations, has 

been documented in tropical (Crump, 1981; Lips, 2001) and temperate (Berven & 

Chadra, 1988; Andrén et al., 1989; Kaplan, 1992; Tejedo, 1992; Tejedo & Reques, 

1992; Kaplan & King, 1997; Laugen et al., 2002; Loman, 2002) species globally, as 

well as in many tropical and temperate species from Australia (Williamson & Bull, 

1989; Williamson & Bull, 1995; Dziminski & Alford, 2005; Thumm & Mahony, 

2005). 

The temporary freshwater habitat of aquatic breeding anurans allows offspring to 

exploit resources separate from adults but these habitats also presents risks, the most 

critical being desiccation of the habitat, predation and competition. Mortality is 

highest in the larval phase of aquatic breeding anurans and therefore the 
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manifestation of the amount offspring provisioning is under the strongest selection 

in this stage (Harris, 1999). The offspring habitat of temporary pond breeding 

amphibians is generally accepted as being highly variable and unpredictable both 

spatially and temporally (review in Alford, 1999). In this environment the amount of 

provisioning may modulate these extrinsic selection pressures. An increased 

development rate resulting from greater provisioning may be beneficial in a drying 

pond or helpful in escaping competition or predation risks. Larger tadpoles have 

been found to have a significant advantage over small rivals, in both intraspecific 

(Savage, 1952; Richards, 1958; Rose, 1959; Steinwascher, 1978; Travis & Trexler, 

1986) and interspecific competitive situations (Alford & Wilbur, 1985; Morin & 

Johnson, 1988; Alford, 1989). Larger tadpoles can also have an advantage when 

exposed to predators (Travis, 1983). Larger tadpoles can escape predation by gape-

limited predators, such as fish or newts, by outgrowing their size limits (Persson, 

1988; Wilbur, 1988), or larger tadpoles may escape predators more efficiently 

because of higher swimming speeds (Richards & Bull, 1990). Larger, older tadpoles 

may also develop more efficient glands that secrete toxins (Formanowicz & Brodie, 

1982). Differences in sizes of tadpoles confer different fitness consequences under 

competition and predation pressures. 

Investigations of the effects of egg size on tadpole growth and development have 

provided mixed results. Several studies have found egg size to affect hatching size or 

early development (Crump, 1984; Williamson & Bull, 1989; Tejedo & Reques, 

1992; Laugen et al., 2002; Loman, 2002; Dziminski & Alford, 2005) but these 

differences disappeared when offspring were reared to metamorphosis. Other studies 
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have shown that offspring from larger eggs reached metamorphosis faster and at 

larger body sizes than those from smaller eggs (Kaplan, 1992; Parichy & Kaplan, 

1992). In contrast, Berven and Chadra (1988) showed that offspring from small eggs 

had a longer larval period than offspring from large eggs, but only when in low 

density metamorphosed at a larger size than offspring from large eggs. Other studies 

have shown advantages in different situations of tadpoles from both large and small 

eggs in escaping predation (Kaplan, 1992; Parichy & Kaplan, 1995). 

The aim of my research was to test theoretical models of the evolution of variable 

offspring provisioning, in the form of yolk provisioning, using a suite of anuran 

species found in the south west of Australia. The eggs of breeding frogs are 

relatively easy to obtain and measure in numbers, and the offspring are easy to raise, 

in both laboratory and field conditions, to determine fitness consequences. None of 

the species included in this research have parental care (McDiarmid, 1978; Beck, 

1998) nor do females produce any trophic eggs to feed larvae (Kam et al., 1997; 

Gibson & Buley, 2004). Therefore the amount of yolk (egg size) per offspring is a 

direct measure of investment per offspring (Figure 2). The specific objectives of this 

research were to: 

1) Determine the patterns of egg provisioning and the nature of relationships 

with the offspring environment in aquatic breeding frogs in southwestern 

Australia (Chapter 2); 

2) Focusing on a species with high variation in egg size both between and 

within clutches (Crinia georgiana): 
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a. determine any relationships of offspring provisioning with female 

phenotype; 

b. determine the fitness consequences to offspring of variable maternal 

provisioning in controlled laboratory experiments and how this 

translates to fitness consequences for parents (Chapter 3); 

3) Examine if the theoretical conditional predictions that lead to the evolution 

of variable offspring provisioning are present in the offspring environment of 

C. georgiana (Chapter 4); 

4) Determine if the differential effects of different provisioning strategies 

estimated in 2b above, have consequences in natural conditions in the field 

(Chapter 5). 

This research provides a comprehensive test of theoretical models of the evolution of 

maternal provisioning by documenting the relationship between environmental 

variability and variation in offspring provisioning. I also test the conditions under 

which variation in offspring provisioning can evolve by determining patterns and 

consequences of variable offspring provisioning for offspring and parental fitness, 

both in the laboratory and under natural conditions in the field.
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Figure 1. The Smith-Fretwell model of offspring provisioning. a. Offspring fitness. 

b. Corresponding parental fitness. Key: S = offspring survival threshold, X = 

optimum parental strategy, Y and Z = other parental strategies. Straight lines are 

fitness functions. From Smith and Fretwell (1974). 
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Figure 2. The relationship between dry mass of eggs and the measured yolk volume 

in Cyclorana novaehollandiae (Hylidae). Data from Dziminski and Alford (2005). 
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CHAPTER 2 

INTRACLUTCH VARIATION IN OFFSPRING PROVISIONING AND 

TEMPORAL WITHIN-SEASON VARIABILITY IN THE OFFSPRING 

ENVIRONMENT: EVIDENCE FOR DIVERSIFIED BET-HEDGING IN 

RESPONSE TO POND PERSISTENCE IN ANURANS? 



 

Abstract 

In a stable, single offspring environment, theory predicts the evolution of a single optimal 

offspring size. In variable offspring environments, where multiple offspring size optima 

exist, diversified bet-hedging in offspring size may evolve. In a comparative study of an 

anuran assemblage I found a positive relationship between the magnitude of intraclutch 

variation in offspring size and temporal within-season variation in the quality of the 

offspring environment. This provides evidence for both the diversified bet-hedging 

offspring provisioning theory, as well as evidence of selection for a single optimal 

offspring size in stable offspring environments. 

Introduction 

Most models predict that if there is a trade-off in offspring size and number, then a single 

optimal offspring size that maximises parental fitness should evolve for a particular 

offspring environment (Smith and Fretwell 1974; Lloyd 1987; Winkler and Wallin 1987). 

If there is variation in the quality of the offspring environment, then multiple offspring 

size optima may exist. In response to these conditions, variation in offspring size may 

evolve to maximise parental fitness (Capinera 1979; Kaplan 1980) as a form of bet-

hedging (review in Philippi and Seger 1989). Variation in mean offspring size among 

populations should reflect spatial variability in the quality of the offspring environment 

between populations (Smith and Fretwell 1974). Variation among clutches within 

populations should be related to spatial variability in the quality of the offspring 

environment within populations, especially when coupled with density-dependent 



offspring fitness loss and non-random dispersal of offspring (McGinley et al. 1987). 

Between-breeding-season variability in the quality of the offspring environment may lead 

to either a single optimal offspring size (Kaplan and Cooper 1984) or within-clutch 

variation in offspring size (McGinley et al. 1987). Within-breeding-season temporal 

variability in the quality of the offspring environment may lead to interclutch variation in 

offspring size if parents can assess environmental conditions and produce a clutch of 

offspring of the appropriate size (McGinley et al. 1987). However, not all organisms are 

capable of this. For example, females of many anuran species attend breeding sites with 

offspring already provisioned (e.g. Lemckert and Shine 1993; Chapter 3 - Dziminski and 

Roberts 2005), and therefore using a diversified bet-hedging strategy and producing a 

clutch of variable-sized offspring might be optimal (Capinera 1979; Crump 1981). 

So far, theory has exceeded empirical evidence testing these predictions. Several 

comparative studies examining the relationship between maternal provisioning and the 

variability of the offspring environment have used categories to assign whether a 

particular offspring environment is variable or not. Interclutch variation in offspring size 

was lower in fish species that have pelagic larvae since species with demersal eggs and 

larvae have a predetermined ovipositing environment, which can vary spatially, and each 

has an associated optimal offspring size and females adjust offspring size accordingly 

(Einum and Fleming 2002). Poulin and Hamilton (2000) categorised offspring 

environmental stability according to the host, the habitat in which eggs are released and 

geographic location by latitude in parasitic trematodes. They concluded that the spatial 

heterogeneity of the external environment is the main cause of intraspecific variability in 

egg sizes. Crump (1981) compared frog species that breed in ponds categorised as 



temporary and permanent and found that species using temporary ponds had a more 

platykurtic distribution of egg sizes within clutches and attributed this to a bet-hedging 

strategy in the more fluctuating temporary ponds. Similarly, Beachy (1993) found higher 

variation in egg size within clutches of a temporary pond-breeding salamander in 

comparison with more permanent stream-breeding species. My study focused on testing 

the relationship between intraclutch variation in offspring provisioning and a direct 

measure of within-season variation in the quality of the offspring environment, in terms 

of hydroperiod duration, in an assemblage of pond-breeding anurans using a direct 

measure of variability in the quality of the offspring environment. 

Many anurans have an aquatic larval stage and use freshwater ponds for reproduction. 

Some species use temporary ponds in which the offspring environment can be highly 

variable in terms of persistence. Within the breeding season, ponds can fill and dry, 

sometimes up to several times. Persistent ponds represent a stable offspring environment; 

ponds with fluctuating water levels expose offspring to the risk of desiccation. Even if a 

fluctuating pond does not dry completely, periods of lower water level leave offspring 

concentrated and exposed to the risks of greater competition for resources, higher 

vulnerability to predation, and accumulation of metabolic wastes. On the other hand, 

periods of longer persistence of fluctuating ponds can be beneficial to offspring because 

of higher temperatures and primary production resulting in growth and developmental 

advantages (review in Alford 1999). 

In anurans, egg size has been shown to profoundly affect offspring fitness (e.g. Berven 

and Chadra 1988; Parichy and Kaplan 1992; Dziminski and Alford 2005; Chapter 3 - 

Dziminski and Roberts 2005). If limited resources are available for females to use for 



reproduction, and a trade-off in egg size and number exists, then species using fluctuating 

ponds may benefit from diversified bet-hedging – producing a range of egg sizes within 

clutches. Offspring from larger eggs with more yolk and faster developmental rates 

would survive periods of short pond duration and low resources, ensuring some survival. 

All offspring would survive when periods of pond duration are longer with higher 

resources levels, thus increasing parental fitness. In stable ponds, a single optimal 

offspring size would evolve by selection for the optimal size with lower variance. 

Using an assemblage of anurans from southwestern Australia, my aims were to determine 

if, across species, there is a relationship between: 

1. intraclutch variation in maternal provisioning and mean maternal provisioning, 

offspring number or parental size, and whether a trade-off between offspring size 

and number exists, and, 

2. intraclutch variation in maternal provisioning and temporal within-season 

variation in the quality of the offspring environment measured by variation in 

pond water level. 

I predicted that intraclutch variation in maternal provisioning should not be related to 

other clutch parameters since, according to the bet-hedging theory, it should evolve 

independently in response to the offspring environment (Capinera, 1979; Crump, 1981). 

If a trade-off between egg size and number exists (Smith, 1974), then a bet-hedging 

strategy can become viable (McGinley, 1987). In accordance with the bet-hedging 

theories, I predicted a positive association between intraclutch variation in maternal 

provisioning and temporal within-season variation in the quality of the offspring 



environment because of selection on maternal fitness arising from the different stabilities 

of offspring environments used by these species. 

Materials and Methods 

Study area and species 

The study area was in the southwest of Western Australia. Two hylid and four 

myobatrachid species were examined in this study during their breeding seasons in 2002. 

Details of each species are shown in Table 1. Although these species co-occur in the 

same area, they use distinct breeding habitats. 

Variation in offspring size 

Frogs were collected from in and around each focal pond in which water level was 

monitored. Non-amplexed, gravid females and an equal number of males, as well as 

amplectant pairs that had not commenced egg deposition were collected on wet nights 

and transported to the laboratory. In the laboratory, each pair was placed in a separate 

plastic container (size depending on the size of the species) with 5 cm depth (1 cm for 

Crinia georgiana) of tap water purified by a reverse osmosis filter, and left in a dark 

room to deposit eggs. Plastic aquarium plants were placed in the water for C. 

pseudinsignifera, Litoria adelaidensis and Spicospina flammocaerulea since these species 

attach eggs to such structures. Eggs were counted and the yolk volumes were measured 

using the method of Dziminski and Alford (2005) after egg deposition was complete for 

C. georgiana, L. moorei and Neobatrachus pelabatoides, and every four hours until 

completion of deposition for the remaining species since in these species egg deposition 



is not instantaneous. These steps were completed before late cleavage (past the 16-cell 

stage) occurred. After this stage eggs become asymmetrical (Rugh 1951) and increase in 

size (Kaplan 1979; King and Kaplan 1997). All eggs of each clutch were at the same 

stage of development when photographed for measurement. The coefficient of variation 

(CV = standard deviation / mean) of yolk volume was calculated for each clutch. Females 

were candled using a bright light to ensure all ova were deposited and were then weighed 

to the nearest mg using an electronic balance. No females retained any ova. The bladder 

of N. pelabatoides females was purged before weighing since this species can store a 

substantial amount of urine. This was done by inserting a blunt glass capillary into the 

cloaca. All frogs and eggs were returned to the collection site, usually on the first day 

after collection. 

Variation in the quality of the offspring environment 

Water level was monitored daily in the focal ponds from which frogs were collected 

(Table 1), from the beginning to the end of the breeding season, when all larvae had 

metamorphosed. Water level data loggers (Dataflow Systems) were placed in the deepest 

section of each pond and recorded daily water level to the nearest mm. I calculated the 

CV of water level for each focal pond. 

To ensure focal ponds were truly representative ponds for a species, I monitored seven 

additional non-focal ponds for a species that uses ponds with low variability in water 

level within seasons (C. pseudinsignifera), and eight additional non-focal ponds for a 

species that uses ponds with high variability in water level within seasons (C. georgiana). 

Water level in non-focal ponds was measured fortnightly seven times during the breeding 



season. I used a repeated measures regression analysis to compare the curves of water 

level over time curves of all ponds, and assigned whether ponds were focal or not as a 

covariate. Water level was the dependent variable and time was the repeated measure. 

This indicated whether there was an overall difference between focal and non-focal ponds 

and whether there was a difference in the curvilinearity and slope in the water level 

function over time between focal and non-focal ponds. 

Comparative methods 

The five traits examined for each species were CV pond water level, CV egg size, mean 

egg size, egg number and female mass. I calculated the mean of each trait for frogs at 

each pond. I then used the mean and standard errors of these values as well as the mean 

and standard errors of the CVs of focal ponds of each species in analyses. I analysed the 

relationships between traits in three ways: raw data using simple regression (TIPS), 

phylogenetic generalized least squares approach incorporating within-species variation 

(PGLS: Martins and Hansen 1997) and phylogenetically independent contrasts (PIC: 

Felsenstein 1985) with the regression forced through the origin (Garland et al. 1992). All 

analyses were performed using SPSS statistical software (Version 12.0.1) and 

COMPARE 4.6 (Martins 2004). When using PGLS, the parameter alpha can be 

interpreted as a measure of evolutionary constraint acting on the phenotypes (Martins 

2004). When alpha is large, comparative data are independent of phylogeny. Since egg 

number was related to female size, TIPS and PGLS analyses using egg number were 

based on residuals from simple regression of the trait against female mass to control for 

allometry. Similarly, PIC analyses using egg number were based on residuals from 

simple regression of the contrasts in the trait against the contrasts in female mass. 



The phylogeny used in comparative analyses was derived from sources used to generate 

complete phylogenies for Australian hylids and myobatrachids (Byrne et al. 2002) with 

additional data from Hutchinson and Maxson (1987), Maxson (1992), Roberts et al. 

(1997) and Read et al. (2001). I transformed branch lengths in immunological distances 

to units equivalent to basepair (bp) changes by assuming a linear relationship between the 

two scales and calibrated this using data from the above sources. The relationship 

between the two families is uncertain, and has been cast as an unresolved polytomy (Ford 

and Cannatella 1993). Thus, for the two comparative methods used, I conducted analyses 

using two trees. For the first tree, I assumed a distant relationship between the families 

(1000 bp changes for each branch). This was the most realistic scenario. For the alternate 

tree I assumed a close relationship between the two families (1 bp change for each 

branch). This phylogeny is obviously unrealistic but it was used to determine if there 

would be any effect of a closer relationship between families on the patterns and 

relationships of measured traits. The use of this alternate phylogeny in my comparative 

analyses did not influence actual patterns and relationships between the variables so I 

present results using the more realistic phylogeny assuming a distant relationship between 

the families. The two phylogenies are included in Appendix 2 in Newick Standard tree 

format. 

 

Results 

There was no significant difference in water level over time in focal and non-focal C. 

pseudinsignifera ponds (focal category effect: F1,7 = 0.248, P > 0.05; focal category*time 



effect: F6,2 = 12.577, Pillai’s trace = 0.974, P(F) > 0.05). There was no overall difference 

in water level between focal and non-focal C. georgiana ponds (focal category effect: F1,8 

= 0.248, p > 0.05) but the focal ponds were slightly deeper throughout the measurement 

period than the mean depth of non-focal ponds (focal category*time effect: F5,4 = 12.577, 

Pillai’s trace = 0.974, P(F) < 0.05). The focal ponds were still within the range of non-

focal ponds and females deposited eggs naturally in all ponds (focal and non-focal). I 

therefore conclude that my focal ponds were representative of all ponds in each area for 

each species studied. 

Across species investigated, the CV of water level in ponds ranged from 14.6 % (Figure 

1: S. flammocaerulea) to 72.6 % (Figure 1: C. georgiana). There were no significant 

relationships between any of the combinations of mean egg size, CV egg size and female 

size. There was a positive relationship between mean female size and egg number using 

all three analyses (TIPS: y = 167.87x – 284.34, F1,4 = 713.49, r2 = 0.994, P < 0.001; 

PGLS: alpha ≥ 15.5, slope = 168.15 ± 6.6, t0.05(2),5 = 25.48, r2 = 0.994, P < 0.001; PIC: 

slope = 164.47 ± 8.5, F1,3 = 374.01, r2 = 0.989, P < 0.001). There was no relationship 

between CV egg size and egg number controlled for female size using all analyses. There 

was a negative relationship between mean egg size and egg number controlled for female 

size using all three analyses (TIPS: Figure 2a, y = -0.0136x + 3.267, F1,4 = 10.513, r2 = 

0.724, P < 0.05; PGLS: alpha = 5.11, slope = -0.0149 ± 0.0032, t0.05(2),5 = 4.66, r2 = 

0.842, P < 0.01; PIC: Figure 2b, slope = -0.0159 ± 0.00234, F1,3 = 45.891, r2 = 0.920, P < 

0.01) indicating a trade-off in egg size and number across species. The mean intraclutch 

CV of egg size was positively related to the mean CV of pond water level across species 

using all three analyses (TIPS: Figure 2c, y = 2.12(ln x) – 1.095, F1,4 = 19.889, r2 = 0.833, 



P < 0.05; PGLS: alpha = 7.11, slope = 2.14 ± 0.36, t0.05(2),5 = 5.94, r2 = 0.901, P < 0.01; 

PIC: Figure 2d, slope = 0.121 ± 0.0173, F1,3 = 49.202, r2 = 0.925, P < 0.01). 

Discussion 

The magnitude of intraclutch variation in offspring size was positively related to the 

amount of temporal within-season variability in the quality of the offspring environment 

measured by fluctuating pond water levels in an assemblage of Australian anurans 

(Figure 2c and d). This provides evidence in support of the general theory that variability 

in the quality of the offspring environment can lead to variation in offspring size 

(Capinera 1979; Crump 1981; McGinley et al. 1987). 

Specifically, my study provides evidence that greater within-breeding-season variability 

in the quality of the offspring environment may lead to selection towards bet-hedging 

strategies of producing clutches in which offspring size varies (Crump 1981). The species 

with the highest levels of intraclutch variation in offspring size (C. georgiana) breeds in 

shallow and extremely fluctuating ponds around rock outcrops (Table 1; Figure 1). A bet-

hedging strategy in the case of this species can be advantageous (Chapter 3 - Dziminski 

and Roberts 2005). 

My study also provides support for classical life-history models of a single optimal 

offspring size when variation in the quality of the offspring size is decreased (Smith and 

Fretwell 1974; Lloyd 1987; Winkler and Wallin 1987). Another species (C. 

pseudinsignifera) breeds on top of the same rock outcrops used by C. georgiana but in 

deeper ponds that are much more stable. C. pseudinsignifera has low levels of intraclutch 

variation in offspring size. The species with the lowest levels of intraclutch variation in 



offspring size (S. flammocaerulea) uses deep ponds in peat swamps that are very stable 

all year round (Table 1; Figure 1). In the last two cases, my study provides evidence of 

selection towards a single optimal offspring size as predicted by these models. This study 

also provides evidence that the offspring environment is not necessarily decoupled from 

parental strategies of offspring provisioning (Mousseau and Fox 1998) in that parental 

fitness can be affected by the provisioning mode under different offspring environments 

as well as environmental cues to the female during egg provisioning (Kaplan and King 

1997). Across species, I did not find any relationships between intraclutch variation in 

offspring size and mean offspring size, offspring number or female size. This is in 

accordance with the bet-hedging theory, which predicts that intraclutch variation in 

offspring size should evolve independently of these parameters in response to the 

offspring environment (Capinera 1979; Crump 1981; McGinley et al. 1987). There was a 

trade-off between egg size and number across species (Figure 2a and b). Independent of 

body size, species that produced larger eggs produced fewer eggs. Across species I did 

not find support for the imperfect information hypothesis in which females producing a 

smaller mean egg size should produce more variable offspring within clutches to offset 

the cost of wrongly producing a mean offspring size by misjudgement of the offspring 

environment (see Koops et al. 2003). 

Although the evolution of diversified bet-hedging in offspring size in response to 

unpredictable environments is controversial in salmonids (Koops et al. 2003; Einum and 

Fleming 2004), it has been applied to anuran breeding systems (e.g. Crump 1981; Lips 

2001). My study provides evidence in support of diversified bet-hedging in anurans and 

future comparative studies might yield similar evidence in other taxa that have complex 



life histories such as insects (Hopper 1999). My focus on intraclutch variation in 

offspring size and within-season temporal variability in the quality of the offspring, as 

well as direct measurement of the variability in quality of the offspring environment, 

make this study differ from other comparative studies investigating bet-hedging and 

variability in the quality. These studies have largely categorised whether offspring 

environments are more or less variable based on assumptions about habitat quality:  

habitat properties have not been directly measured (e.g. Poulin and Hamilton 2000; 

Einum and Fleming 2002). 

In conclusion, this study has demonstrated a relationship between temporal within-season 

fluctuation in the quality of the offspring environment and the amount of intraclutch 

variation in offspring provisioning, across species. I have provided evidence supporting 

the diversified bet-hedging offspring provisioning theory as well as evidence of selection 

for a single optimal offspring size in stable offspring environments. 
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Table 1. Offspring environments of the assemblage of anuran species from southwestern Australia used in this study 

Species Breeding season Offspring habitat Surrounding habitat Location N clutches N focal ponds 

Hylidae       

Litoria adelaidensis Spring Ponds - temporary during 
breeding season 

Jarrah forest Walpole 8 2 

L. moorei Spring Pond - permanent all year Jarrah forest Darling Ranges 3 1 

Myobatrachidae       

Crinia georgiana Autumn/winter Small ponds - temporary 
during breeding season 

Jarrah forest Darling Ranges 12 2* 

C. pseudinsignifera Autumn/winter Rockpools - permanent during 
breeding season 

Jarrah forest Darling Ranges 15 2* 

Neobatrachus 
pelabatoides 

Autumn/winter Ponds - temporary during 
breeding season 

Drier wandoo forest Darling Ranges 9 2 

Spicospina 
flammocaerulea 

Spring Ponds - permanent all year Peat swamps in 
jarrah forest 

Walpole 17 2 

*Additional ponds measured fortnightly – see text. 
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Figure 1. Water levels during the breeding seasons in the least variable pond 

(Spicospina flammocaerulea: CV = 14.6 %) and the most variable pond (Crinia 

georgiana: CV = 72.6 %) monitored throughout the study.
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Figure 2. Relationship across species between a) mean egg size and egg number 

controlled for female size; b) contrasts in mean egg size and contrasts in egg number 

controlled for female size; c) mean intraclutch CV of egg size and mean CV of pond 

water level; and d) contrasts in mean intraclutch CV of egg size and contrasts in 

mean CV of pond water level. Bars represent ± 1 standard error. 



CHAPTER 3 

FITNESS CONSEQUENCES OF VARIABLE MATERNAL 

PROVISIONING IN QUACKING FROGS (CRINIA GEORGIANA) 

 1



Abstract 

Variable maternal provisioning may evolve when there is variation in the quality of 

offspring environments. The frog Crinia georgiana has high variability in egg size 

both within and between clutches, independent of female phenotype. It breeds in 

ponds with high spatial and temporal variation in habitat quality. Egg size strongly 

affected offspring fitness in good and poor quality offspring environments, whether 

the egg size difference was from between or within clutches. Since there is a trade-

off in egg size and number, these fitness consequences translate to strong effects on 

maternal fitness. In the variable and unpredictable offspring environment of C. 

georgiana, the maintenance of variable maternal provisioning both within and 

between clutches is likely to be an evolved response to the offspring environment. 

Introduction 

Models that assume fitness increases monotonically with offspring size predict that a 

single optimal offspring size exists that maximizes parental fitness (Smith & 

Fretwell, 1974; Lloyd, 1987; Winkler & Wallin, 1987). This is true for a constant 

offspring environment, but if the offspring environment varies in quality then 

multiple offspring size optima may exist. Patterns of maternal provisioning are likely 

to reflect adaptive processes especially if selection occurs on post-hatching offspring 

(Mousseau & Fox, 1998; Einum & Fleming, 2002). Therefore variation in maternal 

provisioning is thought to evolve in response to variability and unpredictability in 

the quality of the offspring environment (Crump, 1981; Kaplan & Cooper, 1984). In 

attempting to understand the relationship between variability in maternal 

provisioning and variability in the offspring environment, the fitness of different 
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sized offspring must be measured. More critically, the parental fitness of the various 

offspring provisioning strategies must also be measured since maximizing offspring 

fitness does not always maximize parental fitness (Smith & Fretwell, 1974). 

Both within and between clutch variation in maternal provisioning occurs in many 

taxa (see Capinera, 1979; Kaplan & Cooper, 1984), and is well documented in 

amphibians (Kaplan, 1980; Crump, 1981; Crump, 1984; Berven & Chadra, 1988; 

Williamson & Bull, 1989; Tejedo & Reques, 1992; Beachy, 1993; Kaplan & King, 

1997). Females of the myobatrachid frog, Crinia georgiana, lay egg clutches in 

which egg size can be variable both within and between clutches. The amount of 

yolk in an egg may be critical to the survival and fitness of offspring. In the aquatic 

larval stage, offspring are vulnerable to a range of unpredictable biotic (for example 

predation, competition, food availability) and physical risks, especially desiccation, 

that are associated with temporary freshwater aquatic habitats (Wassersug, 1975; 

Alford, 1999). Variation in initial egg size may modulate those unpredictable 

environmental effects. 

Crinia georgiana breed in small, shallow temporary ponds around granite outcrops 

in the southwest of Australia where ponds fill during winter rainfall. Females enter 

choruses of males at these breeding sites with eggs already provisioned and seek a 

male calling from one of these ponds to amplex with and deposit eggs. The rain-

filled ponds that C. georgiana use for reproduction can vary spatially in size and 

depth (Seymour et al., 2000; M. Dziminski, unpub. data) and this variation coupled 

with density dependent effects may lead to offspring experiencing extremely limited 

food resources especially in the smallest ponds. These ponds can dry and fill several 

 3



times within the breeding season and the length of time a pond contains water can 

vary unpredictably (Seymour et al., 2000; Doughty & Roberts, 2003; M. Dziminski, 

unpub. data). Larvae are at high risk of death by desiccation. If there is a trade-off in 

egg size and number then spatial variation in the quality of the offspring 

environment can lead to selection for high variability in offspring provisioning 

between clutches (McGinley et al., 1987; Poulin & Hamilton, 2000). Temporal 

within-season variability and unpredictability in the quality of the offspring 

environment may be acting as a selective force favouring high variability in 

offspring provisioning within clutches as a bet-hedging strategy (Crump, 1981; 

Philippi & Seger, 1989). 

For egg size to be selected upon, there must be differences in fitness between 

offspring derived from eggs of different sizes. Several studies have found egg size to 

affect hatching size or early development (Crump, 1984; Williamson & Bull, 1989; 

Tejedo & Reques, 1992; Laugen et al., 2002; Loman, 2002) but these differences 

disappeared when offspring were reared to metamorphosis. Other studies have 

shown that offspring from larger eggs reached metamorphosis faster and at larger 

body sizes than those from smaller eggs (Kaplan, 1992; Parichy & Kaplan, 1992). In 

contrast, Berven and Chadra (1988) showed that offspring from small eggs had a 

longer larval period than offspring from large eggs, but only when in low density 

metamorphosed at a larger size than offspring from large eggs.  

The responses of tadpoles to risk of pond drying were modelled by Wilbur and 

Collins (1973) who predicted rapid drying would lead to increases in development 

rate at the expense of increases in body size. Yolk provisioning and food 
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availability, even in drying ponds, may modify these outcomes, for example, more 

yolk may still allow rapid development but also an increase in body size, giving 

offspring from larger eggs a double advantage.   

My study focused on the relationship between variation in initial maternal 

provisioning and food available to developing tadpoles. Overall I aimed to determine 

the fitness consequences of variable maternal provisioning in C. georgiana. Because 

of the extreme difference in size between large and small eggs I expected a strong 

positive relationship between egg size and offspring fitness, and therefore strong 

maternal fitness consequences arising from differential maternal provisioning 

strategies. I also expected that high food levels might compensate for small egg size 

in determining size at and time to metamorphosis. Specifically my objectives were:  

1)  to determine the patterns of maternal provisioning and if a trade-off between egg 

size and number exists 

2)  determine offspring fitness consequences of large and small eggs from different 

clutches 

3)  determine offspring fitness consequences of large and small eggs from within 

clutches, and lastly, if an egg size-number trade-off exists 

4)  using 2) and 3) above, determine maternal fitness consequences of producing 

clutches of fewer, large eggs, more numerous smaller eggs or clutches that 

contain large and small eggs. 

Methods 
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Patterns of maternal provisioning 

Thirty-three non-amplexed, gravid female C. georgiana were collected together with 

an equal number of calling males from a breeding site in the Darling Ranges, 

approximately 50 km southeast of Perth, Western Australia over five nights in June 

2002. Each night frogs were transported to the laboratory in Perth. Each female, 

together with a randomly chosen male was placed in a clear round plastic container 

(8.5 cm diameter x 11 cm) with a lid and 1 cm depth of tap water purified by a 

reverse osmosis filter. Frogs were left in a dark room at 15°C until eggs were 

deposited. Every female amplexed with her assigned male and egg deposition was 

usually complete within 10 minutes. 

Upon completion of egg deposition, the yolk volume of every single egg in every 

clutch was measured using the method of Dziminski and Alford (2005). Females 

were candled using a bright light to ensure all ova were deposited and were then 

weighed to the nearest mg using an electronic balance. No females retained any ova. 

Possible relationships between female size, total yolk volume output and clutch 

parameters: egg number, mean egg size and the coefficient of variation of egg size 

(CV = standard deviation / mean), were explored using Pearson correlations. The 

presence or absence of relationships between clutch parameters might be caused by 

their mutual correlations with parental body size or total yolk volume output, 

therefore I also calculated partial correlations among the clutch parameters 

controlling for the effect of female size and total yolk volume output. To illustrate 
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such relationships the residuals from multiple regressions of the clutch parameter 

with female size and total yolk volume output were plotted. 

Fitness of offspring from small and large eggs from different clutches 

Over three wet nights in 2003 (25, 27 and 29 June), non-amplexed, gravid female 

Crinia georgiana were collected together with an equal number of calling males 

from the same breeding site described above. Females were set up for oviposition in 

the laboratory as detailed above. A total of 84 individual eggs, each egg chosen from 

a separate clutch with an independent set of parents, were randomly assigned to one 

of 12 experimental treatments. The treatments were elements of a 2 x 2 x 3 mixed 

model factorial design. The first fixed factor, egg size, consisted of two size 

categories: small and large. On each night clutches were assigned as either 

containing large or small eggs. A single egg from each assigned clutch was placed in 

a round plastic container (8.5 cm diameter x 11 cm) without a lid in 2 cm of purified 

tap water. To confirm my assignment of egg size categories, the yolk volume of all 

the eggs in 11 clutches of each size category were measured on the first night and 

compared using a one-way ANOVA. Clutches assigned as large had significantly 

larger eggs (Table 1; F1,20 = 32.756, P < 0.001), confirming that my categorisation 

of egg sizes accurately reflects egg size. 

The second fixed factor was food level, consisting of two categories: fed and unfed. 

Tadpoles in fed treatments were fed 5 mg of a ground and sieved (250 μm) 3:1 

mixture by weight of lucerne (alfalfa) pellets and TetraMin® tropical fish food 

beginning three days after hatching and then every three days until Gosner (1960) 
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stage 42. This feeding regime produces metamorphs of the same size range as found 

in the field (Doughty & Roberts, 2003). Tadpoles in unfed treatments were not fed at 

all from hatching through to metamorphosis. C. georgiana is known to be able to 

complete the larval stage without feeding (Doughty, 2002). The final factor, night of 

collection, was a random factor with three categories: 32 eggs (16 small and 16 

large) from each of the first two nights were used and 20 eggs (10 small and 10 

large) were used from the night of the 29th. Tadpoles were transferred to a fresh 

container every three days just prior to feeding. Each experimental unit (one tadpole 

in one container) was assigned a random position on a bench in a controlled 

temperature room at 15°C with a 12/12 hr light/dark photoperiod provided by 

fluorescent overhead lighting. Grow lights (Gro-lux®, Sylvania) provided additional 

UV light for 3 h centred on midday. 

The dependant variables were size at metamorphosis, length of larval period and 

survival to metamorphosis. The larval period was defined as commencing the day of 

fertilization and ending at Gosner (1960) stage 46, as this is the stage most larvae 

emerge from ponds in the field (M. Dziminski, pers obs.). When both forelimbs had 

emerged, water in the container was replaced with a layer of circular wet sponge 

material (5 mm thick) until Gosner (1960) stage 46 (complete tail resorbtion), at 

which point the metamorph was blotted dry with a cotton towel and weighed to 0.1 

mg precision on an electronic balance. 

Data were normally distributed and the assumption of homogeneity of variance 

among treatment means was satisfied. Analysis of variance (ANOVA) was used to 

compare the effects of egg size, food level and the night of collection, and their 
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interactions, on both size at metamorphosis and the length of larval period. The 

proportion of larvae surviving in each treatment was arcsine transformed (Zar, 1999) 

into degrees and an ANOVA without replication was used to compare the effects of 

egg size, food level and the night of collection, and the two-way interactions of these 

factors. The mean square of the egg size*food level*night interaction was used as 

the error mean square in the calculation of F for the two-way interactions. ANOVA 

was performed using SPSS statistical software (Version 12.0.1) that considers 

random variables and corrects for unequal sample size in treatments due to 

mortality. 

Fitness of offspring from small and large eggs from within clutches 

A small egg and a large egg were selected from within each of five clutches that 

contained small and large eggs produced by females collected on the night of the 

29th June 2003 from the same breeding site described above. Females were set up for 

oviposition in the laboratory as detailed above. The yolk volume of all selected eggs 

was measured using the method of Dziminski and Alford (2005). The large eggs 

chosen from within clutches were significantly larger than small eggs chosen from 

within clutches (Table 1; paired-samples t-test: t4 = 4.419, P < 0.05). Each egg was 

placed in a container and raised as detailed above for the fed treatment. The 

dependant variables were again size at metamorphosis and length of larval period as 

detailed above. A paired-samples t-test was used to compare these variables in the 

two egg size treatments. 
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Comparison of fitness of offspring from small and large eggs from within clutches to 

offspring from equivalent egg sizes from uniform clutches 

A one-way ANOVA with planned comparisons revealed that there were significant 

differences between all large and small eggs of both clutch types (F3,28 = 7.468, P < 

0.05), but that there was no difference in the size of large eggs from clutches that 

contained large and small eggs and from clutches that contained just large eggs (t28 = 

0.980, n.s.), and that there was no difference in the size of small eggs from clutches 

that contained large and small eggs and from clutches that contained just small eggs 

(t28 = 0.077, n.s.). These planned comparisons were applied to compare the size at 

and time to metamorphosis of offspring from small and large eggs from within 

clutches to offspring from equivalent egg sizes from uniform clutches. 

Maternal fitness 

To determine the effects of egg size on maternal fitness I calculated the maternal 

fitness values for two egg provisioning strategies (large eggs and small eggs), under 

the two environmental conditions (food available and no food available) that larvae 

may experience. In this scenario I assumed ponds persist and therefore the length of 

the larval period is not critical to fitness. A female has a certain amount of energy 

available for reproduction, which I measured as the total yolk volume output per 

clutch. I used the mean of all clutches in my survey for this value (864.68 mm3). If a 

trade-off between egg size and number exists, this total yolk volume output can be 

divided up into fewer larger eggs or more numerous smaller eggs. This value was 

then divided by the mean yolk volume of the two egg size categories used in both 
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experiments above (Table 1; small = 4.49 mm3, large = 6.63 mm3) to calculate the 

number of eggs of each size category a female can produce as a result of the trade-

off. Many studies have used size at metamorphosis of amphibians as a measure of 

offspring fitness (review in Alford, 1999), and this measure has been proven to 

reflect the relative probability to survival and reproduction of a metamorph 

(Altwegg & Reyer, 2003). Therefore, as the measure of offspring fitness, from each 

treatment of the food*egg size experiment I used the product of size at 

metamorphosis, survival to metamorphosis and the logarithmic regression of 

offspring size and egg size in the equivalent food treatment, this includes the 

assumption of a curvilinear relationship of offspring size and fitness (eg Smith & 

Fretwell, 1974). In the case of the treatments where survival did not differ 

significantly (offspring from large eggs that were fed and unfed, and offspring from 

small eggs that were fed) I used the mean proportion of survival in these three 

treatments, pooled for the calculation. Since maternal fitness is the product of 

offspring fitness and the number of offspring produced (Smith & Fretwell, 1974), I 

used the following formula to calculate the maternal fitness value of producing 

fewer large eggs or more numerous smaller eggs under fed and unfed conditions that 

offspring experience: 

y
y

p
p W

I
I

W ×=  

where Wp is the maternal fitness index, Wy is the offspring fitness, which is the 

product of offspring size (mg), proportion of survival to metamorphosis and the 

logarithmic regression of offspring size and egg size in the equivalent food 
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treatment, Ip is the total amount of yolk the parent has to provision offspring in mm3, 

and Iy is the amount of yolk per offspring (effort per offspring) in mm3. 

In the next scenario, I include the fact that some ponds dry earlier and therefore the 

length of the larval period becomes critical to fitness. To include the effects of time 

to metamorphosis on maternal fitness, I used the above formula to calculate maternal 

fitness values in two environmental conditions: 1) ponds that dried early in which 

only offspring from large eggs have enough time to metamorphose, and 2) persistent 

ponds in which offspring from any egg size will survive. Thus the differential 

survival due to the length of the larval period of each egg size is included in the 

calculation of maternal fitness. This time maternal fitness was calculated for three 

egg provisioning strategies: 1) large eggs only, 2) small eggs only, and 3) half of the 

energy available used for large eggs, and the other half for small eggs resulting in a 

mixed egg size strategy. 

Results 

Patterns of maternal provisioning 

Egg size varied both between and within clutches (Figure 1a). There was a 

significant positive relationship between female size and egg number (Figure 1b; 

Pearson correlation: r = 0.799, P < 0.001), and total yolk volume output (Figure 1c; 

Pearson correlation: r = 0.799, P < 0.001). Total yolk volume output and egg 

number were also significantly positively related (Figure 1d; Pearson correlation: r = 

0.849, P < 0.001). Egg number was not related to female size when controlling for 

total yolk volume output, but was related to total yolk volume output when 
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controlling for female size (Figure 1e; partial correlation: r = 0.662, P < 0.001). This 

means that females that produced more yolk used this extra yolk to produce more 

eggs. Egg size was not related to female size with or without controlling for total 

yolk volume output (Figure 1a). Egg size was not related to total yolk volume output 

with or without controlling for female size. CV was not related to female size or egg 

number or mean egg size whether controlling for female size and total yolk volume 

separately, together, or not controlling. When controlling for female size and total 

yolk volume, together or separately, there was always a significant negative 

relationship between mean egg size and egg number (Figure 1f; partial correlation: r 

= -0.961, P < 0.001). 

Fitness of offspring from small and large eggs from different clutches 

Night of collection was not a significant main effect nor did it have any significant 

interactions with other terms in any analyses (Table 2 and 3) so this effect is not 

discussed further below or included in figures. 

Both egg size and food level had a significant effect on the size at metamorphosis of 

offspring (Figure 2a, Table 2a). The egg size*food level interaction was significant 

(Table 2a) indicating that offspring from different egg sizes responded differently to 

food level. The difference in size between fed and unfed metamorphs from small 

eggs was much greater than the difference in size between fed and unfed 

metamorphs from large eggs (Figure 2a). 

Both egg size and food level had a significant effect on the length of the larval 

period but this time there was no significant interaction (Figure 2b, Table 2b). 
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Offspring from large eggs metamorphosed in less time than offspring from small 

eggs and fed offspring metamorphosed in less time than unfed offspring (Figure 2b). 

The main effect of food level had a significant effect on the survival of offspring to 

metamorphosis (Table 3), however the significant effect of the egg size x food level 

interaction (Table 3) indicates that only offspring from small eggs that were unfed 

experienced much lower survival to metamorphosis (Figure 2c). Only 28 % of 

offspring in this treatment survived to metamorphosis. 

Fitness of offspring from small and large eggs from within clutches 

All offspring survived. Egg size had a significant effect on both size at 

metamorphosis (Figure 2d; t4 = 3.034, P < 0.05) and the length of the larval period 

(Figure 2e; t4 = 5.439, P < 0.01). Within clutches, offspring from large eggs 

metamorphosed in less time and at a larger size than offspring from small eggs 

(Figure 2d and e). 

Comparison of fitness of offspring from small and large eggs from within clutches to 

offspring from equivalent egg sizes from uniform clutches 

There were significant differences in size at metamorphosis and the length of the 

larval period between offspring from large and small eggs originating from both 

clutch types (size at metamorphosis: F3,45 = 9.622, P < 0.001; larval period: F3,46 = 

18.269, P < 0.001). There were no significant differences in the size at 

metamorphosis (t45 = 1.386, n.s.) or the length of the larval period (t46 = 0.296, n.s.) 

of offspring from large eggs from clutches that contained large and small eggs and 
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from clutches that contained just large eggs (Figure 2a, b, d and e). There were no 

significant differences in the size at metamorphosis (t45 = 0.944, n.s.) or the length of 

the larval period (t46 = 1.318, n.s.) of offspring from small eggs from clutches that 

contained large and small eggs and from clutches that contained just small eggs 

(Figure 2a, b, d and e). Therefore offspring originating from the same egg size 

performed the same whether they originated from a clutch with variable egg size or a 

uniform egg size within a clutch. 

Maternal fitness 

In a persistent good quality offspring environment, producing clutches of more 

numerous small eggs results in the highest maternal fitness, but in a poor quality 

offspring environment producing clutches of fewer larger eggs results in higher 

maternal fitness (Figure 3a). When time to metamorphosis becomes a critical factor 

in offspring fitness, then production of large eggs results in the highest maternal 

fitness in the shorter duration ponds regardless of whether food is available (Figure 

3b). When food is available, production of large eggs results in the highest maternal 

fitness in shorter duration ponds. In the longer duration ponds the production of 

small eggs results in the highest maternal fitness (Figure 3b). The mixed strategy has 

intermediate maternal fitness between the small and large strategy. 

Discussion 

Patterns of maternal provisioning 
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Larger females had a larger total yolk volume output and used this larger amount to 

produce more eggs. This is not surprising since larger females, as a result of 

increased size, have an increased amount of energy available for reproduction 

(Castellano et al., 2004). Larger females however, did not produce larger eggs. Egg 

size is independent of female size and therefore is likely to have evolved in response 

to selection imposed by the offspring environment. There was a trade-off in egg size 

and number. This means that regardless of female size and total yolk output, females 

that produced larger eggs produced fewer eggs. Variability in egg size within 

clutches was not related to female size, total yolk output, egg number or mean egg 

size. This supports the idea that variation in egg size within clutches being 

independent of these other parameters is an adaptive strategy in response to the 

offspring environment (Crump, 1981; Kaplan & Cooper, 1984; Koops et al., 2003). 

The egg size-number trade-off also applies to females producing clutches with 

variable egg sizes. A female producing more larger-sized eggs within a clutch 

produces fewer eggs in total and a female producing more smaller-sized eggs within 

a clutch produces a higher total egg number. Egg size therefore is independent of 

maternal phenotype. A single offspring size has not evolved. If the maintenance of 

small clutches of large eggs, larger clutches of small eggs and clutches of variable 

sized eggs in the population is an evolved response then egg size needs to affect 

offspring fitness and thus these strategies must result in maternal fitness 

consequences. 

Since there was no relationship between egg size and variation in egg size within 

clutches my results do not support the imperfect information hypothesis (see Koops 
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et al., 2003 for review) in this species. This hypothesis predicts that females should 

produce variable clutches to offset wrong decisions when trying to produce eggs that 

are optimal for predicted future conditions. Under this scenario, unequal allocation 

within clutches decreases with increasing mean egg size. This relationship is not 

present in C. georgiana. 

Fitness of offspring from small and large eggs from different clutches 

Several studies examining the effects of egg size have found that effects on offspring 

size (Crump, 1984; Tejedo & Reques, 1992; Loman, 2002) and the length of the 

larval period (Crump, 1984; Tejedo & Reques, 1992; Laugen et al., 2002) are 

evident at hatching or early in the larval period but disappear towards 

metamorphosis. Lack of fitness consequences of offspring size also occurs 

sometimes in other taxa (eg fish: Sehgal & Toor, 1991; birds: Smith et al., 1995; 

mammals: Oksanen et al., 2001). In C. georgiana, egg size has an important 

influence on size at metamorphosis and thus offspring fitness (Altwegg & Reyer, 

2003). Furthermore egg size also influences the length of the larval period, which 

again has important fitness consequences in the temporary freshwater environments 

that many amphibians use for reproduction (Wassersug, 1975; Alford, 1999). Berven 

and Chadra (1988) found that at lower densities, offspring from small eggs in higher 

food treatments metamorphosed at a larger size than offspring from large eggs. This 

is similar to my result where I detected a significant interaction of egg size with food 

level, indicating that offspring from small eggs in the fed treatment were growing at 

a proportionally faster rate and closing on the size of the offspring from large eggs. 

However in C. georgiana the offspring from small eggs never surpassed the size of 
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offspring from large eggs in the same food level treatment. Parichy and Kaplan 

(1992) also found this relationship although it disappeared in higher quality (more 

food) treatments, unlike my results where the size difference persisted in my fed 

treatments. My study of C. georgiana is unique in that strong influences of egg size 

on size at metamorphosis and the length of the larval period persist in both a high 

quality (fed) and low quality (unfed) larval environment. 

In some studies, egg size did not affect larval survival (Crump, 1984; Brooks et al., 

1991; Tejedo & Reques, 1992; Smith et al., 1995). Parichy and Kaplan (1992) found 

that the probability of surviving to metamorphosis was lower for offspring from 

small eggs across both high quality (high food) and low quality (lower food) 

treatments. In my study egg size had an important effect on survival to 

metamorphosis, where greater maternal investment per offspring is needed to ensure 

survival in a poor quality offspring environment when food resources are not 

available.  

Egg size had a strong influence on offspring fitness, therefore, coupled with the egg 

size-number trade-off, should have strong influences on maternal fitness. Offspring 

from different egg sizes performed differently under different conditions, therefore 

the strategies of producing clutches of fewer large eggs or clutches of more 

numerous smaller eggs should result in different maternal fitness consequences 

under different quality offspring environments. 

Fitness of offspring from small and large eggs from within clutches 
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Some studies have found no difference in the fitness of offspring from small and 

large eggs from within clutches (eg reptiles: Brooks et al., 1991; amphibians: 

Tejedo, 1992; birds: Krist et al., 2004). In my study, just as egg size had an 

important influence on offspring from different clutches, this egg size effect also has 

important consequences for fitness of offspring from different sized eggs from 

within a clutch. Therefore producing a clutch with variable egg sizes would lead to 

different maternal fitness consequences when compared with producing a clutch 

with a uniform egg size. 

Comparison of fitness of offspring from small and large eggs from within clutches to 

offspring from equivalent egg sizes from uniform clutches 

I found that egg size is a driving force for offspring fitness independent of female 

phenotype and that its effect is equivalent whether the different egg sizes arise from 

different clutches or from within the same clutch. Therefore the same offspring 

fitness values, as a result of egg size, can be applied to offspring from equivalent egg 

sizes from clutches of variable sized eggs or from clutches of uniform sized eggs. 

Maternal fitness 

In effect this experiment simulated two offspring size categories on the Smith and 

Fretwell (1974) model of offspring provisioning in two different environments 

(fitness curves) that offspring may experience: poor quality (unfed treatments) and 

good quality (fed treatments).  
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At the breeding site visited in this study, C. georgiana tadpoles are found in ponds 

ranging from only a few centimetres in diameter to ponds up to 2 m across. Depths 

of these ponds also vary from 0.5 cm up to 15 cm (Seymour et al., 2000; M. 

Dziminski, unpub. data). Therefore there is spatial heterogeneity in pond size. Food 

resources are likely to vary between these ponds and can be very low in some 

(Doughty & Roberts, 2003), but even if food resources are equally distributed 

among ponds per unit of water or per area of pond substrate [since C. georgiana 

tadpoles are benthic (Main, 1957)], then density effects, if the female was to oviposit 

in one of the smaller ponds, would reduce the amount of food available per offspring 

in these crowded ponds. Therefore offspring may encounter high or low food 

conditions, and in the smallest ponds tadpoles may even experience a total lack of 

food. If a female produces small eggs and happens to oviposit in a large (food 

available) pond, this would result in a higher maternal fitness value. However, if she 

happened to oviposit these eggs in a small (low or no food available) pond, this 

would then result in a lower maternal fitness value (Figure 3a). The reciprocal 

maternal fitness values would result if the female produced large eggs (Figure 3a). It 

is unlikely that C. georgiana females choose ponds, rather they choose males (Smith 

& Roberts, 2003), and in many cases females are intercepted by sneak or satellite 

males (Byrne, 2004; Byrne & Roberts, 2004) eliminating the opportunity of mating 

with a particular male and thus ovipositing in a particular pond. The opportunity for 

male choice of calling site based on pond quality (Howard, 1978) may exist but this 

interaction would be complex involving the male attracting a female that is carrying 

the right sized eggs for the pond he is calling from. Data on oxygen tension at 
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oviposition sites suggest egg deposition is not driven by site quality (Byrne & 

Roberts, 1999; Seymour et al., 2000). More likely is the possibility that larvae may 

disperse into nearby ponds that are appropriate for their size. This is possible during 

periods of high rainfall when ponds become connected by a large amount of surface 

water (M. Dziminski, pers. obs.). This spatial heterogeneity in the quality of the 

offspring environment coupled with density effects and the opportunity for offspring 

to disperse into appropriate habitats creates the requirements for the selection of 

variable maternal investment between clutches (McGinley et al., 1987).  

As well as being spatially variable in quality, the ponds C. georgiana use for 

reproduction can vary temporally in quality within the breeding season. These ponds 

can dry and fill several times within the breeding season and the length of time a 

pond contains water can vary unpredictably from persisting only a few days to 

persisting the entire breeding season (Seymour et al., 2000; Doughty & Roberts, 

2003; M. Dziminski, unpub. data). To escape desiccation larvae must 

metamorphose. Production of large eggs results in the highest maternal fitness in the 

shorter duration ponds regardless of whether food is available (Figure 3b). When 

food is available, production of large eggs results in the highest maternal fitness in 

shorter duration ponds (poor offspring environment) because offspring from small 

eggs cannot metamorphose in time and perish (Figure 3b). In the longer duration 

ponds (good offspring environment) the production of small eggs results in the 

highest maternal fitness (Figure 3b). The mixed strategy has intermediate maternal 

fitness to the small and large strategy, but has the benefit of ensuring some offspring 

surviving in the shorter duration ponds (Figure 3b): a form of bet-hedging (Crump, 
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1981; Philippi & Seger, 1989). Within-season temporal variation in the quality of the 

offspring environment is thought to lead to selection for variation in offspring size if 

parents can assess prevailing conditions and produce offspring of the appropriate 

size (McGinley et al., 1987). However, it is unlikely that C. georgiana females 

would assess the quality of the offspring environment taking into account factors 

noted above plus 1) the high spatial variation in the quality of ponds in terms of food 

resources, 2) the temporal within-season variation in pond persistence and the 

unpredictability of this variation, for example the pond may persist, or dry early 

depending on the future weather conditions, and, 3) the interaction of 2) above and 

spatial variation in the temporal within-season variation of ponds. This complex set 

of interactions, that can be additive or cumulative, coupled with unpredictability 

may create the condition where selection favours a bet-hedging strategy such as 

producing mixed egg sizes within a clutch (Figure 3b). This relationship though, 

would depend intrinsically on the proportion of energy invested into small and large 

offspring, the frequency of good offspring conditions, and the magnitude of the 

difference in the quality of the offspring environments, spatially and temporally 

(McGinley et al., 1987; Einum & Fleming, 2004). As the data are for eggs collected 

from individuals in the wild, variation within and among females may also be 

induced or partly induced by the environment (Reznick & Yang, 1993; Einum & 

Fleming, 2004) rather than present adaptive strategies. Long-term laboratory studies, 

although difficult with amphibians, would test this. Regardless of the actual trigger 

causing variation in egg size, the fact that there are such strong potential fitness 

consequences means that variation both within and between clutches would be 
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selected for or against, depending upon the environment. In insects, selection on 

offspring by the environment has been shown to lead to differences in maternal 

provisioning strategies (Fox & Mousseau, 1996; Fox et al., 2001; Kudo, 2001). 

My example of the variable strategy involved using half the available energy for 

small eggs, half for large eggs. Although such extreme discrete bimodal distributions 

of egg sizes did not occur in natural clutches (Figure 1a), rather more platykurtic 

distributions, my theoretical example is still a representative estimate of an alternate 

provisioning strategy. These more platykurtic allocation strategies would result in 

different maternal fitness values. These fitness values, however, would still lie in 

between the upper and lower bounds of producing just large or just small eggs 

(Figure 3b). The resulting curves adjoining these strategies in the two different 

environments would vary in slope or position between the upper and lower bounds 

as a result of different values of maternal fitness. To measure the exact maternal 

fitness of these strategies would require measuring fitness of offspring from a range 

of egg sizes between these upper and lower bounds. Then, using this relationship, 

the calculation of the fitness of every offspring in the clutch and thus exact maternal 

fitness would be possible.  

In this study I have shown that offspring provisioning is independent of female size 

or other clutch parameters and variation in offspring size within clutches is also 

independent. A trade-off occurred between offspring size and number. Maternal 

provisioning has strong influences on size at metamorphosis and the length of the 

larval period as well as survival to metamorphosis. This translates to strong 

influences on offspring fitness and thus maternal fitness. Under the spatially and 
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temporally variable and unpredictable offspring environment that this species uses, 

the conditions that select for the evolution of variable maternal provisioning both 

between and within clutches can exist. Since there are positive consequences of 

alternative offspring provisioning strategies under combinations of these conditions, 

the high variation in maternal provisioning both within and between clutches in this 

species is very likely to be an evolved response to the offspring environment. 
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Table 1. Means and standard deviations of egg sizes (mm3) 

used in experiments. 

 Egg size category 

Source of variation Large Small 

Interclutch 6.63 (1.12) 4.49 (0.54) 

Intraclutch 8.46 (3.56) 4.70 (1.66) 

 



 

Table 2a, b. ANOVA of a) size at metamorphosis and b) length of larval 

period 

Source df MS F P 

a. Size at metamorphosis 

Egg size (E) 1 507.938 125.844 <0.01 

Food level (F) 1 1,499.395 306.901 <0.01 

Night (N) 2 12.125 1.532 NS 

E x F 1 78.784 78.232 <0.05 

E x N 2 4.025 4.080 NS 

F x N 2 4.877 4.943 NS 

E x F x N 2 0.987 0.126 NS 

Error 50 7.815   

Total 61*    

b. Length of larval period 

Egg size (E) 1 454.831 69.886 <0.05 

Food level (F) 1 70.196 18.661 <0.05 

Night (N) 2 1.720 0.688 NS 

E x F 1 21.323 2.750 NS 

E x N 2 6.547 0.838 NS 

F x N 2 3.764 0.482 NS 

E x F x N 2 7.810 2.204 NS 

Error 55 3.543   

Total 66*    

*Total df are different because some offspring died between 

metamorphosis and weighing later that day, these five were excluded from 

the size at metamorphosis analysis. 



Source df MS F P 

Egg size (E) 1 1,093.943 6.449 

 

 

Table 3. ANOVA of survival larval of proportionarcsine in degrees 

NS 

Food level (F) 1 2,004.934 57.080 <0.05 

Night (N) 2 53.168 0.345 NS 

E x F 1 3,189.784 62.869 <0.05 

E x N 2 169.624 3.343 NS 

F x N 2 35.125 0.692 NS 

E x F x N (error) 2 50.737   

Total 11    
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Figure 1. a. Variation in yolk volume between and within clutches. Bars represent 

the interquartile range divided by the mean. b. The relationship between female size 

and egg number. c. The relationship between female size and total yolk volume 

output. d. The relationship between total yolk volume output and egg number. e. The 

relationship between egg number and total yolk volume output controlled for female 

size. Residuals from multiple regressions of egg number with female size and total 

yolk volume output, with female size are plotted. f. The trade-off between egg size 

and number. Residuals from multiple regressions of egg number with female size 

and total yolk volume output, and mean yolk volume with female size and total yolk 

volume output are plotted. 
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Figure 2. a. Least squares mean size at metamorphosis of all treatments. b. Least 

squares mean length of larval period of all treatments. c. Least squares mean 

survival to metamorphosis of all treatments. d. Mean size at metamorphosis of 

offspring from small and large eggs from within clutches. e. Mean length of larval 

period of offspring from small and large eggs from within clutches. All bars 

represent ± 1 standard error. See Tables 2 a and b, Table 3 and text for statistical 

analyses.

 



 

 



Figure 3. a. Maternal fitness of two possible offspring provisioning strategies for C. 

georgiana in two offspring environments. Lines adjoin equivalent offspring 

provisioning strategies: Dashed line = large eggs, solid line = small eggs. b. 

Maternal fitness of three possible offspring provisioning strategies for C. georgiana 

in two offspring environments. Lines adjoin equivalent offspring provisioning 

strategies: Dashed line = large eggs, solid line = small eggs, dotted line = mixed egg 

size strategy (half of the energy available used for large eggs, and the other half for 

small eggs). All bars represent ± 1 standard error. See text for calculation of the 

maternal fitness index. 

 



CHAPTER 4 

DIRECT PARENTAL FITNESS CONSEQUENCES OF VARIABLE 

OFFSPRING PROVISIONING IN THE FIELD: LARGE, SMALL OR 

MIXED SIZED EGGS? 



 

Abstract 

Variation in the quality of the offspring environment can lead to the evolution of 

variable offspring provisioning. For variable offspring provisioning to evolve, the 

magnitude of provisioning per offspring must have effects on both offspring and 

parental fitness. Females of the quacking frog, Crinia georgiana, produce clutches 

of eggs in which egg size varies between individuals in the population and also 

within clutches, both independent of female phenotype. Using microsatellite markers 

to trace offspring to parents, and therefore offspring provisioning strategy, I tested 

the performance of tadpoles from clutches of large, small and variable sized eggs in 

the field in natural ponds. Clutches of large eggs resulted in the highest parental 

fitness. Higher mortality and smaller size of offspring from clutches of small eggs 

resulted in a low parental fitness value. The resulting parental fitness curve did not 

peak and decline with increased offspring provisioning indicating that conditions in 

these ponds were harsh. Clutches of small eggs generate the highest parental fitness 

when the offspring environment is high quality. Variable egg size clutches had 

intermediate parental fitness but may be of benefit as a bet-hedging strategy when 

the above alternative conditions are unpredictable. This study provides evidence that 

producing clutches of large, small and variable sized eggs can be maintained in the 

population in response to the offspring environment. 



 

Introduction 

Theoretical models predict that in a constant offspring environment, a fixed optimal 

amount of provisioning per offspring should evolve, assuming offspring fitness 

increases monotonically with size, and a trade-off for parents in offspring size and 

number exists (Smith & Fretwell, 1974; Lloyd, 1987; Winkler & Wallin, 1987). This 

optimal offspring size does not necessarily result in maximum offspring fitness but 

rather maximises reproductive success or efficiency: parental fitness. Variation in 

the quality of the offspring environment can result in alterations to the relationship 

between offspring size and fitness: the offspring fitness curve. Because of this 

variation, different fitness curves and resulting fitness functions can exist. Since 

parental fitness is based on these offspring fitness functions (Smith & Fretwell, 

1974) multiple offspring size optima can exist if there is variation in the quality of 

the offspring environment (Kaplan & Cooper, 1984; McGinley et al., 1987). 

Variation in the quality of the offspring environment may lead to variation in mean 

offspring size between individuals in a population. Alternatively a bet-hedging 

strategy of producing variable-sized offspring in a clutch may evolve under certain 

conditions: for example, temporal variation in the quality of the offspring 

environment (Capinera, 1979; Crump, 1981; McGinley et al., 1987 Chapter 2). 

The amount of provisioning that an offspring receives can be critical to the fitness 

and survival of offspring (eg Crump, 1984; Parichy & Kaplan, 1992; Einum & 

Fleming, 2000a; Einum & Fleming, 2000b; Walker et al., 2003; Chapter 3 - 



Dziminski & Roberts, 2005). The consequences of the amount of provisioning on 

offspring fitness can be crucial in organisms that have a larval stage that occurs in 

complex, heterogeneous environments (Fox & Mousseau, 1996;  fish: Einum & 

Fleming, 1999; Einum & Fleming, 2000b; eg molluscs: Moran & Emlet, 2001;  

insects: Czesak & Fox, 2003). For anurans breeding in temporary freshwater 

environments, major risks include predation (Woodward, 1983; Werner, 1986; Kats 

et al., 1988; Wilbur, 1988; Kaplan, 1992), competition (Rugh, 1934; Savage, 1952; 

Wilbur & Collins, 1973; Steinwascher, 1978; Morin & Johnson, 1988) and 

desiccation (Crump, 1989;  review in Alford, 1999; Doughty & Roberts, 2003). 

Offspring provisioning may modulate vulnerability to these risks. 

Females of the myobatrachid frog, Crinia georgiana, produce clutches of eggs in 

which yolk volumes vary both within clutches and between females, but this 

variation is independent of female size (Chapter 3 - Dziminski & Roberts, 2005). A 

trade-off in egg size and number also exists (Chapter 3 - Dziminski & Roberts, 

2005). In offspring raised in the laboratory, the amount of yolk strongly affects 

offspring fitness and this translates to strong influences on estimates of parental 

fitness (Chapter 3 - Dziminski & Roberts, 2005). Many studies examining effects of 

offspring provisioning have been carried out under benign laboratory conditions (eg 

Crump, 1984;  review in Reznick, 1991; Dziminski & Alford, 2005; Chapter 3 - 

Dziminski & Roberts, 2005) with effects commonly disappearing later in the larval 

stage (eg Crump, 1984; Tejedo & Reques, 1992;  review in Heath & Blouw, 1998; 

Laugen et al., 2002; Loman, 2002). In the field conditions may be much tougher 

because of density-dependent fitness loss in offspring and predation risks (Chapter 



5; review in Alford, 1999) so a true test of the value of maternal provisioning 

demands a direct field test. Under natural conditions, dynamic features of the 

amphibian larval stage, such as plasticity in larval period and size at metamorphosis 

will be expressed as a response to both the biotic (Wilbur & Collins, 1973; Van 

Buskirk & Relyea, 1998) and physical (Crump, 1989) aspects of the offspring 

environment. I tested the consequences of maternal provisioning on offspring 

fitness, and tested the performance of variable provisioning strategies. To achieve 

this in the field, I used microsatellite markers to trace offspring to parents, and thus 

known maternal investment patterns. 

The objectives of this study were to determine, in natural ponds in the field, 

1) the parental fitness of producing clutches of large, small and variable sized 

eggs,  

2) from the uniform-sized egg clutches, the relationship between offspring size 

and fitness and the relationship between offspring size and parental fitness. 

Crinia georgiana females deposit egg clutches in small ponds at breeding sites and 

up to five egg clutches may be deposited in a single pond resulting in high densities. 

This species provides an opportunity to directly determine and compare the success 

of clutches in the field at natural densities. C. georgiana females produce clutches of 

158 (±55 SE) eggs, enabling the accurate measurement of total egg size and number, 

and thus an accurate measure of total investment and strategy (large, small, variable 

eggs) of the female. Collection of all surviving offspring from natural ponds in the 

field, and matching of offspring to parents, enables the success of these strategies 



and investments to be determined (which have only previously been estimated from 

subsets of offspring reared only under benign or semi-natural conditions; Einum & 

Fleming, 1999; Chapter 3 - Dziminski & Roberts, 2005). 

Methods 

Egg collection and experimental ponds 

Non-amplexed, gravid female C. georgiana were collected together with an equal 

number of calling males from a breeding site in the Darling Ranges, approximately 

50 km southeast of Perth, Western Australia over three nights in June 2002. Each 

night frogs were transported to the laboratory in Perth. Each female together with a 

randomly chosen male was placed in a clear round plastic container (8.5 cm 

diameter x 11 cm) with a lid and 1 cm depth of tap water purified by a reverse 

osmosis filter. Frogs were left in a dark room at 15°C until eggs were deposited. 

Every female amplexed with her assigned male and egg deposition was usually 

complete within 10 minutes. 

Upon completion of egg deposition, the yolk volume of every egg in every clutch 

was measured using methods in Dziminski and Alford (2005). Females were candled 

using a bright light to ensure all ova were deposited then weighed to the nearest mg 

using an electronic balance. No females retained any ova. Thirty-six egg clutches 

were used in the experiment, 12 clutches that had large eggs, 12 clutches that had 

small eggs and 12 clutches that had variable sized eggs. Large egg clutches had a 

larger mean egg size than variable sized and small egg clutches, and small egg 

clutches had a smaller mean egg size than large and variable sized egg clutches 



(Figure 1a). Variable sized egg clutches had a higher coefficient of variation of egg 

size (CV) than both large and small egg clutches, and large and small egg clutches 

both had a low, but similar CV (Figure 1b). A toe clip from both parents of every 

clutch used in the experiment was preserved in 100% ethanol. Egg clutches were 

kept in plastic containers (8.5 cm diameter x 11 cm) and 1 cm depth of purified tap 

water until hatching. All eggs hatched. Groups of three egg clutches (one clutch of 

large eggs, one clutch of small eggs, one clutch of variable eggs) deposited on the 

same night were randomly assigned to a pond. All offspring were put into ponds 12 

h after hatching. 

Natural ponds at a breeding site in the Darling Ranges were enclosed with rigid 40 

cm high aluminium mesh fence (mesh size = 1 mm2) with an inward inverted lip 

before the breeding season. This prevented wild frogs breeding in these ponds and 

the small mesh size prevented metamorphs escaping. C. georgiana are ground frogs 

and adults and metamorphs were never seen climbing the fence. When some larvae 

developed advanced hind limbs, ponds were monitored daily for metamorphs that 

had emerged from the water. Emerged metamorphs were collected and placed in 

rectangular plastic containers (15 x 10 cm, height = 6 cm) with lids, some moss and 

a little pond water, and kept at 15°C until Gosner (1960) stage 46 (complete tail 

resorbtion), which usually took 1 – 2 days. Metamorphs were then blotted dry with a 

cotton towel and weighed to 0.1 mg precision on an electronic balance. The larval 

period was defined as commencing the day of fertilization and ending at Gosner 

(1960) stage 46. All offspring were then preserved in 100% ethanol. Ponds were 

monitored until either all offspring emerged or the pond dried. 



Offspring and adult genotyping 

Genomic DNA was extracted from whole limbs of preserved larvae and adult toe 

clips using the EDNA HISPEXTM tissue kit (Fisher Biotec). Genomic DNA extracts 

were used as templates for amplification of six microsatellite loci (Appendix 3) via 

the polymerase chain reaction (PCR). Each PCR reaction (10 µL total volume) 

contained 1 µL of genomic extract, 0.25  U Taq polymerase (HotStartTaq®, Qiagen), 

1 µL of 10x PCR buffer (Qiagen), 2 µL Q-solution (Qiagen), 0.2 mM dNTPs and 

one group of three multiplexed sets of primers (see Table 1). Forward primers were 

5’-labelled with a fluorescent dye (Table 1). PCR amplifications were performed in 

ABI 9700 (Applied Biosystems) and PTC-200 (MJ Research) thermocyclers under 

the following conditions: 15 min initial activation at 95 ºC; 30 cycles of 1 min at 95 

ºC, 1 min at 55 ºC annealing temperature, and 1 min at 65 ºC. Amplified products 

were diluted (x16) and subjected to capillary electrophoresis on an ABI 3730 DNA 

Analyser (Applied Biosystems). Fragment sizes were determined with the GeneScan 

500 LIZ size standard using GeneMapper version 3.0 (Applied Biosystems). All 

processes were carried out in 96-well plates using a Biomek® 2000 Laboratory 

Automation Workstation (Beckman Coulter).  

Parentage analyses 

Offspring in a pond could only come from three mutually exclusive pairs of parents. 

The computer program PARENTE (Cercueil et al., 2002) was used to assign 

maternity and paternity, simultaneously, to an offspring from the six possible parents 

in a pond. As well as the correct assignment, offspring were occasionally assigned to 



a combination of male and female that were not mated with a very low probability of 

correct allocation. Since such a combination of parents was impossible, these 

assignments were irrelevant and were ignored, resulting in 100 % confidence in 

correct assignment. 

Statistical analyses 

Analysis of variance (ANOVA) was used to compare the effects of clutch type on 

mean size at metamorphosis, the mean length of larval period and survival of 

clutches. Night of egg deposition does not have any effects on offspring fitness 

(Chapter 3 - Dziminski & Roberts, 2005) so was not included in the model. Ponds 

were included in the model as a random, blocking factor. Data were normally 

distributed and the assumption of homogeneity of variance among treatment means 

was satisfied. The proportions of larvae surviving from each clutch type were 

arcsine transformed (Zar, 1999) into degrees before analysis. 

To examine the relationship between offspring size and fitness, the mean masses at 

metamorphosis of offspring from uniform egg size clutches only (small and large 

clutch type treatments) were plotted against the initial mean egg size and a 

logarithmic regression was used to describe this relationship. Since size at 

metamorphosis has been proven to reflect the relative probability to survival and 

reproduction of anuran metamorphs (Altwegg & Reyer, 2003) this relationship is the 

representation of how offspring fitness relates to yolk input (offspring fitness curve). 

Females differ in the amount of energy available to convert to yolk for provisioning 



offspring. Parental fitness efficiency, or fitness return per reproductive effort, of 

each clutch was calculated using the following formula: 

E
bIaM

eW y
p

)ln( +
=  

where eWp is parental fitness, M is total biomass of all offspring at metamorphosis in 

mg, Iy is the mean amount of yolk per offspring (effort per offspring) in mm3, a is 

the slope and b is the intercept of the logarithmic regression described above, and E 

is the total yolk volume (total reproductive effort) produced by the female in mm3. 

The inclusion of the offspring fitness curve equation in the calculation ensures that 

there is a parental fitness difference between producing, for example, one offspring 

of size 1 and two offspring of size 0.5. The ANOVA model described above was 

used to compare the fitness efficiencies of each clutch type. Since the Smith-

Fretwell (1974) fitness set assumes a uniform offspring size distribution within 

clutches, the fitness efficiencies of uniform egg size clutches only (small and large 

clutch treatments) were plotted against the initial mean egg size and a logistic 

regression was used to describe this relationship that is the parental fitness curve 

(Smith & Fretwell, 1974). 

Results 

All 72 parents and 1172 offspring that survived were genotyped, and every offspring 

was successfully assigned parentage. Clutch type had a significant effect on size at 

metamorphosis (Table 2a, Figure 2a), larval period (Table 2b, Figure 2b) and 

survival (Table 2c, Figure 2c). Offspring from clutches of large eggs had higher 



survival, metamorphosed at a larger size and in less time. Variable egg size clutches 

had an intermediate value for each dependent variable except larval period which 

was equal to small egg clutches. There was a positive, curvilinear, monotonic 

relationship between mean egg size and mean offspring size at metamorphosis 

(Figure 3a). There was a significant difference in parental fitness between clutch 

types (Table 2d, Figure 2d). Clutches of large eggs had the highest parental fitness 

and clutches of small eggs had the lowest. There was a positive sigmoid relationship 

between mean egg size and parental fitness (Figure 3b). 

Discussion 

This study provides direct evidence of a causal relationship between offspring 

provisioning strategies and offspring and parental fitness traits in natural conditions 

in the field. This study directly measured the reproductive effort a female invests, 

how this is partitioned, and the success or reproductive return of this strategy by 

accessing all surviving offspring. 

Offspring from clutches of large eggs were larger at metamorphosis, had a shorter 

larval period, and higher survival. Mortality was likely a result of high larval density 

(shown to affect survival in Chapter 5), predation (although no resident predators 

were identified in the experimental ponds) and desiccation due to metamorphosis not 

being completed before the pond dried. Fitness loss due to competition (Chapter 3) 

suggests that offspring from clutches of larger eggs had a competitive advantage and 

that ponds in the field are resource limited. The finding that offspring from larger 

eggs were at an advantage is further reinforced by examining the relationship 



between offspring size and egg size which is positive and increases monotonically 

(Figure 3a). Since size at metamorphosis of anurans directly determines the 

probability to survival and reproduction (Altwegg & Reyer, 2003), this relationship 

can be interpreted as the offspring fitness curve (Smith & Fretwell, 1974). 

In the study ponds, the most economical strategy resulting in the most efficient 

fitness return was for a female to produce clutches of large eggs. The shape of the 

parental fitness curve (Figure 3b) shows that it had not peaked and declined (as in 

Smith & Fretwell, 1974), indicating an optimal egg size has not yet been reached, 

and that this offspring environment is on the harsher quality end of the gradient of 

offspring environments that C. georgiana use for reproduction, and not optimal, as 

in laboratory rearing experiments examining maternal effects where benign 

conditions often do not reduce survival and fitness of offspring from small eggs 

(review in Reznick, 1991). That fact that small egg size clutches persist in the 

population suggests that these must also be an effective strategy in some offspring 

environments experienced by C. georgiana, as may be the case if the offspring 

environment becomes more favourable in quality. 

To compare what would happen if the offspring environment became more 

favourable, I calculated parental fitness assuming offspring from all the clutches in 

my field experiment experienced a high quality, benign environment using the 

equation detailed above in the methods. To simulate these conditions I used data 

from Chapter 3 (Dziminski & Roberts, 2005) on survival and size at metamorphosis 

of offspring from large and small eggs, raised under benign laboratory conditions, 

with adequate food. I calculated M for each clutch used in my field experiment by 



multiplying the number of eggs produced by the mean size at metamorphosis for the 

corresponding clutch size category (large = 23.75; small = 19.81 mg) and survival 

(0.96 for both). I used the slope (a = 10.098) and intercept (b = 4.649) from the 

logistic regression of these offspring sizes and their egg sizes reared in the 

laboratory. The value for E was from each corresponding field experiment clutch. 

These calculations are shown in Figure 4. The mean for the variable sized strategy 

could not be accurately estimated because the distributions of egg sizes are not 

strictly bimodal reflecting the above size categories, but would lie somewhere in 

between the means of the small and large size categories, as represented by the bars, 

because these clutches contain some larger eggs than just the small size category but 

also some smaller eggs than the large egg size category. From my estimates of the 

parental fitness of the clutches used in the field experiment under a benign, higher 

quality offspring environment the relationship between clutch type and parental 

fitness is now inverted (Figure 4). The optimal strategy now becomes the production 

of smaller eggs. This is the result of the trade-off in egg size and number where the 

production of smaller eggs allows the production of more eggs and in a higher 

quality environment results in a greater return per unit of reproductive effort 

expended. The size at metamorphosis of offspring raised in the laboratory might be 

an underestimate as the offspring were not provided food ad libitum (Chapter 3 - 

Dziminski & Roberts, 2005). Access to unlimited food most probably would have 

resulted in more pronounced asymmetry in growth rate between the two size classes, 

where offspring from smaller eggs grow at a faster rate “catching-up” in size to 

offspring from larger eggs, a pattern observed in other laboratory studies (Berven & 



Chadra, 1988; Dziminski & Alford, 2005). This would make the inverse relationship 

observed in Figure 4 more pronounced. 

Do these higher quality conditions of the offspring environment ever occur in the 

field? Data in Chapter 5 show that some ponds in which eggs are deposited in flood 

during periods of heavy rainfall. During the experimental period, rainfall at the 

breeding site was low and no ponds flooded. Consequently some of the experimental 

ponds dried, and remaining offspring desiccated (Table 2). In these ponds the small 

egg size clutches had zero survival and thus zero parental fitness value. When ponds 

flood, offspring are released from the confined, relatively harsh conditions for 

offspring from small eggs by dispersal into surrounding habitat, thus relieving them 

of high, density-dependent fitness loss and allowing access to more resources 

(Chapter 5). This situation provides the conditions under which producing clutches 

of small eggs results in the highest parental fitness as simulated by laboratory studies 

(Chapter 3 - Dziminski & Roberts, 2005). Confirmation of this in the field would 

require the collection of newly metamorphosed offspring from known small clutches 

that had dispersed from flooded ponds. To gain values of parental fitness all 

surviving offspring would need to be accessed (as in this study), a feat that is close 

to impossible due to the substrate complexity of breeding sites (vegetation and leaf 

litter) and minute size of metamorphs of C. georgiana (20 mg metamorph ≈ 7 mm 

snout-vent length). 

In both cases, the field experiment (Figure 2d) and optimal conditions estimated 

from laboratory studies (Figure 4), clutches of variable size eggs had a parental 

fitness intermediate between fitnesses of clutches of large and small eggs. In the 



field experiment, it was not possible to determine the exact size of individual eggs 

that surviving offspring originated from. This would require individual marking of 

offspring at hatching which is again near to impossible with anuran tadpoles 

(Donnelly et al., 1994). Crinia georgiana tadpoles are only 7.0 mm snout to tail 

length at hatching, reaching 20.5 mm before metamorphosis (Main, 1957). The 

advantage of the variable yolk allocation strategy lies in bet-hedging (Philippi & 

Seger, 1989). If the parent is uncertain of the offspring environment, for example if 

the pond will persist, desiccate or flood, then a mixed size strategy would ensure 

survival and some parental fitness return even in poor quality environments. The 

variable strategy gives a higher fitness than producing just small eggs in poor quality 

ponds (Figure 2d), but leads to increased parental fitness in a higher quality 

environment (Figure 4) because  of the trade-off in egg size and number and the 

production of extra, smaller eggs (Capinera, 1979; Crump, 1981; Kaplan & Cooper, 

1984). Theoretically, the maintenance of this strategy depends intrinsically on the 

frequency of good offspring conditions, and the magnitude of the difference in the 

quality of the offspring environments, spatially and temporally (McGinley et al., 

1987). To address this, further fine scale survey of the frequencies of confined, 

flooded and early dying ponds, and their predictabilities, at the breeding sites of C. 

georgiana is required. 

This study found that fitness consequences of offspring provisioning are clearly 

manifest in the larval stage, a stage in the life cycle where mortality is high and 

selection strongest. In natural ponds in the field that did not flood during the 

experimental period clutches of large eggs resulted in the highest parental fitness. 



Using estimates of parental fitness for the clutches used in the field experiment but 

under higher quality, benign conditions as can occur when ponds flood and offspring 

disperse into better quality environments, clutches of smaller eggs resulted in the 

highest parental fitness. The bet-hedging strategy of producing variable sized eggs in 

clutches can be of benefit when the condition of the offspring environment cannot be 

predicted by the parent.  

This study illustrates the critical importance of moving experimental life history 

studies out of the laboratory into the field where realistic selection pressures act on 

developing offspring. This study also illustrates the need for a critical understanding 

of larval environments and how larvae may interact with spatial and temporal 

differences in the offspring environment and disperse amongst habitat patches thus 

influencing the fitness of variable offspring provisioning strategies. 
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Table 1. Multiplexed primer labelling and amounts used. 

Locus Dye Amount per PCR reaction (pmol)

   

Multiplex 1   

Cg2Ca24 Ned 1.0 

Cg3Ca8 Vic 2.5 

Cg2Ca6 6-Fam 2.5 

   

Multiplex 2   

Cg1Ca2 Ned 2.5 

Cg1Ca5 Vic 0.5 

Cg1Ca9 6-Fam 10.0 

 



 

Table 2a, b, c, d. ANOVA of a) size at metamorphosis, b) length of larval 

period, c) survival and d) parental fitness. 

Source df MS F P 

     

a. Mass at metamorphosis     

Pond 11 5.361   

Clutch type 2 72.393 26.865 <0.001 

Residual 17* 2.695   

     

b. Larval period     

Pond 11 158.172   

Clutch type 2 311.301 8.050 <0.01 

Residual 17* 38.670   

     

c. Survival     

Pond 11 674.914   

Clutch type 2 2559.819 14.820 <0.001 

Residual 22 172.728   

     

d. Parental fitness     

Pond 11 109.045   

Clutch type 2 630.735 13.618 <0.001 

Residual 22 46.315   

*Four small egg clutches and one variable egg sized clutch had zero survival, 

therefore df = 17. 

 



3.5

4

4.5

5

5.5

6

6.5

7

7.5

Small eggs Variable sized
eggs

Large eggs

Clutch type

Yo
lk

 v
ol

um
e 

(m
m

3 )

0.05

0.06

0.07

0.08

0.09

0.1

0.11

Small eggs Variable sized
eggs

Large eggs

Clutch type

C
V 

yo
lk

 v
ol

um
e

 

a 

b 



Figure 1. a. Mean yolk volume of clutches of large, variable sized and small eggs 

used in the experiment. One-way ANOVA revealed a significant difference in yolk 

volume between the three clutch types (F2,33 = 16.603, P < 0.001), LSD tests 

revealed that large egg clutches had a significantly larger mean egg size than 

variable sized (P <0.001) and small (P < 0.001) egg clutches. Variable sized egg 

clutches had a significantly smaller mean egg size than large egg clutches (P < 

0.001) and a significantly larger mean egg size than small egg clutches (P < 0.01). b. 

Mean CV of clutches of large, variable sized and small eggs used in the experiment. 

One-way ANOVA revealed a significant difference in yolk volume between the 

three clutch types (F2,33 = 8.379, P < 0.01), LSD tests revealed that variable sized 

egg clutches had a higher CV than large (P < 0.01) and small (P < 0.01) egg clutches 

but the CV of large and small egg clutches was not significantly different (P = 

0.711). All bars represent ± 1 standard error. 
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Figure 2. a. Least squares (LS) mean size at metamorphosis of offspring from the 

three clutch types. Offspring from large egg clutches were significantly larger than 

offspring from variable sized (P <0.001) and small (P < 0.001) egg clutches. The 

mean difference in size at metamorphosis between variable sized and small egg 

clutches just exceeded the α = 0.05 level (P = 0.088). b. LS mean length of larval 

period of offspring from the three clutch types. Offspring from large egg clutches 

had a significantly shorter larval period than offspring from variable sized (P <0.01) 

and small (P < 0.01) egg clutches. c. LS mean proportion of larval survival of 

offspring from the three clutch types. Offspring from large egg clutches had 

significantly higher survival than offspring from variable sized (P <0.01) and small 

(P < 0.01) egg clutches. The LSD test did not detect a significant difference in size 

at metamorphosis of offspring from variable sized and small egg clutches (P = 

0.088). The mean difference in survival between variable sized and small egg 

clutches just exceeded the α = 0.05 level (P = 0.061). d. LS mean parental fitness 

efficiency (see text for calculations) of the three clutch types. Large egg clutches had 

a significantly higher parental fitness efficiency than variable sized (P <0.01) and 

small (P < 0.001) egg clutches. Post-hoc tests were all LSD. All bars represent ± 1 

standard error. 
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Figure 3. a. The offspring fitness curve. Logarithmic regression: F1,18 = 63.04, P < 

0.001. b. The parental fitness curve. Logistic regression: F1,18 = 75.22, P < 0.001. 

See text for calculation of eWp. 
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Figure 4. Mean parental fitness efficiency of the three clutch types under benign 

laboratory conditions. Calculated from data from Chapter 3 (Dziminski & Roberts, 

(2005). Bars for small and large eggs represent ± 1 standard error, bars for variable 

sized eggs represent the range in which the mean would exist. 



CHAPTER 5 

CONDITIONS THAT SELECT FOR VARIATION IN MATERNAL 

PROVISIONING: DENSITY-DEPENDENT FITNESS LOSS, 

SPATIAL VARIATION IN THE OFFSPRING ENVIRONMENT 

AND OFFSPRING DISPERSAL IN A SPECIES WITH HIGH 

VARIATION IN MATERNAL PROVISIONING 
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Abstract 

It has been theoretically shown that spatial variation in the quality of the 

offspring environment, coupled with density-dependent offspring fitness loss, 

and non-random offspring dispersal can select for between-clutch variation in 

offspring provisioning. I determined whether these conditions exist in the 

offspring environment of Crinia georgiana, an anuran species that has high 

variation in maternal provisioning between clutches which results in strong 

fitness consequences. There was high spatial variation in the available size, as 

well as in the biotic composition, of the aquatic habitats that offspring use, most 

importantly in the densities of conspecifics. Intraspecific competition resulted in 

decreased offspring fitness and survival. If ponds with offspring flooded, then 

offspring dispersed into better quality habitats decreasing densities 

approximately one thousandfold. Spatial variation in the quality of the offspring 

environment exists, density-dependent fitness loss of offspring occurs, and if 

given the opportunity, offspring disperse into more appropriate habitats. The 

conditions that theory predicts to select for between-clutch variation in offspring 

provisioning exist in the offspring environment of C. georgiana. This provides 

evidence that between-clutch variation in maternal provisioning in C. georgiana 

is likely to have evolved in response to the offspring environment. 

Introduction 

If there is a trade-off in offspring size and number, and offspring fitness increases 

with offspring size, theoretical models predict that parents will maximise fitness 

by producing offspring of a single size, optimal to the local, invariant 
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environmental conditions (eg Smith & Fretwell, 1974; Winkler & Wallin, 1987). 

When there is variation in the quality of the offspring environment, variation in 

offspring size might evolve as an alternative provisioning strategy under some 

conditions (Kaplan & Cooper, 1984; McGinley et al., 1987). The complex 

combination of: 

a) spatial variation in the quality of the offspring environment, coupled with 

b) density dependent fitness loss in offspring, and 

c) non-random offspring dispersal, 

can select for variation in offspring size between clutches (McGinley et al., 

1987). This is because spatial variation in the offspring environment creates 

opportunities for differently provisioned offspring to maximise parental fitness if 

non-random offspring dispersal occurs. If there is no density-dependent fitness 

loss in offspring, then the most successful strategy would then be the production 

of all small offspring and direction into the best quality habitat. However, if 

density-dependent fitness loss occurs, then better quality habitats consequently 

decline in quality (McGinley et al., 1987). Offspring dispersal to an appropriate 

habitat for its size-class can counteract this. The right-sized offspring can be 

directed to the appropriate habitat by parents (Fox & Mousseau, 1996; Kudo, 

2001) or can disperse on their own (McGinley et al., 1987). This situation creates 

the opportunity to maximise parental fitness by producing clutches of different 

sized offspring. 

Interclutch variation in offspring provisioning occurs commonly in Crinia 

georgiana, which breeds in a variable environment (Seymour et al., 2000; 
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Doughty & Roberts, 2003; Dziminski & Roberts, 2005, Chapter 3), and 

preliminary observations suggest offspring may disperse to more suitable 

habitats consistent with the predictions of these models (Dziminski & Roberts, 

2005). 

Even though C. georgiana offspring have a high initial energy reserve in the 

form of an extremely large yolk when compared to other anuran species with 

aquatic larvae (see Main, 1957; Tyler, 1994; Anstis, 2002; Dziminski & Roberts, 

2005), and can survive to metamorphosis without feeding if from a large egg 

(Dziminski & Roberts, 2005), feeding during the larval stage increases fitness 

which is critical to survival if from a small egg (Dziminski & Roberts, 2005). 

Therefore competition for food resources between conspecifics may occur. 

Reduced fitness from intraspecific competition in amphibians that have obligate-

feeding, aquatic larvae is common (review in Alford, 1999). Thus I expected 

there to be strong negative fitness consequences when C. georgiana offspring 

experience high density. 

Secondly, since high variation in offspring provisioning between clutches has 

strong fitness consequences and is common in C. georgiana (Dziminski & 

Roberts, 2005), and theory predicts that spatial variation in the quality of the 

offspring environment is one of the necessary conditions under which between-

clutch variation in offspring size can be selected for (McGinley et al., 1987), I 

expected there to be high spatial variation in the offspring environment of C. 

georgiana. 

Lastly, the third prediction for between-clutch variation in offspring size to be a 

strategy that increases parental fitness is that non-random offspring dispersal 
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should occur (McGinley et al., 1987). Aquatic amphibian larvae have been 

shown to be able to select specific habitats within ponds (Heyer, 1976; Alford & 

Crump, 1982; Alford, 1986; Diaz-Paniagua, 1987), therefore, if the opportunity 

occurs, such as a flooding event, then I expected offspring to be able to disperse 

from ponds to more favourable surrounding habitat, analogous to habitats within 

commonly studied fixed ponds, thereby reducing negative density-dependent 

effects on fitness. 

Specifically, the aims of this study were to determine if: 

1) intraspecific competition between C. georgiana offspring occurs and has 

important consequences for offspring fitness; 

2) there is spatial variation in the quality of the offspring environment as 

measured by spatial biotic complexity and the available submerged area 

of these habitats that C. georgiana offspring are found in, and, 

3) if 1) and 2) above occur, then if given the opportunity, can offspring 

disperse between habitats to reduce density dependent fitness loss? 

C. georgiana provides a model system to empirically test the predictions 

proposed by McGinley et al (1987). Egg clutches are deposited in ponds at 

breeding sites. Some ponds flood while others do not. In confined ponds, 

offspring may experience high density and if competition is important, then 

density-dependent fitness loss may occur. In ponds that flood, offspring have the 

opportunity to disperse into more favourable habitat – for example, surrounding 

submerged areas that have more resources available. 

Methods 
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Intraspecific competition 

Non-amplexed, gravid C. georgiana females were collected together with an 

equal number of calling males from a breeding site in the Darling Ranges, 

approximately 50 km southeast of Perth, Western Australia on the night of 29th 

June 2002. Frogs were transported to the laboratory in Perth. Each female 

together with a randomly chosen male was placed in a clear round plastic 

container (8.5 cm diameter × 11 cm) with a lid and 1 cm depth of tap water 

purified by a reverse osmosis filter. Frogs were left in a dark room at 15°C until 

eggs were deposited. Every female amplexed with her assigned male and egg 

deposition was usually complete within 10 minutes. 

C. georgiana have high variation in egg size both between and within clutches 

(Dziminski & Roberts, 2005). The egg clutches of seven females that had, by 

visual examination, low variation in egg size within clutches and an intermediate 

mean egg size in comparison to the other clutches were selected for the 

experiment. Any remaining between-clutch egg size effects and parentage effects 

are controlled for by the paired experimental design. Four randomly selected 

eggs from each clutch were assigned as the low-density treatment and another 40 

randomly selected eggs from each clutch were assigned as the high-density 

treatment. The groups of eggs were kept in plastic containers (8.5 cm diameter × 

11 cm) and 1 cm depth of purified tap water until hatching. All eggs hatched. 

Treatment groups of hatchlings were then randomly assigned to artificial ponds. 

Artificial ponds were round plastic containers (15 cm diameter × 9 cm) and were 

prepared 10 days before hatchlings were introduced. A layer of substrate 

collected from natural ponds in the field was added into each container. This 
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consisted of soil, leaf litter, moss, live vegetation (tiny grasses and macrophytes) 

and organic detritus. This formed the benthic layer. Tap water purified by a 

reverse osmosis filter was added to a depth of 3 cm above the substrate. This top 

layer of water was changed every five days to simulate natural turnover of water 

by subterranean flow through the substrate and rainfall. Each experimental unit 

(tadpoles in an artificial pond) was assigned a random position on one bench in a 

controlled temperature room at 15°C with a 12/12 hr light/dark photoperiod 

provided by fluorescent overhead lighting. Grow lights (Sylvania® Grolux) 

provided additional UV light for 3 h centred on midday. These artificial ponds 

simulated natural ponds that C. georgiana use for reproduction in size, resources 

and productivity. The densities of the treatments were 226 tadpoles / m2 for the 

low-density treatment (4 tadpoles / pond) and 2264 tadpoles / m2 for the high-

density treatment (40 tadpoles / pond). These values are within the natural range 

of densities encountered in the field (see results of field sampling section below). 

Artificial ponds were searched daily and juveniles were collected at 

metamorphosis, which was defined as Gosner (1960) stage 46 (complete tail 

resorbtion), as this is the stage most offspring emerge from ponds in the field (M. 

Dziminski, pers obs.). Metamorphs were blotted dry with a cotton towel and 

weighed to 0.1 mg precision on an electronic balance. 

The dependent variables were size at metamorphosis and survival to 

metamorphosis. A paired-samples t-test was used to compare the effects of 

density on both size at metamorphosis and survival. The proportion of larvae 

surviving in each treatment was arcsine transformed (Zar, 1999) into degrees 

before analysis. 
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Spatial variation in the offspring environment and offspring dispersal 

Four distinct habitat types were identified at breeding sites (Figure 1). Breeding 

activity and egg deposition occurs in ponds and occasionally eggs are deposited 

in the minor seep areas. Four breeding sites in the Darling Ranges were sampled 

fortnightly, over the entire breeding season, from the first egg deposition episode 

until the breeding sites contained no free standing water. Each habitat was 

quantitatively sampled for larvae of C. georgiana, larvae of other frog species 

and macroinvertebrates. First and second order streams below the breeding ponds 

and seepage areas were also sampled. Fish and invertebrate predators are 

abundant in the lower sections of second order streams (M. Dziminski, pers obs.) 

and downstream in a large water catchment reservoir. These areas were not 

sampled since any C. georgiana larvae flushed into these systems are unlikely to 

survive. 

A combination of sampling methods was used. Ponds were sampled by direct 

counts of larvae or by sub-sampling with quadrats if there were too many to 

count (> 50 tadpoles). Seep areas were sampled with fixed length dipnet sweeps 

(minor seeps: net aperture = 7 × 5.5 cm, mesh aperture = 1.5 mm; major seeps: 

net aperture = 12 × 9.5 mm, mesh aperture = 1.5 mm). Streams were sampled by 

continually dipnetting 2 m2 areas for 30 seconds (D-shape net aperture area = 

1520 cm2, mesh aperture = 1 mm). For detailed descriptions of these procedures 

see Shaffer et al (1994). The mesh size ensured recently hatched tadpoles were 

sampled. The area of every sampled habitat was measured and the water depth 

recorded at every sampling time interval. Since C. georgiana tadpoles are 

benthic (Main, 1957) and all habitats in which C. georgiana tadpoles were found 
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were shallow (range = 0.2 – 5.0 cm), the surface area of submerged habitat was 

used for density calculations rather than water volume, which is commonly used 

in the study of the ecology of larval amphibians. Total numbers of individuals 

and densities were calculated for every sampled habitat (see Shaffer et al., 1994). 

All tadpoles and macroinvertebrates captured in sweeps were identified and 

counted. 

A repeated measures analysis of variance (ANOVA) was used to compare the 

dependent variables of numbers and densities of C. georgiana offspring, 

densities of predators, interspecific tadpole competitors and interphyletic 

competitors in each habitat over time. The fixed factor was habitat and consisted 

of seven categories: ponds, flooded ponds, minor seeps, major seeps, 1st order 

streams and 2nd order streams (Figure 1). The repeated measure was time: six 

fortnightly periods during the breeding season from the first egg deposition 

episode to the last record of any tadpoles. On fortnight seven all offspring had 

metamorphosed or desiccated and the breeding habitats contained no 

freestanding water. Since only one C. georgiana tadpole was found once in a 

stream, the two stream habitats were excluded from the analysis of C. georgiana 

densities. Confined ponds never contained any predators or competitors, so this 

habitat was excluded from the analysis of predator and competitor densities. All 

data were log transformed. Data did not satisfy sphericity assumptions 

(Mauchly’s test of sphericity), therefore the multivariate approach to the 

ANOVA was used. All analyses were performed using SPSS statistical software 

(Version 12.0.1). 

Results 
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Intraspecific competition 

Intraspecific density had a significant effect on the size at metamorphosis of 

offspring (t6 = 16.591, p < 0.001). Offspring experiencing a higher density during 

the larval period metamorphosed at a significantly smaller size (Figure 2a). 

Density also had a significant effect on survival to metamorphosis (t6 = 3.485, p 

< 0.05). Significantly higher mortality occurred when offspring were at a higher 

density during the larval period (Figure 2b). 

Spatial variation in the offspring environment 

C. georgiana tadpoles were abundant in all ponds, minor seeps and major seeps 

(Figure 3a). Only one C. georgiana tadpole was ever found in a stream. The 

available submerged area of the three habitats that C. georgiana tadpoles were 

found in differed significantly, and there was also a significant effect of time on 

area (Table 1). Major seeps had the most, and ponds had the least inundated area 

available (Figure 3b). Available inundated area increased at the beginning of the 

breeding season and decreased towards the end (Figure 3b). 

In the areas sampled, interspecific tadpole competitors were larvae of four other 

frog species. Predators included freshwater crayfish and adults and larvae of 

dytiscid beetles, and interphyletic competitors included caddis fly larvae, 

freshwater isopods and hydrophylid beetles. A list of all predator, interspecific 

tadpole competitor and interphyletic competitor species is included in Appendix 

4. 

There was a significant habitat × time interaction in densities of predators (Table 

1). No predators were found in any ponds (Figure 3c). There were low densities 
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of predators in major seeps (Figure 3c). Highest predator densities occurred in 

streams and there was an increase in predator densities in streams towards the 

end of the season (Figure 3c). 

Using a less conservative test statistic (see footnote Table 1) yields a significant 

interaction of habitat × time in densities of interspecific tadpole competitors 

(Table 1). There were higher densities of Heleioporus inornatus tadpoles in 

major and minor seeps earlier in the breeding season. Using a conservative test 

yields only a significant time effect (Table 1) with interspecific tadpole densities 

decreasing over time in all habitats (Figure 3d). 

There was a significant habitat × time interaction in densities of interphyletic 

competitors (Table 1). No interphyletic competitors were found in any ponds 

(Figure 3e). Densities were highest in 1st order streams and increased then 

decreased towards the end of the season in both stream types (Figure 3e). 

Offspring dispersal 

There was a significant habitat × time interaction in numbers of C. georgiana 

tadpoles (Table 1). Numbers of tadpoles in ponds decreased, then increased and 

then decreased towards the end of the season (Figure 3a). Numbers of tadpoles in 

flooded ponds decreased at an initially high rate then continued decreasing 

towards the end of the season (Figure 3a). Numbers of tadpoles in seeps 

increased at the beginning of the season and decreased towards the end of the 

season (Figure 3a). There were significantly higher numbers of tadpoles in major 

seeps throughout the season (Figure 3a). Highest tadpole numbers were in 

confined ponds and major seeps (Figure 3a). 
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There was a significant habitat × time interaction in densities of C. georgiana 

tadpoles (Table 1). In ponds, densities decreased, then increased but stayed high, 

and then decreased towards the end of the season (Figure 3f). Densities 

continually decreased in flooded ponds (Figure 3f). In seeps, densities increased 

and then decreased towards the end of the season but stayed low (Figure 3f). 

Densities were highest in ponds and lowest in major seeps (Figure 3f). Densities 

of conspecifics were magnitudes higher than both interspecific tadpole and 

interphyletic competitors (compare Figures 3d, e and f). 

Discussion 

Intraspecific competition 

Despite a comparatively large yolk in the egg (Main, 1957; Tyler, 1994; 

Dziminski & Roberts, 2005) and the ability to complete metamosphosis without 

feeding if from a large egg (Dziminski & Roberts, 2005), competition between 

conspecifics at high density resulted in decreased size at metamorphosis and 

lower survival. Size at metamorphosis of anurans is a critical factor determining 

fitness in the adult stage (Altwegg & Reyer, 2003). Thus the density of 

conspecifics has a significant effect on fitness of offspring and increased 

densities of offspring result in density-dependent fitness loss in C. georgiana 

offspring. This satisfies the first of the predictions under which between-clutch 

variation in offspring size can be a parental fitness-optimising strategy 

(McGinley et al., 1987). 

Spatial variation in the offspring environment 
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C. georgiana offspring were found in ponds, minor seep areas near ponds and in 

large major seep areas at the breeding sites which all vary in area of available 

submerged habitat  (Figure 1 and 3b). This represents spatial complexity and 

variation in the available habitats at breeding sites and given that all eggs are 

deposited in ponds is direct evidence that offspring make use of available 

alternative habitat. Larger submerged areas contain more available resources. 

The major seep areas are in full sunlight, with higher daytime temperatures and 

thus most probably higher primary productivity (GarciaMendoza & Maske, 

1996; Petersen et al., 1997; Lopez-Archilla et al., 2004), features of larval anuran 

environments that result in growth and development advantages to larvae (review 

in Alford, 1999). 

C. georgiana offspring were not present in streams. The body-form and 

morphology of C. georgiana tadpoles does not correspond to a stream dwelling 

form and suggests an adaptation for shallow habitats (Main, 1957; Anstis, 2002). 

Predator densities are higher in streams (Figure 3c) so flow and predation most 

probably limits survival in streams. Densities of predators and competitors also 

varied spatially: predator densities were higher in seeps and at times during the 

breeding season, seeps differentially contained higher densities of both 

interspesific tadpole and interphyletic competitors. However densities of both 

predators and interspecific competitors were magnitudes lower than conspecifics 

and much lower than observed in other studies (see review in Alford, 1999), and 

it remains questionable whether these have major ecological impacts on C. 

georgiana offspring. 

Offspring dispersal 
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Decreases in offspring numbers towards the end of the season are due to 

metamorphosis and desiccation of offspring (both observed). Confined ponds had 

both high numbers and densities throughout the season and increases are due to 

egg input during breeding peaks. Decreases in confined ponds are also attributed 

to mortality due to high density as shown in the artificial pond experiment. 

In ponds that flooded during rainfall events, offspring were able to disperse 

reducing densities in these ponds. Offspring dispersed into surrounding minor 

and major seep habitats. Major seeps had the highest total numbers of offspring 

but the lowest densities. This pattern of offspring dispersal and density reduction 

allows tadpoles to escape the consequences of high fitness loss due to density-

dependent effects in a confined pond (cf. artificial pond experiment). Similar to 

previous studies where anuran larvae select habitats within ponds (eg Heyer, 

1976; Alford & Crump, 1982; Alford, 1986; Diaz-Paniagua, 1987), C. georgiana 

larvae, if provided the opportunity, can escape the confines of a high density 

pond with negative effects on fitness and survival, and disperse into better 

quality surrounding habitat increasing their fitness and odds of survival. 

This study clearly identifies two conditions in a gradient of offspring habitat 

quality caused by both negative density-dependent effects of conspecific 

offspring, as well as other spatial complexities in the offspring environment. In 

this species that has high variation in offspring provisioning (Dziminski & 

Roberts, 2005), the fact that offspring can disperse to better quality habitats gives 

support to the theory that variation in maternal provisioning between clutches 

can be an adaptation to spatial variation in the quality of the offspring 

environment (McGinley et al., 1987). From parental fitness estimates of 
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laboratory raised offspring (Dziminski & Roberts, 2005), clutches of large 

offspring would result in the highest parental fitness in the confined ponds. When 

offspring experience the condition that allows dispersal, then clutches of more 

numerous small offspring would maximise parental fitness. Therefore the 

conditions exist for both strategies as well as a gradient in between, to be 

maintained in the population. From this study it was not possible to distinguish 

between larvae from different maternal provisioning strategies. Marking anuran 

larvae is very difficult and usually unreliable (Donnelly et al., 1994) especially 

for small larvae such as C. georgiana but could be done using molecular markers 

(Chapter 4). This study does demonstrate that the conditions under which 

variation in offspring provisioning can evolve exist in the reproductive cycle of 

C. georgiana, a species that has high variation in offspring provisioning between 

clutches. 

Conclusions 

This study found that in a species with high between-clutch variation in offspring 

provisioning, spatial variation in the quality of the offspring environment exists, 

density-dependent fitness loss of offspring occurs, and if given the opportunity, 

offspring disperse into more appropriate habitats. These three conditions can act 

as a coupled selection mechanism favouring the evolution of between-clutch 

variation in offspring provisioning and the maintenance of this variation in the 

population. This study provides evidence for between-clutch variation in 

offspring provisioning existing in this species as a strategy maximising 

reproductive success. 
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Table 1.  Repeated measures ANOVA of inundated area, numbers and densities of C. georgiana 
tadpoles, densities of predators, interspecific tadpole competitors and interphyletic competitors in each 
habitat over time. 
Variable Effect Mean square Pillai’s trace F df1 df2 p(F) 
Habitat area Habitat 172.854 - 38.479 2 35 <0.001 
 Residual 4.492      
        
 Time - 0.439 6.256 4 32 <0.01 
 Habitat × time - 0.184 0.836 8 66 0.575 
        
C. georgiana numbers Habitat 6.162 - 9.790 5 40 <0.001 
 Residual 0.629      
        
 Time - 0.700 16.790 5 36 <0.001 
 Habitat × time - 1.691 4.089 25 200 <0.001 
        
C. georgiana density Habitat 42.578 - 28.509 3 38 <0.001 
 Residual 1.493      
        
 Time - 0.768 22.492 5 34 <0.001 
 Habitat × time - 1.418 6.450 15 108 <0.001 
        
Predator density Habitat 0.103 - 7.358 4 37 <0.001 
 Residual 0.014      
        
 Time - 0.494 6.454 5 33 <0.001 
 Habitat × time - 1.571 4.659 20 144 <0.001 
        
Interspecific tadpole  Habitat 0.064 - 0.372 4 37 0.827 
competitor density Residual 0.172      
        
 Time - 0.283 2.611 5 33 0.043 
 Habitat × time - 0.559 1.170 20 144 0.289*
        
Interphyletic  Habitat 0.140 - 7.336 4 37 <0.001 
competitor density Residual 0.019      
        
 Time - 0.980 321.215 5 33 <0.001 
 Habitat × time - 1.469 4.177 20 144 <0.001 
        
*Significant using a less conservative test: Roy’s largest root = 0.356, F5,36 = 2.561, P < 0.05. 
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Figure 1. Schematic map diagram of a typical C. georgiana breeding site. Not to 

scale. 
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Figure 2. a. Mean mass at metamorphosis of offspring raised at low and high 

densities. b. Mean survival to metamorphosis of offspring raised at low and high 

densities. Bars represent ± 1 standard error. 
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Figure 3. a. Numbers of C. georgiana in each habitat over time. b. Area of 

submerged habitat over time. c. Densities of predators in each habitat over time. 

d. Densities of interspecific tadpole competitors in each habitat over time. e. 

Densities of interphyletic competitors in each habitat over time. f. Densities of C. 

georgiana in each habitat over time. Bars represent ± 1 standard error. 
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CHAPTER 6 

GENERAL CONCLUSIONS 



 

This research tested the theoretical models of offspring provisioning proposed by Smith 

and Fretwell (1974), Kaplan and Cooper (1984) and McGinley et al (1987), as well as the 

ideas on bet-hedging offspring provisioning strategies of Capinera (1979) and Crump 

(1981). 

The comparative study (Chapter 2) identified that variation in offspring provisioning is 

related to variation in the quality of the offspring environment: intraclutch variation in 

provisioning and temporal within-breeding-season variation in the quality of the offspring 

environment were positively correlated after phylogenetic correction. This agrees with 

predictions of the bet-hedging theories of Capinera (1979) and Crump (1981) for species 

that breed in extremely variable environments. These data also support predictions of the 

classical life-history models of a single optimal offspring size (Smith & Fretwell, 1974; 

Lloyd, 1987; Winkler & Wallin, 1987) because species that use less variable offspring 

environments exhibit less variance in offspring provisioning. 

Having established these broad patterns of maternal provisioning across species I 

focussed on Crinia georgiana as a model study organism.  This species has high variation 

in offspring provisioning both between and within clutches. Both mean egg size and 

variation in egg size was independent of female size and there was a trade-off in egg size 

and number, if a female produce large eggs then less were produced, this trade-off also 

applied to vaiable clutches. In laboratory studies (Chapter 3) differences in egg size 

resulted in fitness consequences; with offspring fitness increasing with egg size as 

predicted by models that argue for an optimum offspring size (Smith & Fretwell, 1974; 



Lloyd, 1987; Winkler & Wallin, 1987). Parental fitness values of variable provisioning 

strategies with offspring raised under poor and higher quality conditions in the laboratory 

were estimated. This showed parental fitness benefits of each strategy, large, small and 

variable sized eggs, under different conditions, supporting hypotheses of variable 

provisioning models (Kaplan & Cooper, 1984; McGinley et al., 1987). 

Field experiments using molecular markers (Chapter 4) confirmed the positive, 

monotonic relationship between offspring provisioning and fitness, and that differences 

in parental fitness as a result of offspring provisioning strategies exist. In ponds in the 

field experiments, clutches of large eggs resulted in the highest parental fitness. However, 

the strategy of producing clutches of small eggs also persists in the population, therefore 

conditions favouring this strategy must also exist in the offspring environment of C. 

georgiana. This was identified in the survey of the offspring environments (Chapter 5), 

which showed that offspring can, if given the opportunity of a flooding event, disperse 

into higher quality environments under which the strategy of producing small but more 

numerous eggs would be optimal as estimated in the laboratory studies (Chapter 3). 

Producing clutches of variable sized eggs was found to be consistent with bet-hedging 

theories (Capinera, 1979; Crump, 1981; Philippi & Seger, 1989), with the oportunity of 

maximising fitness in response to temporal within season variation in pond durations 

(Chapter2), and stochasticity of whether the natal pond would be a lower quality 

offspring environment if confined, or if higher quality if flooded and with dispersal 

opportunity. 

In summary this research provided a comprehensive test of theoretical models of the 

evolution of maternal provisioning by 



• documenting the relationship between environmental variability and variation in 

offspring provisioning 

• testing the conditions under which variation in offspring provisioning can evolve  

• determining patterns and offspring and parental fitness consequences of variable 

offspring provisioning, both in the laboratory and under natural conditions in the 

field. 

By empirically testing the models of offspring provisioning, this research establishes a 

thorough documentation of the evolution of variable offspring provisioning. 
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Abstract 

The eggs, embryos and tadpoles of Spicospina flammocaerulea are described. The 

free-swimming tadpole has a distinctive body form among described Australian 

genera but shares morphological similarities with the myobatrachid genera 

Taudactylus and Uperoleia. The egg capsules have an unusual semi-opaque outer 

envelope that is similar to a firm gelatinous envelope present on egg capsules of 

some species of Uperoleia. The embryos are unique among described Australian 

genera in that they do not develop visible adhesive organs. Spicospina and 

Taudactylus and some Uperoleia larvae share a narial flap. Both Spicospina and 

Uperoleia have large nares that open in a dorsal direction. Larvae of S. 

flammocaerulea can be readily distinguished from other sympatric species by a 

combination of features of the oral disc and nares, position of the spiracle and eyes, 

and the low tail fins. 
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Introduction 

The Sunset Frog, Spicospina flammocaerulea, is a strikingly colorful, ground-

dwelling frog from southwestern Australia only recently described by Roberts et al. 

(1997). The genus is monotypic, represents an ancient lineage of frogs in the family 

Myobatrachidae (Roberts et al., 1997), and is most closely related to the genus 

Uperoleia (Roberts et al., 1997; Read et al., 2001). 

Spicospina flammocaerulea is categorized as Vulnerable in the 1994 IUCN Red List 

Categories (IUCN, 1994), and considerable effort is being undertaken to conserve 

this species (Burbidge and Roberts, unpubl.). This includes monitoring of existing 

populations and searches for new populations. Sampling for larvae should form an 

integral part of any amphibian sampling program (Heyer et al., 1994) and in the case 

of this species, as well as the obvious advantages in finding new populations outside 

the calling period of adults, it would fine tune population models by enabling the 

estimation of recruitment. Only several tadpoles that now have been identified as 

Spicospina have been collected in the field despite repeated dipnet searches early in 

the calling season of this species. Accurate descriptions of the larvae will provide 

information on the biology of these tadpoles to enable the development of 

appropriate and efficient sampling techniques. Once these sampling procedures are 

underway, accurate descriptions of the eggs and larvae are necessary to distinguish 

Spicospina from sympatric species. 

This paper describes the egg and clutch parameters (egg size, number of eggs per 

clutch), larvae and larval development of S. flammocaerulea and compares these 
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with some other myobatrachid genera. Recent collection of amplectant pairs of frogs 

and the eggs laid by these has enabled the larval development of this species to be 

studied in the laboratory and be compared to several field-collected specimens. 

Materials and methods 

A breeding site near Walpole in the southwest of Western Australia was visited on 

wet nights between September and December (spring and early summer) 2001. Eight 

amplectant pairs were collected in the early evenings to ensure that all eggs were 

laid in captivity, thus increasing the accuracy of the egg count per clutch. Pairs were 

placed in enclosed plastic containers with a little water and moss and transported to 

the laboratory in Walpole. In the laboratory, each pair was placed in a separate 

plastic container (35 x 35 x 16 cm) with 10 cm of filtered tap water together with 

some plastic aquarium plants.  

Eggs were transported to the laboratory in Perth and embryos and tadpoles 

were reared in a constant temperature chamber at 27ºC with a 12 hour day/12 hour 

night light cycle. Plastic containers (45 x 35 x 30 cm) with 15 cm of reverse osmosis 

purified tap water were used to rear tadpoles. Mats of algae and detritus gathered 

from the ponds where parent frogs were collected were added to provide food for the 

tadpoles. The pH of the water in the rearing containers was 6.32. A small sample of 

embryos and tadpoles at several developmental stages (Gosner, 1960) was preserved 

in 5% formalin and then transferred to Tyler’s fixative (Tyler, 1962). Several larvae 

collected in the field were compared to these captive raised specimens. Preserved 

material is deposited in the Western Australian Museum. 
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As tadpoles of this species do not begin to feed until the oral disc is fully 

formed in stage 28, stages 20-27 are treated as embryonic and hatchling stages, and 

stages 28 onwards as larval stages. The experiment was terminated due to logistic 

reasons and no captive raised larvae beyond stage 29 were available for study. 

Several field-collected larvae at stage 31 were available for study. Eggs, embryos 

and larvae were measured to the nearest 0.1 mm with vernier calipers and an ocular 

micrometer attached to a Wild M5 stereoscopic microscope. Illustrations of 

preserved specimens were prepared by MA using a drawing tube attached to the 

microscope. Embryonic and larval descriptions and morphometric measurements 

and terminology follow those of Anstis (2002), with reference to Altig (1970). 

Results 

Description of habitat.—The general breeding habitat of S. flammocaerulea is 

described in Roberts et al. (1997). The size of ponds in which pairs of frogs were 

found range from 0.5 m to 8 m in diameter, 0.25 m to 1.2 m in depth and have a 

thick substrate of peat and detritus. The mean pH of four of these ponds in October 

2001 was 6.33 (SD=0.12). 

Amplexus and oviposition.—Amplexus is inguinal and in the field pairs were found 

either floating on the water surface or suspended on surface algal mats. In the field, 

eggs are laid singly, suspended in or on the algal mats (Roberts et al., 1997). In the 

laboratory, eggs were laid singly, attached underwater either to the plastic aquarium 

plants or container surfaces. Egg deposition in the laboratory was usually complete 

after three days, however some pairs remained in amplexus for up to two weeks 
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occasionally laying eggs. The mean number of eggs per clutch was 81 (SD = 25; N = 

8, range = 48-117).  

Capsules.—The capsule is firm, comprised of three layers and maintains its shape 

through to hatching with little increase in diameter. Two clear jelly layers surround 

the perivitelline membrane - the innermost is thick and firm and the outer is thin and 

these two layers are covered by a semi-opaque, whitish gelatinous envelope in which 

numerous fine whitish strands are embedded in whorls (Fig. 1A). When the surface 

of this envelope is scraped with a fine pin, it splits easily and can be peeled away 

from the clear jelly layer beneath (Fig. 1B). The respective diameters of each layer 

around a single ovum at stage 9 (from outer envelope to ovum) are: 4.1 mm, 3.52 

mm and 3.28 mm (ovum 2.38 mm). Prior to hatching, the outer envelope splits and 

the clear inner layers around the embryo begin to expand and extrude through the 

outer envelope which eventually splits right open, the clear jelly then thins and 

finally the embryo hatches. 

Ova.—Measurements are shown in Table 1. The animal pole is dark brown, covers 

about half of the ovum and lightens as it merges into the white vegetal pole. It is 

difficult to view through the semi-opaque envelope (Fig. 1A). 

Embryos.—Measurements are shown in Table 1. Stage 18 (Fig. 1C and D): tail bud 

points downwards and partly around yolk sac; head region quite small in proportion 

to large yolk sac; narial pits discernable and axial depressions between myotomal 

blocks quite prominent; no adhesive organs visible; gill plates and pronephric bulges 
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indistinct. The embryo is dark brown in preservative, with a slightly lighter brown 

yolk sac. 

Hatchlings.—Embryonic development that differs from Gosner (1960) stages is 

described. Hatching begins at stages 20-21 and single embryos can take a day to 

hatch. 

Stage 20 (Fig. 1E): small opercular slit in the opercular depression on each side of 

head visible in ventral and lateral views, but no external gills; stomadeal pit small in 

diameter but quite deep; no obvious narial pits; no adhesive organs; dextral vent tube 

has small hole visible at its opening above edge of ventral fin.  

Stage 21: opercular slits close and opercular depressions extend ventrally to meet 

and fuse together in a continuous depression across underside of head; labial ridges 

present around small stomadeal pit; optic cup small, pigmented, and pupil visible; 

vent tube just open, but not yet functional; clusters of melanophores present over 

body and partly onto tail. 

At stages 22 (Fig. 1F): cornea begins to clear, iris pigmented, but more heavily so 

around upper half, choroid fissure present; labial ridges and non-keratinized jaw 

sheaths develop within small stomadeal pit; spiracular tube begins to develop from 

sinistral side of opercular ridge; body slightly lighter in pigment than at stage 21, 

dorsum and tail have prominent dark clusters of melanophores; dorsal fin begins to 

arch anteriorly from about one-third onto body but no distinct arch along length; fins 

deepest posterior to midpoint of tail; lateral line organs pigmented along dorsal edge 

of tail musculature. 
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Stages 23-24: cornea clear, eye appears completely formed except for narrow 

choroid fissure; upper and lower jaw sheaths have fine edge of keratin over serrated 

edges, posterior labial tooth row ridges present but not full length and no teeth 

visible; spiracular tube not fully formed, pigmented, points dorsally and partly opens 

just before midpoint of body; narial openings visible close to tip of snout, open 

mainly anteriorly and inside edges slightly pigmented; body wall generally clearer; 

initial intestinal differentiation begins; dextral vent tube opens about one third up 

ventral fin, not yet functional.  

By late stage 25: intestinal coils more numerous; body wall clearer with more dorsal 

clusters of melanophores present; opening of spiracle now midway along body; 

keratin slightly increases on jaw sheaths, labial tooth row ridges present but no 

keratinized teeth. 

Stage 26: hind limb bud first appears, intestines are still yolk-filled and tadpole does 

not yet feed; posterior tooth row ridges longer (still non-keratinized), jaw sheaths 

more prominently keratinized, short A1 tooth row ridge develops with no teeth yet; 

spiracular opening now a little beyond midpoint of body; nares directed 

anterolaterally; clusters of melanophores more numerous on tail. 

Stage 27: labial tooth row ridges full length and partly keratinized teeth present, 

some papillae around lateral margins, anterior medial gap visible; narrow choroid 

fissure still just visible; fins deeper, similar in shape, not arched; fine melanophores 

beneath epidermis over entire body; no melanophores on ventral fin except at end of 

tail. 
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Larvae.—All described features of laboratory raised larvae are consistent with field-

collected larvae that were subsequently identified as Spicospina flammocaerulea. 

Detailed morphometric measurements for both captive raised and field-collected 

larvae are listed in Table 2. 

Stage 28: mouthparts fully developed and tadpole begins to feed; eyes larger, 

choroid fissure now almost closed with a slight indent on lower edge of eye, fine 

iridophores present on iris; spiracle functional and two-thirds along body; nares 

quite large and now open mainly dorsally; body wall clear and body generally 

lighter with fine melanophores dermally and subdermally (one specimen has denser 

clusters of melanophores over body and dorsal edge of tail musculature); a few dark 

clusters of iridophores on ventral fin in some. 

Body.—Tadpoles at stage 29 (Fig. 1G and H) are described. Body small and a little 

wider than deep; snout rounded in dorsal and lateral views; eyes dorsolateral with a 

distinct dorsal tilt, umbraculum (Van Dijk, 1966) present (small fleshy projection 

directed downwards towards pupil from central upper margin of iris) and some 

specimens also have another pointing upwards from bottom margin; iris has fine 

layer of gold around pupil and over umbraculum; nares deep and quite large (0.32 x 

0.44 mm) in relation to body size and open dorsally (with a slight anterior tilt) about 

midway between eye and tip of snout; distinct V-shaped pigmented narial flap 

pointing upwards from inside edge of each naris (Fig. 1G); spiracle points 

posterodorsally and opens lateroposteriorly above horizontal body axis, about two-

thirds along length of body, opening unattached to body wall and smaller in diameter 

 9



than tube; vent tube dextral, Type a (Anstis, 2002), short, broad and opens 

diagonally to just above edge of ventral fin. 

Tail.—Fins low, similar in shape, dorsal fin arches only slightly along its length 

from its origin just onto body to its deepest point well posterior to midpoint of tail 

before tapering to narrowly rounded tip, ventral fin not as deep; musculature 

moderate anteriorly and tapers to an elongate point.  

Pigmentation.—After hatching, dorsal pigmentation is fairly dark and no distinct 

melanophores are present, but by stage 29, the dorsum becomes translucent golden 

brown with a fine layer of melanophores visible under magnification. Small but 

distinct clusters of melanophores are scattered mainly over the body, and some may 

extend anterior to the eyes. There is a narrow, slightly pale cream area middorsally, 

which appears to be the developing vertebral region partly visible through the skin. 

In lateral view, fairly prominent clusters of iridophores extend partway over the 

abdomen, including the spiracle. The hind limb buds have fine melanophores, 

especially over the knees. The venter is mostly transparent with distinct gold clusters 

of iridophores scattered down the middle of the intestinal region and a layer of fine 

iridophores over part of the branchial region on each side. A layer of fine 

melanophores is present beneath the epidermis across the anterior end of the 

intestinal mass, up to just below the clear buccal region and around each side of the 

abdomen. The tail musculature is pale yellow brown, with numerous fine 

melanophores mainly along its dorsal surface and onto the dorsal fin, especially 

posteriorly. The ventral fin is mostly clear except for a few fine clusters of 

melanophores in the posterior quarter and there may be some large clusters of gold 
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iridophores anteriorly. All pigment except the melanophores are lost in preservative, 

so larvae appear dark brown above and mostly transparent beneath. 

Oral disc.—At stage 29 the disc is small (1.29 mm wide) and ventral in direction in 

life (may contract to anteroventral in preservative). There is a wide medial gap in the 

single row of anterior papillae, increasing to two rows around the posterior margin 

with some additional submarginal papillae at each side. From the anterior margin, a 

downward directed flap-like fold (which can be lifted up) supports a single 

undivided labial tooth row of fine, lightly keratinized teeth (Fig. 2). There are three 

posterior tooth rows; P1 has a wide medial gap, P2 and P3 are entire and P3 is barely 

half the length of P2. Thus the labial tooth row formula (LTRF  - Altig, 1970) is 

1/3(1). The upper jaw sheath is wide and not distinctly arched in the middle, with 

quite long sides; the lower sheath may be a little more deeply keratinized and both 

have fine serrations. 

Behavior.—In the laboratory, tadpoles fed on mats of algae and frequented the 

substrate. When disturbed, tadpoles often dived through the algal mass into the 

detrital layer in a spiral motion. 

Sympatric species.—Crinia glauerti and Litoria adelaidensis were calling from in 

and around the same ponds during the nights pairs of S. flammocaerulea were 

collected. The eggs and tadpoles of both these species were also present in the 

ponds. Crinia georgiana and Limnodynastes dorsalis were heard calling from 

around the edges of these swamps but not at the same ponds where S. 
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flammocaerulea were collected. Geocrinia leai has been heard calling at these ponds 

in late autumn (April-May). 

Discussion 

The hatchling stages 21- 24 and post-embryonic stages 25 to 28 of Spicospina 

flammocaerulea differ from those of Gosner (1960) in that no adhesive organs 

develop and the development of feeding mouthparts, spiracle and eyes are not 

complete until stage 28 (limb-bud development). S. flammocaerulea shares notable 

similarities during the embryonic and larval stages with the genus Uperoleia. The 

process of oviposition is the same in both genera, adult Uperoleia females also dive 

underwater and deposit single eggs (Anstis, 2002) and the unusual hatching process 

is the same. A similar unusual, semi-opaque gelatinous envelope is present on the 

egg capsules of Uperoleia (Anstis, 2002), though Uperoleia eggs lack the whitish 

deposits. The properties and functional significance of the unique envelope of S. 

flammocaerulea eggs are the subject of further investigation. Other similarities 

between tadpoles of the two genera are the position and shape of both the spiracle 

and the vent tube, and the nares, which in most Uperoleia are also large, cavernous 

and dorsally directed (Davies, 1991; Anstis, 2002). We hypothesize that the common 

characters described above for eggs and larvae may be synapomorphies uniting the 

clade consisting of Spicospina and Uperoleia proposed by Read et al. (2001). In 

Australian genera, the distinct V-shaped narial flap pointing upwards from the inside 

edge of each naris is known only in Taudactylus and some species of Uperoleia, in 

which it is smaller and less distinct (M. Anstis, pers. obs). 
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The eggs and tadpoles of S. flammocaerulea are unique among described Australian 

species. The characteristics of the eggs, and the combined features of the oral disc 

(LTRF 1/3(1)), distinct narial flap, dorsolateral eyes, low fins with no distinct arch 

and the position of the spiracle make S. flammocaerulea easy to distinguish from 

other species found in the same region. With the help of a hand lens these features 

are obvious enough to make accurate identification in the field possible.  

Tadpole behavior and body form suggest that a partial burrowing existence may 

occur in the algal layers or substrate of ponds. Preliminary dipnet searches in the 

field were inefficient and probably too early in the season for tadpoles to be captured 

in numbers. In ponds where Spicospina breeds, dense algal mats inhibited the 

passage of the dipnet through the water and the mesh became clogged with algae and 

detritus. Since the body form and observation of behavior in captivity indicate a 

benthic existence, appropriate sampling techniques need to be developed. Benthic 

traps or large sieves may need to be placed on or in the substrate, allowing tadpoles 

to settle in the trap or on the sieve. These can then be retrieved some time later to 

sample larvae quantitatively. Alternatively, a sediment-sucking device may be 

efficient. The implementation of these techniques, and the accurate identification of 

S. flammocaerulea eggs and tadpoles will be an important aid in the conservation 

effort for this species by enabling the discovery of new populations through searches 

for larvae and by sampling larval densities which are both important in the 

development of population models. 

Specimens examined 
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Table 1. Measurements of embryos and larvae, mean 

with range in parenthesis (mm). 

Stage n Ovum Capsule 

2 25 2.7 (2.54-3.03) 4.45 (4.1-4.76) 

3-6 6 2.82 (2.7-2.91) 4.22 (4.1-4.55) 

9 5 2.4 (2.3-2.46) 4.07 (3.93-4.18) 

  Total Length Body Length 

19-20 3 9.12 (8.37-9.66) 3.7 (3.54-3.86) 

21 4 10.26 (9.98-

10.46) 

3.83 (3.62-4.19) 

22 3 11.32 (11.27-

11.43) 

3.86 (3.86-3.86) 

23-24 3 11.27 (10.79-

11.9) 

3.86 (3.7-4.03) 

25 4 13.09 (12.7-

13.68) 

4.54 (4.5-4.67) 

26 5 14.62 (13.52-

15.5) 

4.79 (4.66-5.0) 

27 3 17.9 (14.8-20.0) 6.06 (4.83-6.76) 

28 6 21.54 (16.1-24.8) 6.94 (5.31-8.05) 

29 3 24.4 (23.0-25.0) 8.47 (8.05-8.69) 

31 1 27.0 7.08 
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Table 2. Measurements of morphometric characters for captive raised larvae at 

stage 27, two at stage 29 and one field-collected specimen at stage 31 (mm). 

TL = total length; BL = body length; BD = body depth; BTM = depth of tail 

musculature at base of tail; TD = maximum tail depth; DF = depth of dorsal 

fin (in line with TD); VF = depth of ventral fin (in line with TD); TM = depth 

of tail musculature (in line with TD); SS = snout to uppermost corner of 

opening of spiracle; SE = tip of snout to anterior rim of eye; SN = tip of snout 

to anterior rim of naris; ED = diameter of eye; BW = body width; EBW = 

body width at plane of eyes; BTMW = width of tail musculature at base of tail; 

IO = interorbital span measured between inner edge of each eye; EN = anterior 

edge of eye to posterior edge of naris; IN = internarial span, measured between 

inner edge of each naris, N = diameter of naris, measured across widest part of 

aperture; ODW = maximum width of oral disc. 

Measurement Stage 27 Stage 29 Stage 29 Stage 31 

TL 20.0 24.8 25.0 23.3 
BL 6.76 8.69 8.69 7.72 
BD 3.6 4.5 4.59 3.38 
BW 4.35 5.47 5.3 4.18 

EBW 3.12 3.7 3.86 3.7 
BTM 1.64 1.93 1.93 1.77 

BTMW 1.48 1.61 1.61 1.44 
TD 3.6 4.19 4.19 4.34 
DF 1.07 1.29 1.29 1.61 
TM 1.72 1.77 1.93 1.45 
VF 0.82 1.13 1.13 1.28 
SS 4.19 5.8 5.47 5.23 
SN 0.66 0.64 0.64 0.64 
SE 1.39 1.61 1.61 1.61 
ED 0.66 0.8 0.8 0.8 
IO 1.15 1.2 1.29 1.12 
IN 0.82 0.97 0.97 0.9 
EN 0.49 0.64 0.56 0.82 
N 0.24 0.32 0.44 0.32 

ODW 0.74 1.29 1.37 1.14 
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Figure. 1. Embryos, hatchlings and tadpoles of Spicospina flammocaerulea. Note 

scale bar differences: scale bars between A and B, C and D = 1mm; between E and F 

= 1 mm; between G and H = 5 mm. A. Stage 9, note gelatinous envelope. B. Stage 9 

with envelope peeled back. C. Stage 18 lateral view. D. Stage 18 dorsal view. E. 

Stage 20, note that there are no adhesive organs. F. Stage 22. G. Lateral view, 

tadpole at stage 29: note the narial flap, low fins with no distinct arch, the position of 

the spiracle two-thirds along length of body and above horizontal body axis and the 

fine melanophores dermally and subdermally, on the spiracle and limb buds, and the 

clusters of melanophores on the dorsal surface and the dorsal tail fin. H. Dorsal 

view, tadpole at stage 29: note the dorsal nares with narial flap, dorsolateral eyes and 

again the fine melanophores dermally and subdermally and the clusters of 

melanophores on the dorsal surface and the dorsal tail fin. 
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Figure. 2. Oral disc of Spicospina flammocaerulea. Scale bar = 1mm. Note the 

downward directed flap-like fold across the anterior margin, and LTRF of 1/3(1). 
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APPENDIX 2 

PHYLOGENETIC TREES USED IN THE COMPARATIVE 

ANALYSIS IN CHAPTER 2 IN NEWICK STANDARD TREE 

FORMAT 

Tree 1 – assuming a distant relationship between the Myobatrachidae and Hylidae 

(1000 bp changes for each branch): 

((((Crigeo:33.33,Cripse:72.22):250,Spifla:155.56):166.67,Neopel:166.67):1000,(Lit

ade:162.34,Litmor:189.4):1108.23) 

Tree 2 – assuming a close relationship between the Myobatrachidae and Hylidae (1 

bp change for each branch): 

((((Crigeo:33.33,Cripse:72.22):250,Spifla:155.56):166.67,Neopel:166.67):1,(Litade:

162.34,Litmor:189.4):109.23) 
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APPENDIX 3 

MICROSATELLITE MARKERS FOR CRINIA GEORGIANA 

 

 

Forward (F) and reverse (R) primers for six variable microsatellites in Crinia georgiana. 

Locus name Primer sequence (5’-3’) 

Cg1Ca2 F-TTTCATCACACCTAGGATAGGG 
 
 

R-CCACTTGTCTATACTGGAAGTAGGC 

Cg1Ca5 F-GGGGCCTCACTTTGCTATG 
 
 

R-AAGACCTGCGGTACCTCTCC 

Cg1Ca9 F-AAAGAATAGATATTTAGACAACGTC 
 
 

R-TTCCTCAAGGTAGTTTGTATG    

Cg2Ca6 F-CAGTATTCATATACCAATAAGGAAACC 
 
 

R-TCATCTCTCTCCCCACTGC 

Cg3Ca8 F-TCGACAGTTAGCTCTATACCTTCC 
 
 

R-CGTTTCACTGTTTTGAACTTGC 

Cg2Ca24 F-TGACCTACACACCTTGTTAATGG 
 R-TGCTCAATGAAGCAGTAAGCAC 
  
 
 



APPENDIX 4 

ANURAN TADPOLES AND MACROINVERTEBRATES SAMPLED IN CHAPTER 4. 
 

 
    

Taxon Species Common description Major habitat 
    
Interspecific tadpole competitors    

Myobatrachidae Crinia glauerti - streams 
Myobatrachidae Geocrinia leai - streams 
Myobatrachidae Heleioporus eyrei - streams 
Myobatrachidae H. inornatus - seeps 
    

Interphyletic competitors    
Trichoptera Leptoceridae spp. × 2 herbivorous/detritivorous caddis fly larvae streams 
Isopoda Phreatoicidea sp. freshwater isopod seeps 
Hydrophilidae Limnoxenus zelandicus swimming beetle seeps and streams 
    

Predators    
Decapoda Cherax quinquecarinatus gilgie (crayfish) streams 
Dytiscidae Platynectes decempunctatus diving beetle streams 
Dytiscidae Rhantus suturalis diving beetle larva streams 
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