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Abstract Maternal effects are widespread and influence a variety of traits, for example, 

life history strategies, mate choice and capacity to avoid predation. Therefore, maternal 

effects may also influence phenotypic plasticity of offspring, but few studies have 

addressed the relationship between maternal effects and phenotypic plasticity of 

offspring. We examined the relationship between a maternally influenced trait (egg 

size) and the phenotypic plasticity of the induction rate of the broad-headed morph in 

the salamander Hynobius retardatus. The relationship between egg size and the 

induction of the broad-headed morph was tested across experimental crowding 

conditions (densities of low conspecifics, high conspecifics, and high heterospecific 

anuran), using eggs and larvae from eight natural populations with different larval 

densities of conspecifics and heterospecifics. The broad-headed morph has a large 

mouth that enables it to consume either conspecifics or heterospecifics, and this ability 

gives survival advantages over the normal morph. We have determined that there is 

phenotypic plasticity in development, as shown by an increase in the frequency of 

broad-headed morph in response to an increase in the density of conspecifics and 

heterospecifics. This reaction norm differed between populations. We also determined 

that the frequency of the broad-headed morph is affected by egg size in which larger 

egg size resulted in expression of the broad-headed morph. Furthermore, we determined 

that selection acting on the propensity to develop the broad-headed morph has produced 

a change in egg size. Lastly, we found that an increase in egg size alters the reaction 

norm to favor development of the broad-headed morph. For example, an equal change 

in experimental density produces a greater change in the frequency of the broad-headed 

morph in larvae developing from large eggs than it does in larvae developing from 

small eggs. Population differences in plasticity might be the results of differences in egg 
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size between populations, which is caused by the adaptive integration of the plasticity 

and egg size. Phenotypic plasticity can not evolve independently of maternal effects. 

 

Keywords Character correlation · egg size · maternal effects · phenotypic plasticity · 

salamander 
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Introduction 

 

Maternal influences, known as maternal effects, often affect traits of adaptive 

importance, for example, life history strategies, mate choice, or predator avoidance, and 

have been reported in a wide range of taxa (Bernardo 1996; Mousseau and Fox 1998; 

Agrawal et al. 1999). An individual's phenotype is influenced by its own genotype and 

by the environment that it experiences itself, as well as by the genotype and 

environmental experience of other individuals, especially its mother (Mousseau and Fox 

1998). The level of maternal investment can profoundly influence the development of 

embryos and the phenotypes and survival of the hatchlings, especially in animals that do 

not practice parental care (Fleming and Gross 1990; Sinervo and Doughty 1996; Fox et 

al. 1997, Einum and Fleming 1999), and the evolutionary fitness of both offspring and 

parents (Smith and Fretwell 1974; McGinley et al. 1987; Fox et al. 1997). 

Egg size can be important for the fitness of cannibalistic oviparous amphibians 

because larger individuals, which develop from larger eggs, can catch and consume 

larger prey items (e.g., conspecific and heterospecific amphibian larvae), and have 

higher survivorship than smaller individuals that developed from smaller eggs 

(Michimae 2007). In the salamander Hynobius retardatus, egg size can diverge between 

populations in response to differences in the density of conspecific and heterospecific 

anuran larvae (Rana pirica) in natural ponds, with eggs being larger when larval density 

is higher (Michimae 2007). Maternal investment strongly influences the size of eggs 

and the potential for efficient cannibalism during in the larval period (Michimae 2007). 

H. retardatus larvae can exhibit a broad-headed morph that is induced from a normal 

morph during early development in some individuals under some environmental 
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conditions. This alternative morph is particularly common in larvae of the tiger 

salamander Ambystoma tigrinum, in which it has been called a cannibal morph (Lannoo 

and Bachmann 1984). Crowding, either among conspecifics or with heterospecific 

anuran larvae, induces this alternative morph in many individuals in H. retardatus 

larvae (Michimae and Wakahara 2002) and A. tigrinum larvae (Whiteman et al. 2003). 

This morph is behaviorally aggressive and has a large mouth that enables it to consume 

either conspecifics or heterospecific anuran larvae (Stephen et al 1992). This ability 

gives it a feeding advantage over the normal morph in these conditions and results in 

growth and survival advantages, but these advantages may vary ontogenetically (Denoel 

et al. 2007). Broad-headed morphs that have been consuming both conspecific larvae 

and typical prey items (freshwater oligochaetes) are much larger at metamorphosis than 

normal morphs (Wakahara 1997), but those fed only conspecific larvae metamorphose 

much earlier and at a smaller size than normal larvae fed only typical prey items 

(Michimae and Wakahara 2002). The fast development rates that result from 

cannibalism may allow larvae to metamorphose before the pond in which they were 

spawned dries up, reducing mortality due to desiccation (Lannoo and Bachmann 1984). 

Even if induction of the broad-headed morph increases the likelihood of survival during 

the larval stage, there is a trade-off associated with the morph (accelerated development 

can result in a smaller size at metamorphosis) which can negatively affect 

fitness-related traits expressed later in life (e.g., Altwegg and Reyer 2002).  

Variable egg size is a representative example of a developmental modification, 

because egg size affects early embryonic development epigenetically and, consequently, 

the phenotype of the larva (Gilbert 2003). There is phenotypic plasticity in the 

development of H. retardatus larvae, as shown by an increase in the frequency of 
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broad-headed morphs in response to the density of conspecifics and heterospecific 

anuran larvae (Michimae and Wakahara 2002). A positive relationship between 

plasticity in the frequency of the broad headed morph and egg size would provide 

necessary evidence for adaptive integration of plasticity and egg size and support the 

idea of coadaptation (Doughty 2002). However, natural selection can act on 

morphological plasticity and trophic polyphenism (Moran 1992), driving evolution of 

different reaction norms among populations (Pfennig & Murphy, 2000; Laurila et al., 

2002; Trussell & Nicklin, 2002). Plasticity in the frequency of the broad-headed morph 

among natural populations may be caused by the adaptive response of the plasticity 

itself, which would support the idea that plasticity and egg size are optimized 

independently. Here we hypothesize that egg size (a maternal effect) and plasticity of 

expression of the broad-headed morph in larval H. retardatus (an offspring trait) are 

phenotypically correlated during the larval stage, because in early development 

maternal effects are large and closely related to many traits (Gilbert 2003). If a 

phenotypic correlation between these two traits does exist, then we can evaluate and 

discuss the adaptive value of the maternal effect in relation to this plasticity. In the 

present study, we used larvae from eight natural populations of the salamander H. 

retardatus from eight different ponds (Michimae 2006). Larval salamanders in each 

pond have a different probability of encountering conspecifics or R. pirica larvae. The 

eight ponds represent different points along an environmental continuum of conspecific 

and heterospecific larval density.  

 

Methods 
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Study Populations 

 

Since our focus was on the adaptive aspect of egg size and the polyphenic feeding 

morph in natural environments, we did not choose the Hynobius retardatus larval 

habitats randomly. We chose eight discrete larval habitats (ponds) in Hokkaido, Japan, 

characterized by different densities of conspecific and heterospecific (anuran Rana 

pirica) larvae. The number of H. retardatus egg clutches in each pond and the number 

of eggs in each collected clutch were counted to estimate the conspecific larval density 

in each habitat. The annual density of conspecific larvae in each pond was estimated by 

multiplying the mean clutch size (see Egg size and Clutch size) by the estimated density 

of clutches in the pond. The number of clutches of R. pirica eggs in the eight H. 

retardatus habitats was also counted to estimate the larval densities of R. pirica in each 

habitat. The annual density of R. pirica larvae in each pond was estimated by 

multiplying the assumed value of 800 eggs per clutch by the estimated density of 

clutches in the pond. We know both the end of the oviposition period of H. retardatus 

and R. pirica and also the total number of egg clutches of H. retardatus and R. pirica in 

each pond because we visited all eight ponds two or three times, about every 14 to 20 

days, during the breeding season of each pond (Table 1).  

Each H. retardatus larval habitat used in this study had been previously investigated 

over two or three years, so the density of conspecific and heterospecific larvae in each 

pond was already known (Michimae 2006). The mean annual density of conspecific and 

R. pirica larvae in each pond was calculated by dividing the sum of the annual total 

larval densities by the number of years that clutches were collected. The respective 

mean densities of conspecific larvae (individuals/m2 ± SD), heterospecific larvae 
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(individuals/m2 ± SD), and conspecific plus heterospecific larvae (individuals/m2 ± SD) 

was calculated for each pond: Konuma (13.5 ± 1.5, 0, 13.5 ± 1.5), Nopporo (77.7 ± 3.8, 

53.3 ± 9.2, 131.0 ± 8.5), Okusawa (62.3 ± 17.8, 93.3 ± 18.9, 155.6 ± 1.0), Toyoha 

(112.8 ± 4.0, 280.0 ± 56.6, 392.8 ± 52.6), Kamitobetsu (323.2 ± 45.8, 100.0 ± 141.4, 

423.2 ± 95.7), Erimo (415.7 ± 38.0, 977.8 ± 113.0, 1393.5 ± 85.4), Atsuta (1469.3 ± 

128.3, 1240.0 ± 56.6, 2709.3 ± 71.7), and Tomaru (2132.9 ± 202.9, 1844 ± 453.8, 

3799.9 ± 405.9) (Table 1 in Michimae 2006). We used mean larval densities in the 

statistical analyses described below. The detailed abiotic and biotic features (surface 

area, depth, density of egg clutches, and larval density of H. retardatus and R. pirica) 

and the geographic locations of the ponds are described in Table 1 and Fig. 1, 

respectively, of Michimae (2006). 

Some studies have reported that egg mass counts are highly correlated with numbers of 

larvae in a natural pond, and that the number of egg masses is an accurate indicator of 

larval density, especially initial larval density (Matsushima and Kawata 2005) if 

embryonic survival is known. We consider the initial larval density in natural ponds to 

be especially important for induction of the broad-headed morph because it is usually 

induced only in larvae within the first week after hatching (Nishihara-Takahashi 1999) 

and because hatching dates of H. retardatus clutches in the same pond do not vary 

extremely (personal observation). 

Fertilized egg clutches of H. retardatus were collected during the breeding season in 

2004 (early April to late May) from each of the eight ponds: Atsuta (16 clutches), Erimo 

(30), Kamitobetsu (13), Konuma (24), Nopporo (30), Okusawa (31), Tomaru (29), and 

Toyoha (26). Fertilized egg clutches of R. pirica were also collected during their 

breeding season (early April to late May) in 2004 from several ponds at different 
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altitudes in the vicinity of Sapporo. All R. pirica clutches were then transferred to the 

laboratory and placed in plastic tanks, where they were kept at room temperature 

(20–21 °C). 

 

Egg size and clutch size 

 

The egg clutches from each population of H. retardatus were numbered. Then the 

number of eggs in each clutch was counted, and five randomly selected eggs from each 

clutch were dejellied and their diameters measured to the nearest 0.01 mm under a 

dissecting microscope. The eggs were measured at the blastula developmental stage or 

earlier to minimize the effect of increasing egg size with further development. Then the 

representative egg size (mean egg volume) of each clutch was calculated by assuming 

that the eggs were spherical (sum of five egg volumes/five). 

After counting the number of eggs and measuring diameters of eggs in each clutch, 

each clutch was placed in a stock tank filled with 1.6 L of dechlorinated tap water at 

4 °C. Because the developmental stages of the embryos were very different among the 

populations, the hatching day of the embryos was controlled by placing the embryos at 

either 4 °C or room temperature (20–21 °C), to slow or speed development, 

respectively.  

 

Induction experiment of the broad-headed morph 

 

To investigate the frequency of the broad-headed morph in different proximate 

environments, we conducted an induction experiment. After the eggs hatched, we 
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assigned nine of the clutches from each of the eight populations (72 in all) to three 

different experimental treatments consisting of three levels of crowding: low 

conspecific density, high conspecific density, and high heterospecific density. Thirty 

randomly selected larvae from each of these 72 clutches were divided equally among 

the three different crowding treatments. The 10 larvae in each treatment were all from 

the same clutch (i.e., full sibs). Therefore, for each population we replicated each 

treatment nine times (nine clutches of full sibs for each population). The 

low-conspecific-density treatment consisted of only 10 H. retardatus larvae in a large 

tank (22  15  12.5 cm deep) with 1.6 L of dechlorinated tap water. The 

high-conspecific-density treatment consisted of 10 H. retardatus larvae in a small tank 

(8  8  8 cm deep) with 0.3 L of dechlorinated tap water. The 

high-heterospecific-density treatment consisted of 10 H. retardatus larvae and 40 R. 

pirica larvae in a large tank with 1.6 L of dechlorinated tap water. The numbers of R. 

pirica larvae were counted every morning because they were continuously eaten by H. 

retardatus larvae. Additional heterospecific larvae were added to each tank in the 

treatment group as necessary to replace those that had been eaten by the H. retardatus 

larvae since the previous morning so that each tank of this treatment always contained 

40 R. pirica larvae. 

The larvae used for the experiment were offered frozen Chironomidae from 9:00 A.M. 

to 12:00 noon every other day. Larvae were always given 3 h to eat the food, and any 

food remaining in their tanks was removed after the feeding period. The water was 

exchanged every other day during the experiments. All experiments were conducted at 

room temperature in the laboratory (20–21 °C) with a natural light/dark schedule. 

We counted the numbers of broad-headed and normal morphs among the 10 larvae in 
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each tank of the three experimental treatments every morning during the experimental 

period (2 weeks). We began the experiments at approximately the same time for each 

population, but at slightly different times among populations because we had difficulty 

synchronizing hatching among all eight populations. All experiments were begun 

between 24 and 31 May 2004. The morphological characteristics by which the 

broad-headed and normal morphs were distinguished were described in our previous 

study (Michimae and Wakahara 2002). Briefly, we calculated the ratio of head width at 

the level of the eyes (HWE) to the largest head width (LHW). HWE/LHW ≥ 0.86 

defined a broad-headed morph, and a ratio <0.86 a normal morph. For each clutch, the 

frequency of the broad-headed morph in each tank was recorded along with the mean 

egg size of the clutch, measured previously.  

Induction of broad-headed morph was observed during the first week after hatching, 

but cannibalism was infrequent during this period. Since we counted the number of 

broad-headed morphs in each tank every day, we could accurately determine the 

number of each morph in the tanks even if some of the larvae had died by cannibalism. 

The frequency of the broad-headed morph was expressed as the ratio of the number of 

broad-headed morphs to the initial number of H. retardatus larvae in the tank. 

 

Statistical analyses 

 

To test whether there was a possible relationship between the mean larval density of the 

pond in which a female lived and the egg size she produced, we applied a non-linear 

regression model (power fit model) to the relationship. 

The effect of egg size is particularly pronounced during early larval growth and 
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development and morphogenesis (Mousseau and Fox 1998). Egg size, therefore, is a 

property of the egg that may be an explanatory factor for the frequency of the 

broad-headed morph. It would be ideal to use egg clutches collected under 

well-controlled conditions (e.g., in a laboratory), because egg size in natural 

environments might be affected by unknown and uncontrolled environmental factors 

and the conditions of the female and male parents. However, it is extremely difficult to 

breed wild adult salamanders in the laboratory because they refuse to eat. Thus, we used 

size of eggs collected from natural ponds for the following analysis. We conducted 

analysis of covariance (ANCOVA) with standardized log10- transformed mean egg size 

of the clutch as a covariate, an arcsine square root transformed frequency of the 

broad-headed morph in each tank as a dependent variable, and two factors, population 

as a confounding factor that might affect the frequency of the broad-headed morph and 

experimental treatment. 

Eight populations used for ANCOVA were quite distinct in the space of arcsine square 

root transformed frequency of the broad-headed morph in each tank / log10- 

transformed mean egg size of the clutch. This violates one of the assumptions of the 

ANCOVA analysis. We therefore standardized the log10- transformed mean egg size of 

the clutch to a zero mean per population in order to properly test the lack of the various 

interactions between covariate and factors. 

 

Results 

 

Phenotypic plasticity in development and population differences in phenotypic plasticity 
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Experimental treatment and source population significantly affected the frequency of 

the broad-headed morph in the larvae of H. retardatus (Table 2). The effects of 

experimental treatment on the frequency of the broad-headed morph indicate that the 

morph is plastic. However, the ANCOVA also revealed a significant interaction 

between experimental treatment and source population (Table 2), indicating that the 

relationship between experimental treatment and frequency of the broad-headed morph 

differed among populations. The interaction between experimental treatment and source 

population shows population differences in the phenotypic plasticity of the 

broad-headed morph. 

The relationship between the experimental treatment and the expression of the 

broad-headed morph is shown in Fig. 1 for each source population. Although the 

frequency of the broad-headed morph increased with an increase in crowding, larvae 

derived from ponds with high larval density exhibited a greater change in the frequency 

of the broad-headed morph compared with larvae derived from ponds with low larval 

density (Table 2, Fig. 1). 

 

Effects of egg size on frequency of expression of broad-headed morph 

 

Egg size also significantly affected the frequency of the broad-headed morph in the 

larvae of H. retardatus (Table 2). The main effects of egg size indicate that the maternal 

investment in a larger egg size has a positive effect on the frequency of the 

broad-headed morph. (Fig. 3). 

 

Relationship between natural larval density and egg size 
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The power fit model was Y (egg size) = 10.171 * X (larval density) ^ 0.099 (Fig. 2; 

regression coefficient 10.171, t = 7.746, d.f. = 6, P < 0.001; regression coefficient 0.099, 

t = 2.054, d.f. = 6, P = 0.085). The sigmoidal curve relating the mean larval density with 

egg size suggests that the mean egg size increased with the mean larval density in the 

ponds, although the regression coefficient (0.099) indicated a very strong trend. The 

pattern of differences in egg size among source populations is also consistent with the 

idea that selection acting on the propensity to produce the broad-headed morph has 

produced a change in egg size. 

 

Maternal effects on phenotypic plasticity 

 

ANCOVA revealed a significant interaction between experimental treatment and egg 

size (Table 2), indicating that the effects of egg size on the frequency of the 

broad-headed morph differed between experimental treatments. The interaction between 

egg size and experimental treatment demonstrates maternal effects on phenotypic 

plasticity itself. 

The relationship between the expression of the broad-headed morph and the mean egg 

size of the clutch from each source population is shown in Fig. 3 for each crowding 

treatment. The slopes through all eight populations were 0.539 (low conspecific density 

treatment), 0.829 (high conspecific density treatment) and 1.292 (high heterospecific 

density treatment). Although the frequency of the broad-headed morph increased with 

changes in the crowding treatment, larvae developing from large eggs exhibited a 

greater change in the frequency of the broad-headed morph compared with larvae 

developing from small eggs (Fig. 3).  
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Discussion  

 

Phenotypic plasticity in development and population differences in phenotypic plasticity 

 

In this study we found an important interaction between source population and 

experimental treatment on the frequency of the broad-headed morph, regardless of the 

main effects of experimental treatment or population itself, indicating that different 

reaction norms apparently existed among the eight populations from discrete habitats, 

which were subject to different pressures (Table 2, Fig. 1). Michimae (2006) previously 

found significantly different frequencies of the broad-headed morph among the eight 

source populations, which probably resulted from different developmental responses to 

experimental crowding treatments (low conspecific, high conspecific, and high 

heterospecific densities) among the populations. The frequency of the broad-headed 

morph in all treatments increased with an increase in the density of conspecific and 

heterospecific larvae in the natural habitat. Population differences in the expression of 

the broad-headed morph may be caused by the population-specific reaction norms (Fig. 

1). Larvae derived from ponds with high larval density exhibited a greater change in the 

frequency of the broad-headed morph compared with larvae derived from ponds with 

low larval density (Fig. 1). Several studies recently have reported different reaction 

norms in populations occupying habitats with different levels of selection (Pfennig & 

Murphy, 2000; Laurila et al., 2002; Trussell & Nicklin, 2002). Different plastic 

responses, or different reaction norms between populations, provide good evidence that 

those different responses are adaptive (Laurila et al., 2002). In this study developmental 

plasticity that ranges from highly plastic response to non-plastic response at individual 
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level can be a target of natural selection (Moran 1992) and at clutch (family) level we 

can find different developmental plasticity in the different phenotypic plasticity of the 

frequency of the broad headed morph. Therefore the different reaction norms between 

populations (different phenotypic plasticity at population level) represented an adaptive 

response to the selection pressures, which target plasticity itself (Fig. 1). 

 

Population differences in egg size 

 

Egg size and larval body size in amphibians are likely important components of fitness 

because they are positively correlated with size at metamorphosis (Berven 1990; Scott 

1994), which in turn correlates positively with the probability of further survival 

(Altwegg and Reyer 2002), size at maturity (Smith 1987), and fecundity (Semlitsch et al. 

1988), although the opposite pattern, in which a small egg size confers a survival 

advantage, has also been reported (Kaplan and Phillips 2006). In the cannibalistic 

salamanders Hynobius retardatus (Michimae 2007) and Ambystoma opacum (Scott 

1990), the potential for size-dependent cannibalism may be greatly increased by 

variation in the initial larval body size. Production of larger eggs in these species may 

result in higher maternal fitness, despite a reduction in clutch size, because larvae from 

small eggs are suitable prey items for larger larvae (Michimae 2007). When larval 

density is higher, selection may favor larger eggs and individuals (Fig. 2). In various 

taxa, mothers in poor condition produce larger (presumably better provisioned) eggs 

and better quality offspring that show greater survivorship than mothers in good 

condition (Fleming and Gross 1990; Sinervo and Doughty 1996; Fox et al. 1997; Einum 

and Fleming 1999). This maternal effect on offspring size and quality is considered an 
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adaptive reproductive strategy (Bernardo 1996; Mousseau and Fox 1998) and is 

observed in insects (Fox et al. 1997), amphibians (Kaplan 1998), and other groups 

(Price 1998). 

 

Maternal effects on phenotypic plasticity 

 

We found main effect of egg size, suggesting changes in egg size affect the overall 

propensity to develop the broad-headed morph (Table 2). However, we also found an 

important interaction between egg size and experimental treatment on the frequency of 

the broad-headed morph (Table 2), suggesting that changes in egg size alter the reaction 

norm of the frequency of the broad-headed morph, such that, an equal change in 

experimental treatment produces a greater change in the frequency of the broad-headed 

morph in larvae developing from large eggs than it does in larvae developing from 

small eggs (Fig. 3). These results are interesting because it has recently been shown that 

maternal effects are widespread and influence a large variety of traits (Mousseau and 

Fox 1998) and because in some invertebrates and vertebrates maternal effects have been 

observed to be closely related to phenotypic plasticity (Royle et al. 2001; Mitchell and 

Read 2005; Nussey et al. 2005). Furthermore, maternal effects are most important 

during early development (Mousseau and Fox 1998), and the broad-headed morph is 

usually induced in larvae only within the first week after hatching (Nishihara-Takahashi 

1999).  

Female salamanders might respond to crowding by producing larger (and presumably 

fewer) eggs, giving their offspring an advantage by making them more likely to change 

to the broad-headed morph and increasing their survival under harsh conditions. It is 
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possible that during egg production salamander females assess their local crowding 

levels using either behavioral or chemical cues in the pond where they will deposit their 

eggs and that populations have evolved mean differences in egg size. In the seed beetle 

Stator limbatus, when host plants are switched, reproducing females adjust their egg 

size to the new host through plasticity in maternal allocation of resources (Fox at al. 

1997). Although the females may use a chemical cue to discriminate among hosts 

before oviposition, the cue is not known. Hence, in the seed beetle, an adaptive change 

in the maternal allocation of energy to offspring occurs because egg survivorship 

depends on both egg size and the host plant.  

In this study, although we found the interaction between egg size and experimental 

treatment in results of ANCOVA, the three-factor interaction of egg size, source 

population and experimental treatment was not found, indicating that the maternal 

effects on phenotypic plasticity of the frequency of the broad-headed morph did not 

differ between populations (Table 2 and Fig.3). The absence of variation in a 

phenotypic combination or correlation suggests that it has been evolutionarily stabilized 

(Lande 1979), although gene flow also can limit the evolution of variation in a 

phenotypic combination. The observed correlation pattern, that larvae from large eggs 

size have a greater increase in the frequency of the broad-headed morph than larvae 

from small eggs, may indicate that the combination of these two traits, egg size and 

phenotypic plasticity of expression of the broad-headed morph in the larval stage, are 

adaptive. The population differences in plasticity that we detected (Fig. 1) might reflect 

population differences in egg size caused by the adaptive integration of the plasticity 

and egg size (Doughty 2002).  

We infer that evolutionary differences in phenotypic plasticity of the morph induction 
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were caused not only by the adaptive response of the plasticity itself but also by the 

adaptive integration of the plasticity and egg size (Table 2, Figs. 1 and 3). Phenotypic 

plasticity has not evolved independently of maternal effects. 

 

Acknowledgments We are grateful for the comments and suggestions of Ross Alford, 

Paul Doughty and anonymous reviewers on earlier versions of this manuscript. This 

work was supported by a Grant-in-Aid for Scientific Research (No 15009850) from the 

Japan Society for the Promotion of Science. 

 

References 

Agrawal AA, Laforsch C, Tollrian R (1999) Transgenerational induction of defenses in 

animals and plants. Nature 401:60–63 

Altwegg R, Reyer HU (2002) Patterns of natural selection on size at metamorphosis in 

water frogs. Evolution 57:872–882 

Bernardo J (1996) Maternal effects in animal ecology. Am Zool 36:83–105 

Berven KA (1990) Factors affecting fluctuations in larval and adult stages of the wood 

frog (Rana sylvatica). Ecology 71:1599-1608 

Denoel M, Whiteman HH, Wissinger SA (2007) Temporal shift of diet in alternative 

cannibalistic morphs of the tiger salamander. Biol J Linn Soc 89:373-382 

Doughty P (2002) Coevolution of developmental plasticity and large egg size in Crinia 

georgiana tadpoles. Copeia 2002:928-937 

Einum S, Fleming JA (1999) Maternal effects of egg size in brown trout (Salmo trutta): 

norms of reaction to environmental quality. Proc R Soc Lond B 266:2095–2100 

Fleming IA, Gross MR (1990) Latitudinal clines: a trade-off between egg number and 



20 

size in Pacific salmon. Ecology 71:1–11 

Fox CW, Thakar MS, Mousseau TA (1997) Egg size plasticity in a seed beetle: an 

adaptive maternal effect. Am Nat 149:149–163 

Fox CW, Czesak ME, Mousseau TA, Roff DA (1999) The evolutionary genetics of an 

adaptive maternal effect: egg size plasticity in a seed beetle. Evolution 53:552–560 

Gilbert SF (2003) Developmental biology, 7th edn. Sinauer Associates, Sunderland, 

Massachusetts. 

Lande R (1979) Quantitative genetics analysis of multivariate evolution, applied to 

brain: body size allometry. Evolution 33:402–416 

Lannoo MJ, Bachmann MD (1984) Aspects of cannibalistic morphs in a population of 

Ambystoma t. tigrinum larvae. Am Mid Nat 112:103–109 

Laurila A, Karttunen S, Merila J (2002) Adaptive phenotypic plasticity and genetics of 

larval life histories in two Rana temporaria populations. Evolution 56:617–627 

Kaplan RH (1998). Maternal effects, developmental plasticity, and life history evolution. 

In: Mousseau TA, Fox CW (eds) Maternal effects as adaptations. Oxford, New York, 

pp 244–260 

Kaplan RH, Phillips PC (2006) Ecological and developmental context of natural 

selection: maternal effects and thermally induced plasticity in the frog Bombina 

orientalis. Evolution 60:142–156 

Matsushima N, Kawata M (2005) The choice of oviposition site and the effects of 

density and oviposition timing on survivorship in Rana japonica. Ecol Res 

20:81–86 

McGinley MA, Temme DH, Geber MA (1987) Parental investment in offspring in 

variable environments: theoretical and empirical considerations. Am Nat 



21 

130:370–398 

Michimae H (2006) Differentiated phenotypic plasticity in larvae of the cannibalistic 

salamander Hynobius retardatus. Behav Ecol Sociobiol 60:205–211 

Michimae H (2007) Differentiated egg size of the cannibalistic salamander Hynobius 

retardatus. J Ethol 25:153–158 

Michimae H, Wakahara M (2002) A tadpole-induced polyphenism in the salamander 

Hynobius retardatus. Evolution 56:2029–2038 

Mitchell SE, Read AF (2005) Poor maternal environment enhances offspring disease 

resistance in an invertebrate. Proc R Soc B 272:2601–2607 

Moran NA (1992) The evolutionary maintenance of alternative phenotypes. Am Nat 

139:971–989  

Mousseau TA, Fox CW (1998) Maternal effects as adaptations. Oxford Univ. Press, 

New York 

Nishihara A (1996) Effects of density on growth of head size in larvae of the 

salamander Hynobius retardatus. Copeia 1996:478–483 

Nishihara-Takahashi A (1999) Faster growth of head size of pre-feeding larvae in a 

cannibalistic population of the salamander Hynobius retardatus. Zool Sci 

16:303–307 

Nussey DH, Clutton-Brock TH, Elston DA, Albon SD, Kruuk LB (2005) Phenotypic 

plasticity in a maternal trait in red deer. J Anim Ecol 74:387–396 

Pfennig DW, Murphy PJ (2000) Character displacement in polyphenic tadpoles. 

Evolution 54:1738–1749 

Price T (1998) Maternal and paternal effects in birds: effects on offspring fitness. In: 

Mousseau TA, Fox CW (eds) Maternal effects as adaptations. Oxford, New York, 



22 

pp 202–226 

Royle NJ, Surai PF, Hartley IR (2001) Maternally derived androgens and antioxidants 

in bird eggs: complementary but opposing effects? Behav Ecol 12:381–385 

Scott DE (1990) Effects of larval density in Ambystoma opacum: an experiment in 

large-scale field enclosures: Ecology 71:296–306 

Scott DE (1994) The effect of larval density on adult demographic traits in Ambystoma 

opacum. Ecology 75:1383–1396 

Semlitsch RD, Scott DE, Pechmannn JHK (1988). Time and size at metamorphosis 

related to adult fitness in Ambystoma talpoideum. Ecology 71:1789–1795 

Sinervo B, Doughty P (1996) Interactive effects of offspring size and timing of 

reproduction on offspring reproduction: experimental, maternal, and quantitative 

genetic aspects. Evolution 50:1314–1327 

Smith CC, Fretwell SC (1974) The optimal balance between size and number of 

offspring. Am Nat 108:409–506 

Smith DC (1987) Adult recruitment in chorus frogs: effects of size and date at 

metamorphosis. Ecology 68:344–350 

Stephen MR, George VL, James PC (1992) Performance consequences of a trophic 

polymorphism: feeding behavior in typical and cannibal phenotypes of Ambystoma 

tigrinum. Copeia 1992:672-679 

Trussell GC, Nicklin MO (2002) Cue sensitivity, inducible defense, and trade-offs in a 

marine snail. Ecology 83:1635–1647 

Wakahara M (1997) Kin recognition among intact and blinded, mixed-sibling larvae of 

a cannibalistic salamander Hynobius retardatus. Zool Sci 14:893–899 

Whiteman HH, Sheen JP, Johnson EB, VanDeusen A, Gargille R, Sacco TW (2003) 



23 

Heterospecific prey and trophic polyphenism in larval tiger salamanders. Copeia 

2003:56–67 



24 

Figure legends 

 

Figure 1 Frequency (mean ± SD) of the broad-headed morph of the salamander 

Hynobius retardatus in eight populations at three crowding treatments: low conspecific, 

high conspecific, and high heterospecific larval density (n=9 per treatment). The eight 

salamander populations studies are Okusawa (  ), Erimo (  ), Atsuta (  ), Konuma 

(  ), Kamitobetsu (  ), Tomaru (  ), Toyoha (  ) and Nopporo (  ). Frequency data 

are arcsine square-root transformed 

 

Figure 2 The relationship between mean egg size and larval density in the eight 

populations. See Fig.1 for symbol explanations. The power fit model is Y (egg size) = 

10.171(t = 7.746, d.f. = 6, P < 0.001)* X (larval density) ^ 0.099 (t = 2.054, d.f. = 6, P = 

0.085) 

  

Figure 3 The relationship between frequency of the broad-headed morph and 

standardized log10-transformed mean egg size in the low conspecific density treatment 

(  ; Y=0.539X+0.345, dotted line), high conspecific density treatment (  ; 

Y=0.829X+0.265, dashed line), and high heterospecific density treatment (  ; 

Y=1.292X+0.608, solid line). Frequency data are arcsine square-root transformed. We 

standardized the log10-transformed egg size of the clutch to a zero mean per population 

(see methods for further explanation) 
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Sampling site Latitude Longitude 

Erimo

Konuma

Nopporo

Tomaru

Atsuta

Kamitobetsu

Okusawa

Toyoha

143.2529

140.6099

141.5039

140.5151

141.4144

141.4819

140.9605

141.1599

Table 1 Sampling dates and locations of the eight discrete sites (ponds) where Hynobius retardatus samples 
were collected in  2004. 

42.1252

43.1916

43.0651

43.1907

43.4445

43.2333

43.1447

42.9811

Altitude (m) Sampling date

118.91

311.15

63.92

356.14

59.65

24.67

236.39

305.67

4/19

5/12

4/8

4/22

4/23

4/23

5/5

5/5

4/27

6/3

4/14

5/12

5/1

5/13

5/18

5/18

5/14

5/4

6/3

5/13



Table 2. Results from ANCOVA of the effect of experimental treatment 
and source population on frequency of the broad-headed morph, with egg 
size as covariate. Data were arcsine square root transformed and covariate 
was standardized after log10 transformed, before analysis, respectively. 

d.f. F PSource MS
Experimental treatment (T)

Source population (P)

Egg size (E)

T*P

T*E

P*E

T*E*P

Error

2.319

0.469

0.948

0.028

0.054

0.012

0.003

0.009

2

7

1

14

2

7

14

168

245.734

49.724

100.410

2.918

5.759

1.268

0.340

<0.0001

<0.0001

<0.0001

0.0006

0.0038

0.2690

0.9876
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