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ABSTRACT

Background: Life-history theory uses optimality models to predict among-population
variation in age and size at first reproduction. To predict within-population variation in these
traits, however, models should take into account the frequency-dependent effects of life-history
strategies.

Hypotheses: Growth rate costs that differ between individuals according to their quality are
responsible for variation in life-history traits within a population. Theory incorporating such
different costs will predict aspects of age and body size among male Tyrrhenian tree frogs,
Hyla sarda (Anura: Hylidae), in a wild population.

Mathematical method: Two-player, non-zero-sum game.
Key assumptions: Growth is biphasic and decreases after sexual maturity. Males vary in

their size and age at first reproduction. Growth imposes different survival costs on higher- and
lower-quality males. Males of either higher or lower quality can choose to grow fast or slow,
and to reach maturity early or late. Independent of their quality, larger males experience higher
mating success.

Theoretical predictions: Higher-quality males should grow faster than lower-quality males.
Faster-growing males should mature sooner than slower-growing males.

Field method: We measured the age and the body size of two groups of reproductive males:
males that were first captured at the breeding site in 2007 and recaptured in 2008 (recaptured
males), and males that were first captured in 2008 (newly captured males).

Result: As predicted, recaptured males were larger than newly captured males of both the
2008 and 2007 age classes.

Keywords: amphibian, game theory, life-history theory, lifetime reproductive success,
mate choice, sexual selection, skeletochronology.

INTRODUCTION

Age and size at maturity are among the most important determinants of individual lifetime
fitness (for reviews, see Roff, 1992; Stearns, 1992). Whether fitness is expected to correlate negatively
with age at maturity, because the lower the age the higher the probability of surviving to
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reproduction, it usually shows a positive correlation with body size. In females, body size
often correlates positively with fecundity (Lardner and Loman, 2003; Castellano et al., 2004; Vargas-Salinas,

2006); in males that have mated successfully (Howard, 1978; McElligott et al., 2001), and in individuals
of both sexes, it often correlates positively with adult survival (Brown and Brown, 1998; Scott et al.,

2007; but see Blanckenhorn, 2000, for exceptions). Because, in most species, growth rate decreases or even
stops after sexual maturity, one way of growing larger is to postpone maturity. Delaying
reproduction, however, is costly because it reduces the number of reproductive episodes an
animal is expected to attend. Life-history theory predicts that an optimal trade-off between
age and size at maturity is attained when the costs and the benefits of these traits balance at
a stable equilibrium (Kozlowski, 1992; Stearns, 1992).

Adult body size, however, not only depends on age at maturity but also on pre-adult
growth rate. Because of its wide variation at both the among- and within-population level,
growth rate often conceals the trade-off between age and size at maturity, so that animals
that grow faster mature earlier and at a larger size than individuals that grow at a slower rate
(van Noordwijk and de Jong, 1986). Such wide variation in growth rate is usually considered to be the
effect of its strong phenotypic plasticity, and animals are often assumed to grow at their
maximum, physiologically possible rate given resource availability and predation risk
(Dmitriew, 2011). Under this assumption, most life-history models of optimal age and size at
maturity do not consider growth rate in their computation of costs and benefits, because
these models assume selection to act directly on body size and age at maturity and only
indirectly on growth rate.

Phenotypic plasticity and reaction norms are not the only factors responsible for
variation in growth rate. Several studies have provided evidence for among- and within-
population genetic differences in growth rate (Billerbeck et al., 2000; Laugen et al., 2005; Miller and Sinervo,

2007; Swain et al., 2007). Furthermore, since high growth rate is costly (for reviews, see Dowling and

Simmons, 2009; Dmitriew, 2011) and since males within a population vary with respect to both
genetic quality and phenotypic condition, within-population variation in growth rate
may also reflect different condition- or quality-dependent optimal life-history strategies. In
these cases, to understand the causes of within-population variation in size and age at
maturity, we should no longer assume that males grow at their maximum rate, but instead
consider growth rate as a component of life-history strategies, whose direct costs and
indirect benefits enter directly into the computation of the optimal strategy.

In the present paper, we investigate the trade-offs between age and size at first
reproduction in species where growth continues after sexual maturity, though at a slower
rate. We test the hypothesis that within-population variation in age and size at maturity
arises because individuals of different quality have different optimal strategies. First,
we formalize our hypothesis with a game-theoretical model in which two groups of males of
different quality play against each other and try to optimize their lifetime reproductive
success by choosing both the growth rate and the age at first reproduction. Importantly,
this model is based on the assumption that growth rate is costly and that costs are
proportionally higher for low- than for high-quality males. Second, we use this model
to make predictions and test them, using as an empirical model the Tyrrhenian tree frog,
Hyla sarda, a species in which males show variation in both age and size at first
reproduction (Cadeddu et al., 2012).

Castellano and Cadeddu798



THEORETICAL MODEL

We assume the following: (i) in this species, males have much greater reproductive potential
than females and, therefore, compete strongly against each other to mate; (ii) males have
different qualities, depending on the efficiency with which they can convert external
resources into internal metabolic energy; and (iii) reproductive success depends on male
body size, as larger males are more likely to mate than smaller ones. To reach a large body
size at sexual maturity, however, males must either grow at a fast rate, during their juvenile
stage, or postpone sexual maturity. Both these solutions are not free of charge: prolonged
growth entails opportunity costs, whereas fast growth entails material costs (for reviews,

see Dowling and Simmons, 2009; Dmitriew, 2011). How long and how fast should a male grow before
sexual maturity to maximize his lifetime reproductive success? Do optimal life-history
strategies differ between males of different qualities? To investigate these questions we
construct a two-player, non-zero-sum game, in which two types of males (of either low or
high quality) play against each other to optimize their lifetime reproductive success.

The model makes further assumptions and conditions as follows:

1. The two types of males (1 and 2) differ in quality, q (with q1 > q2), that is, in the
efficiency with which they convert external resources into internal metabolic energy. The
quality q is assumed to vary between 0 and 1.

2. Male reproductive strategies (π) are defined by two life-history traits: the growth rate
(h), which depends on the amount of resources that an individual allocates to growth
and which can vary between 0 and 1; and the age at first reproduction (T), from which
a life-history vector, L(T, t), is derived. L is 0 if age (t) is less than T and 1 otherwise.

3. Males show biphasic growth: before sexual maturity, their body size increases linearly
at a rate hHmax, where Hmax is a constant. When males reach sexual maturity and reproduce
(at age T), a constant proportion of resources (φ) previously allocated to growth are now
allocated to reproduction. In the adult phase, somatic growth becomes ha = hHmax(1 − φ),
where φ is assumed to be the same for all individuals. Body size (B) is thus a function of age
(t), growth rate (h), and age at first reproduction (T):

B (h, T, t + 1) = B (h, T, t) + hHmax(1 − φL(T, t)). (1)

At t = 0, male body size is B0 and it is assumed to be the same for all individuals,
independent of their quality and growth rate.

4. Body size affects male attractiveness, and thus male mating success. Females are
assumed to choose between two randomly selected males. One male is chosen if he
is recognized as an appropriate mate and if he is perceived as more attractive than his
opponent. The probability that a male with body size B1 is recognized as an appropriate
mate is given by the sigmoid function:

r(B1) =
1

1 + e−�(� − B1) , (2a)

where α is a constant describing the accuracy of female discrimination of males’ body size,
and β (the body-size threshold) is the body size of the male that has the same probability of
being perceived as either an appropriate or inappropriate mate.
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The probability that male B1 is perceived as more attractive than a second male with body
size B2 is thus the combined probability of being perceived both as an appropriate mate
(r(B1)) and as being larger than B2 :

p(B1, B2) =
r(B1)

1 + e−�(B1 − B2) . (2b)

5. The probability that a male of age t will survive to the next breeding season is denoted
by s and it is assumed to depend on both his quality and reproductive strategy. Given a
fixed amount of available resources, we expect that the larger the proportion of resources
allocated to somatic growth and reproduction, the smaller the proportion used for self-
maintenance, and the lower the probability of surviving to the next year. However, since
males differ in quality, we assume that, for a given growth rate, the survival costs of growth
paid by high-quality males are smaller than those paid by low-quality males. The
probability that a male of age t, of quality q, and with growth rate h and age at maturity T
will survive to the next breeding season (t + 1) is given as:

s(q, h, T, t + 1) = 1
2 (q − h − µL(T, t) + 1), (3)

where µ, the survival cost of reproduction, is assumed to be independent of male quality.
Since survival cannot be negative, when q < m, we force h to satisfy the following condition:
h ≤ q + 1 − µ. For simplicity, we have s1(t) = s(q1, h1, T1, t) and s2(t) = s(q2, h2, T2, t). As
explained, equation (3) is the probability of survival from age t to age t + 1, whereas the
probability (S) of surviving until age t is:

Si(t) = ∏ t
j = 1 si( j). (4)

From equation (4), we derive, for each age class, the frequency distribution of the two
groups of males in the adult population:

Fi(t) =
Ni Si(t)Li(T, t)

Σj ΣzNj Sj(z)Lj (T, z)
. (5)

Ni is the number of males of type i at age t = 0. The numerator is the number of males of
age t that survive and reproduce. The denominator is the total number of reproductive
males.

6. Upon reaching sexual maturity at age T, males are assumed to reproduce yearly.
Reproductive success in each breeding season depends on the multiplicative interaction of
two components: male mating success, which depends on male body size (equation 2), and
the social context (the number of rivals), which ultimately depends on male survival
probability (equations 4 and 5). The lifetime reproductive success of the high-quality male
playing the strategy π1(h1, T1) against the low-quality male playing the strategy π2(h2, T2)
[i.e. the payoff matrix, w1(π1, π2)] is given by:

w1(π1, π2) = R �Tmax

t = T1
�2

j = 1 �Tmax

i = T(j)
 F1(t)Fj (i)p (B(h1, T1, t), B(hj , Tj , i)), (6)

where Tmax represents the maximal lifespan and R = 1
2Σj Sj (t)Lj (T, t) is a scaling factor and

represents the population mean number of reproductive episodes that a male is expected to
attend during his life. Note that the opponent of the focal male (indicated by the suffix j)
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may be also a male of the same quality (thus playing the same strategy), who can reside in
either the same or different life-history stage.

7. To make the game as simple as possible, we assume males can choose one of four
available strategies: (i) grow FAST and breed EARLY (at 1 year old) (FE); (ii) grow FAST
and breed LATE (at 2 years old) (FL); (iii) grow SLOW and breed EARLY (at 1 year old)
(SE); and (iv) grow SLOW and breed LATE (at 2 years old) (SL).

Solution of the game and results of the model

According to the Nash Theorem (Thomas, 1984, p. 57), a pair of strategies π1 and π2 is an
equilibrium pair for a non-zero-sum game if the following two conditions hold:

w1(π1, π2*) ≤ w1(π1*, π2*) (7a)

w2(π1*, π2) ≤ w2(π1*, π2*). (7b)

In the numerical example presented in Fig. 1 and Table 1, the growth-rate coefficients are
hslow = 0.6 and hfast = 1, the maximal growth rate is Hmax = 15 mm per year, the body size at
birth (B0) is 15 mm, and after maturity the decrease in the proportion of resources allocated
to growth is φ = 0.8 [i.e. adult growth rate being (1 − φ) = 0.2 times the juvenile growth rate].
Table 1 shows the payoff matrix when the body-size threshold is set at β = 25 mm, the
survival cost of reproduction is µ = 0.3, and the qualities of males are LQ = 0.5 and HQ = 1.

The body-size threshold is crossed at 1 year old when males grow fast, but at 2 years old
when they grow slow. For the HQ males, the FE strategy dominates all the other alterna-
tives, because the expected benefits of breeding early overcome the survival costs of growing
fast. This is not true, however, for the LQ males, whose best reply to the FE strategy is the
SL strategy. If LQ males played the FE strategy, they would attend, on average, 0.275
reproductive episodes, but the majority of these episodes (91%) would occur when they were
1 year old, and thus at a small (low-competitive) body size. In contrast, by growing slowly
and by delaying reproduction, the costs due to the reduction of the expected number of
reproductive episodes (0.202) are more than compensated by the benefits of the larger and
more competitive body size.

Figure 2 shows how the equilibrium strategies vary in relation to the quality of LQ males
and the growth costs of reproduction (φ) (all other parameters are as in Fig. 1 and Table 1).
When adult growth rate is much lower than juvenile growth rate (high values of φ) and when
the LQ males have qualities lower than 0.8, then the SLLQ/FEHQ pair of strategies is the
optimal solution of the game. However, for qualities higher than 0.8, the optimal solution
becomes FELQ/FEHQ : both males are expected to adopt the same life-history strategy (grow
fast and breed early) and the only differences in their lifetime reproductive success are due to
their different survival rates. As the survival costs of reproduction decrease (i.e. as φ

decreases), a larger proportion of LQ males are expected to adopt the FE strategy. For
φ = 0.5 and for very low-quality males (LQ < 0.23), the HQ-males’ best reply to the LQ
males’ SL strategy is no longer to grow fast and breed early, but to grow slow and breed
early. In this case, HQ males are smaller than LQ males but, since they suffer a much lower
mortality rate, they represent the largest proportion of the reproductive population. For
example, when LQ = 0.2, 92% of the male breeding population is composed of HQ males
(60% are 1 year old and 32% 2 years old). Although size disadvantages the small HQ males,
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Fig. 1. Male body size as a function of both age and life-history strategy. Symbols denote the growth-
rate strategy (squares = slow-growing males; circles = fast-growing males). Solid symbols indicate
adult males, open symbols juvenile males. Since, in this example, φ (the growth costs of reproduction)
is 0.8, the adult growth rate is five times smaller than the juvenile growth rate.

Table 1. Payoffs of high-quality (Roman font) and low-quality (italic
font) males playing each of the four alternative life-history strategies of
growing slow and maturing early (SE), of growing slow and maturing late
(SL), of growing fast and maturing early (FE), and of growing fast and
maturing late (FL) (payoffs of the equilibrium strategy are in bold font)

HIGH-QUALITY MALE

SE SL FE FL

SE
0.25 0.37 0.48 0.21

0.11 0.07 0.06 0.08

SL
0.21 0.24 0.30 0.18

0.18 0.10 0.14 0.05

FE
0.21 0.30 0.35 0.19

0.23 0.09 0.13 0.07

FL
0.24 0.22 0.31 0.12

0.06 0.06 0.06 0.03

L
O

W
-Q
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A
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IT

Y
 M
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L

E

Note: Model parameters are as follows: µ = 0.3, φ = 0.8, high quality = 1, low
quality = 0.5, α = 1, fast growth rate = 1, slow growth rate = 0.6, B0 = 15, maximal
growth = 15, body-size threshold β = 25 mm.
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their mating success is nevertheless high, because the probability that they compete against
the larger and rarer LQ males is low.

The effect of the body-size threshold

In the above simulations, the body-size threshold (β) is set at a value for which only
fast-growing males are large enough to be perceived as appropriate mates in their first year
of life. However, if both fast- and slow-growing males can reach the threshold at 1 year old,
then we no longer observe quality-dependent variation in optimal life-history strategies.
In this case, in fact, the optimal strategy for both LQ and HQ males is always to grow slow
and to mature early, whatever the growth costs of reproduction (φ) (Table 2).

If β is so high that it cannot be reached by 1-year-old, slow-growing males, then LQ males
always do better by growing slow and maturing late. In contrast, the optimal strategy of HQ
males depends on both φ and the opponents’ quality (Fig. 3). When both are low, HQ males
do better by growing fast and maturing early, whereas when the opponents’ quality and/or
the growth costs of reproduction increase, HQ males do better by adopting the same
strategy of their opponents: growing slow and maturing late.

In conclusion, this simple two-player game shows that intra-sexual variation in both
growth rate and age at first reproduction is expected to arise whenever growth rate imposes
differential costs to males of different quality. Furthermore, if we observe among-male

Fig. 2. Pairs of equilibrium strategies for different values of j (the growth costs of reproduction)
and different quality of opponent. The first pair of letters describes the low-quality male’s strategy
(F = fast growth; S = slow growth; E = early maturation; L = late maturation), the second pair
the high-quality male’s strategy. In these simulations, the parameters of the model are: m = 0.3;
high quality = 1; α = 1; fast growth rate = 1; slow growth rate = 0.6; B0 = 15; maximal growth = 15;
body-size threshold β = 25 mm.
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Fig. 3. Pairs of equilibrium strategies under different values of j (the growth costs of reproduction)
and of the opponent’s quality. The first pair of letters describes the low-quality male’s strategy
(F = fast growth; S = slow growth; E = early maturation; L = late maturation), the second pair
the high-quality male’s strategy. In these simulations, the parameters of the model are: m = 0.3;
high quality = 1; α = 1; fast growth rate = 1; slow growth rate = 0.6; B0 = 15; maximal growth = 15;
body-size threshold β = 30 mm.

Table 2. Payoffs of high-quality (Roman font) and low-quality (italic
font) males playing each of the four alternative life-history strategies of
growing slow and maturing early (SE), of growing slow and maturing late
(SL), of growing fast and maturing early (FE), and of growing fast and
maturing late (FL) (payoffs of the equilibrium strategy are in bold font)

HIGH-QUALITY MALE

SE SL FE FL

SE
0.55 0.37 0.48 0.21

0.28 0.16 0.15 0.20

SL
0.45 0.24 0.30 0.18

0.18 0.10 0.14 0.05

FE
0.44 0.30 0.35 0.19

0.23 0.09 0.13 0.07

FL
0.51 0.22 0.31 0.12

0.06 0.06 0.06 0.03

L
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U
A
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Y
 M

A
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E

Note: Model parameters are as follows: µ = 0.3, φ = 0.8, high quality = 1, low
quality = 0.5, α = 1, fast growth rate = 1, slow growth rate = 0.6, B0 = 15, maximal
growth = 15, body-size threshold β = 20 mm.
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variation in growth rate and age at maturity, the model predicts that: (i) fast-growing males
mature earlier than slow-growing males (i.e. growth rate correlates negatively with age
at first reproduction); and (ii) high-quality males grow faster (and mature earlier) than
low-quality males (i.e. male quality correlates positively with growth rate). We test these
predictions using as an empirical model, the Tyrrhenian tree frog, Hyla sarda.

THE EMPIRICAL MODEL

Hyla sarda is endemic to the Tyrrhenian Islands (Corsica, Sardinia, and the Tuscan
Archipelago). It belongs to the H. arborea group (Stock et al., 2008) and, like all the species of
this group, it shows a lek mating pattern (Friedl and Klump, 2005; Castellano et al., 2009a, 2009b; Castellano

and Gamba, 2011). In a previous study (Cadeddu et al., 2012), we used skeletochronology techniques
to describe between-sex differences in age and body size in a breeding population of
Tyrrhenian tree frogs. This study showed that female-biased sexual size dimorphism in
this species was mainly due to between-sex variation in age at maturity: on average, females
mature one year later and at a larger size than males. Despite these differences, however,
age at maturity was found to vary greatly in both sexes.

Here we focus on males of this population and use them to test the two predictions of the
game-theoretical model: (i) males that mature earlier grow faster; and (ii) growth rate
correlates positively with male quality. To test these predictions, we investigate body size
differences in two groups of males.

The first group includes individuals that were first captured in 2007and recaptured
in 2008 (recaptured males, RMs), that is, males that reached sexual maturity at least
one year before their 2008 age. The second group includes individuals that were captured
only in the 2008 breeding season (newly captured males, NCMs), that is, males that matured
at their 2008 age or earlier. For RMs we know the snout-to-vent length (and the age) of
both 2007 and 2008, whereas for NCMs we know only the snout-to-vent length (and age)
of 2008.

To test the first prediction, we compare the 2008-RM snout-to-vent length with the
NCM snout-to-vent length controlling for age (see Materials and methods). Since in
each age class, the age at maturity of RMs is equal to or lower than that of NCMs, under
the null hypothesis that the two groups of males grow at similar rates, from equation (1) the
average body size of RMs should be equal to or lower than the body size of NCMs.
The rejection of the null hypothesis will be indirect evidence that males that mature earlier
grow faster.

To test the second prediction, we compare the 2007-RM snout-to-vent length with the
NCM snout-to-vent length controlling for age (see Materials and methods). Note
that, unlike in the previous test, we now use the 2007-RM age. This test is based on the
assumption that the relationship between size and age does not differ between the two years
of study, that is, that the mean body size of NCMs of a certain age class, in the 2008 sample,
does not differ from the (unknown) mean body size of the same age class in the 2007 sample
(results support this assumption, see below). Under this assumption, we can make the
following predictions: (i) if no differences are observed between the body size of 2007-RMs
and NCMs, then there is no evidence that growth rate affects survival; (ii) if the NCM
snout-to-vent length is on average larger than the 2007-RM snout-to-vent length, then there
is evidence that growth rate is costly and males that grow faster are less likely to survive to
the next breeding season; and (iii) if the NCM snout-to-vent length is on average smaller
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than the 2007-RM snout-to-vent length, then there is evidence that growth rate correlates
positively with survival and thus with male quality. In fact, among the males that reach
maturity at a certain age, those that are larger (and thus pay the cost of a fast growth rate)
are also those that are more likely to survive to the next breeding season.

Materials and methods

Adult males were caught in a pond on the Island of Caprera (NW Sardinia, Italy, 41�19�N,
09�45�E) inside ‘Parco Nazionale dell’Arcipelago della Maddalena’ during the 2007 and
2008 breeding seasons (Cadeddu et al., 2012). They were taken to the laboratory, anaesthetized in
a 0.2% solution of MS-222 Sandoz, and individually marked by implanting a fluorescent
alphanumeric tag (VI Alpha Tags, size 1.0 × 2.5 mm, 0.1 mm thick; Northwest Marine
Technology, Inc., Shaw Island, WA, USA) beneath the skin of the ventral side of the right
hind limb thigh (Castellano et al., 2009a, 2009b). Their snout-to-vent length was measured to the
nearest 0.01 mm with a digital calliper (MITUTOYO CD-15C, Mitutoyo, Inc., Mississauga,
Ontario, Canada). To determine the age of males, individuals were toe-clipped by cutting
out the last two phalanges of the fourth toe of their right hind limb. Phalanges were
preserved in a 70% ethanol solution and used in skeletochronological analyses (Francillon

and Castanet, 1985; Castellano et al., 1999; Rosso et al., 2004). To avoid any (possible, though unknown)
negative effects of a double mark, males were toe clipped only in the second year of
study (2008).

Preserved phalanges were decalcified in 5% nitric acid for about 30 min, and soaked in tap
water overnight. Phalanx cross-sections were obtained with a freezing microtome at 16 µm,
stained with haematoxylin for 20 min, and washed in water for 10 min. We selected the
mid-diaphyseal sections with the narrowest medullar cavity and mounted them on micro-
scope slides using Aquamount. For each section, two operators counted independently the
number of lines of arrested growth (LAGs) under a light microscope and later compared
results. Dubious cases were discounted. The most peripheral edge of the cross-sections was
counted as an additional LAG because the specimens were collected during the breeding
seasons after emergence from hibernation (Rogers and Harvey, 1994).

Because of the vastly different number of males in each age class, we compared the body
size of RMs and NCMs using a randomization test. For each age class, we first ranked
males independent of their recapture status and then summed the ranks of recaptured
males independent of their age class. This sum of ranks was the parameter on which we
based statistical inference. To test for the null hypothesis that there were no differences
between RMs’ and NCMs’ snout-to-vent lengths, we randomly permuted snout-to-vent
lengths within each age class and calculated the new sum of ranks as described above. We
repeated this procedure 10,000 times. The relative frequency of permutations with sum of
ranks equal to or higher than the observed sum of ranks was considered as an unbiased
estimate of the null-hypothesis probability.

Results

In the first breeding season (2007), we captured 158 males with an average snout-to-vent
length of 32.5 mm (.. = 1.9). In the second breeding season, we captured 143 males with
an average snout-to-vent length of 32.8 mm (.. = 2.38). Since the 2007 and 2008 mean
snout-to-vent lengths did not differ significantly from each other (F1,299 = 1.67; P = 0.287),
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we assume that also the mean snout-to-vent length of males in each age category did not
differ between the two breeding seasons (see below).

From the 2008 sample, we determined the age of 78 males, 14 (18%) of which were
recaptured from the previous year. In Table 3, for each age class, we show the snout-to-vent
lengths of recaptured males (both in 2007 and 2008 samples), their mean snout-to-vent
lengths, and the mean snout-to-vent lengths of all non-recaptured males. Figure 4 shows the
frequency distribution of males in the observed four age classes. This distribution clearly
indicates intra-sexual variation in age at first reproduction: a few males reach maturity when
they are 1 year old, whereas most of them first reproduce when they are either 2 or 3 years
old. We use these data to test the two predictions made by the theoretical model.

First, we compare the 2008 snout-to-vent length of recaptured males (RM-2008, in bold
in Table 3) and newly captured males (NCMs) of the same age classes by carrying out a
randomization test (see Materials and methods). The analysis shows that, independent of
age, RMs are larger than NCMs (observed sum of ranks = 228; P = 0.0265 after 10,000
randomizations), thus providing evidence that males that mature earlier tend to grow faster.

Second, for each age class, we compare the body size of 2007-RMs (in italics in Table 3)
and the body size of NCMs. The randomization test shows a significant effect of age
(observed sum of ranks = 297; P = 0.0346 after 10,000 randomizations): independent of
age, 2007 RMs are larger than NCMs, providing evidence for a positive relationship
between growth rate and the probability of being recaptured in the next season (thus the
probability to survive to the next breeding season).

DISCUSSION

In the present paper, we tested the hypothesis that within-population variation in male age
and size at maturity arises because the optimal trade-offs between growth and develop-
mental rate differ among males of different qualities. The game-theoretical model provides
us with a logical foundation of the hypothesis and shows that high-quality males grow faster

Fig. 4. Age-frequency distribution of male tree frogs. �, first captures; �, recaptures.
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and mature earlier than low-quality males because, for high-quality males, the survival
benefits of an early reproduction are more likely to overcome the proportionally lower costs
of growing fast. Male quality is thus expected to correlate positively with growth rate
and negatively with age at first reproduction. We discuss these predictions in the light of
the results of our study on the age-structure and the between-year recapture of adult tree
frog males. This model, however, was not thought to accurately predict natural patterns
and its confirmation tells us more about assumptions than predictions (Stearns, 1992). We
thus conclude by discussing the main assumption of the model: the differential and
quality-dependent costs of growth rate.

Individual variation in age and size at maturity

In species with indeterminate growth, age and size at maturity are highly plastic traits (Roff,

1992; Stearns, 1992; Nylin and Gotthard, 1998). Several experiments with direct or indirect manipulation
of food resources have shown consistent variation in both traits (Morey and Reznick, 2000; Day and

Rowe, 2002): an increase of available food causes an increase in growth and developmental rate so
that animals tend to mature earlier and at a larger size, although it is not clear whether the

Table 3. The 2007 (italic font) and the 2008 (bold font) snout-to-vent
length (SVL) of the 14 recaptured tree frogs, together with the means and
standard deviations of 2008 first-captured males, for each age category

SVL (mm)

1 year 2 years 3 years 4 years

1 32.36 34.23
2 33.50 36.16
3 33.20 34.33
4 33.21 34.87
5 32.00 34.58
6 36.08 35.61
7 32.06 33.63
8 30.27 33.42
9 31.41 35.38

10 30.58 33.86
11 31.89 34.85
12 30.60 33.68
13 35.51 37.11
14 35.59 35.00

Mean (2008) 34.23 34.58 36.06
Mean (2007) 32.36 32.25 35.55

20
08

 R
ec

ap
tu

re
s

Mean 29.02 31.20 33.46 35.56
.. 1.05 2.24 2.05 2.11
N 6 27 17 620

08
 N

ew
ca

pt
ur

es

Castellano and Cadeddu808



resulting negative correlation between growth rate and age at maturity reflects physiological
constraints rather than correlated responses to changes of local conditions (Bernardo, 1994).

This ability of individuals to modify their life history in response to environmental
conditions parallels the ability of populations to evolve adaptations to local conditions.
Several studies, indeed, have shown genetic variation in growth rate and age at maturity
(Billerbeck et al., 2000; Laugen et al., 2003, 2005), providing indirect evidence for additive genetic
variation in phenotypic plasticity (Gjerde and Schaeffer, 1989). Despite this empirical evidence,
however, most life-history models do not consider individual heterogeneity in life-history
traits and rely on the assumption that individuals of similar age have similar survival and
mating probabilities (Vindenes et al., 2008). This assumption is largely justified by these models’
purpose of predicting optimal life-history strategies at a population level. In contrast, our
game-theoretical model assumes individual heterogeneity because it aims to understand
how variation in individual quality can explain variation in optimal life-history strategies.

Despite these different scopes and assumptions, both life-history and game-theoretical
models make predictions that are largely, perhaps unexpectedly, consistent. As mentioned
above, life-history models predict that, in populations where food is abundant, individuals
grow faster and mature earlier than individuals in populations where food is scarce and thus
costly. Our model reaches a similar conclusion by predicting that, within a population,
individuals that are more efficient in acquiring resources (high-quality males) grow faster
and mature earlier than low-quality, less-efficient individuals. These similar predictions
made by the two types of models suggests that variation in the costs of resource acquisition
influences variation in life-history traits at multiple levels: at the within-individual level it
causes the trait to vary along an optimal reaction norm, at the within-population level
it causes reaction norms to vary among individuals, and at the among-population
level it causes populations to evolve different sets of reaction norms.

The results of our study on the age distribution and between-year recapture of a
population of Tyrrhenian tree frog males are consistent with our game-theoretical model’s
predictions. In this species, the age at maturity varies greatly among males, a few of them
first reproducing at 1 year old, whereas the large majority reach sexual maturity at 2 or
3 years of age. By comparing the body size of recaptured and non-recaptured males, we
show that males first captured in 2007 and recaptured in 2008 were larger than non-
recaptured males of both their 2007 and 2008 age classes. Since the sample of 2008
recaptured males comprised individuals that reached sexual maturity in 2007 (or earlier),
whereas the sample of 2008 non-recaptured males comprised individuals that matured in
2008 (or earlier), we interpret the larger body size of recaptured males as indirect evidence
that (i) males that reproduce earlier grow faster than males that reproduce later, and that
(ii) males that reproduce early and grow fast are more likely to survive to the next breeding
season than males that also reproduce early but at a smaller body size. These results are
consistent with the hypothesis that growth rate (and body size) is an important determinant
of male fitness and that within-population variation in growth rate may be the cause of the
observed within-population variation in age and size at maturity.

The quality-dependent costs of growth rate

Our game-theoretical model is based on the assumption that growth rate imposes
differential survival costs to males of different quality. But where is the empirical evidence
that growth rate is costly and that costs differ among males of different quality?
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In a recent review, Dmitriew (2011) identifies two types of growth-related costs. The first
type is the cost of an increased predation risk, which arises as the effect of the increasing
foraging effort that permits accelerated growth. Many studies have reported the effect of
predation on growth rate both directly, through experimental manipulations (Johansson et al.,

2001; Laurila et al., 2008), and indirectly, through comparative observations (Reznick et al., 1996). The
second type of growth-related costs are physiological. In this case, costs are thought to arise
because of physiological constraints that impose short- or long-term negative effects
on fast-growing animals. In common frogs, tadpole growth rate increases with latitude,
possibly as a result of the simultaneous decrease in predation risk. The mortality rate of
fast-growing, high-latitude tadpoles is higher than that observed in low-latitude populations
(Laurila et al., 2008). A reduction in pre-adult survival has also been observed in selected lines of
fast-growing fruit flies (Partridge and Fowler, 1993). These physiological costs may arise directly
from the trade-off between growth and maintenance (an increase of resource allocation to
growth causes a reduction of allocation to energy reserves) (Dmitriew, 2011), or they may arise
because fast-growing animals have high metabolic rates, and thus may be exposed to
stronger oxidative stresses, due to their fast production of reactive oxygen species (Mangel and

Munch, 2005; Rosa et al., 2008; for a review, see Dowling and Simmons, 2009). Unlike the predation costs, the
physiological costs of growth rate are likely to depend on individual quality for two reasons.
First, individuals of high quality, which have access to more resources, may invest more in
both growth rate and maintenance than individuals of poorer quality (van Noordwijk and de Jong,

1986). Second, high quality may directly depend on the ability to resist oxidative stresses, so
that high-quality individuals maintain high metabolic rates and pay proportionally lower
oxidative costs than low-quality individuals (Dowling and Simmons, 2009).

Differential costs in the expression of phenotypic traits play an important role in sexual
selection theory to explain the evolution of honest signalling (Grafen, 1990; Johnstone, 1997). We
suggest that they might be important also in life-history theory to explain within-
population variation in life-history strategies. In both cases, differential costs are expected
to amplify the strength of selection by biasing reproductive success (sexually selected traits)
or survival and reproductive success (naturally selected traits) towards higher-than-average
quality males.
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