
INTRODUCTION

It is generally accepted that in the Scarabaeoidea
(Coleoptera) size-dependent threshold mechanisms regu-
late the expression of dimorphic secondary sexual traits,
such as horns and mandibles (e.g. Emlen et al., 2005).
The functions describing allometric relationships of such
traits are often considered species specific (e.g. Knell et
al., 2003; Kodric-Brown et al., 2006) and constant during
a season (Kodric-Brown et al., 2006; Hongo, 2007).
However, current models of threshold evolution consider
the genetic threshold of each individual genotype to be
fixed, while the frequency distribution of switch points
between alternative morphs in a population is assumed to
be continuous and normal, a feature characteristic of
polygenic quantitative traits (Hazel et al., 1990; Tomkins
& Hazel, 2007). The threshold mechanism and the pheno-
typic alternatives it regulates are thought to be inde-
pendent modules (Emlen et al., 2005): the threshold body
size can therefore be subject to selection through the fit-
ness of the alternative phenotypes (Tomkins & Hazel,
2007) and evolve rapidly. Despite a well developed theo-
retical background there are only a few studies that
empirically assess intra-specific variation in the threshold
that regulates male dimorphic traits (Moczek, 2002, 2003;
Moczek et al., 2002; Tomkins et al., 2004; Hongo, 2007).
There are even fewer studies on the plastic responses of
thresholds during the course of a season (but see Emlen,
1996, 1997) and the ecological factors that influence

polyphenism in natural populations are largely unex-
plored.

Organisms adjust their phenotype to suit environmental
conditions, which change with the seasons. A theoretical
framework exists that describes the constraints imposed
by the advancing season on the development of organ-
isms (Rowe & Ludwig, 1991; Abrams et al., 1996) and
has been tested in a number of studies (Plaistow & Siva-
Jothy, 1999; Tseng, 2003; Gotthard, 2004). Rowe &
Ludwig (1991) suggest that the decline in size of insects
during the emergence period is an adaptive response to
the conflict between size and age. Indeed, size at meta-
morphosis is strongly influenced by a short “window of
opportunity” for emergence. In insects, size attained
during larval growth is generally directly related to adult
reproductive success (Simmons & Parker, 1992; Savalli
& Fox, 1998; Sokolovska et al., 2000; Hongo, 2007).
Delaying emergence carries with it the benefits of
increased size (and fitness) but at a cost of delaying
reproduction as less potential mates will be available late
in the season. Moreover, larval mortality is an additional
cost of delaying metamorphosis and reproduction. These
factors are thought to explain why early emergers are
typically larger than late ones (Sweeney & Vannote,
1978; Hardersen et al., 1999; Plaistow et al., 2005).

In general, benefits of a larger adult size are traded off
against costs, such as: energy storage, immune function,
developmental instability, fecundity and other variables
that affect fitness (e.g. Rolff et al., 2004; Cotter et al.,
2008). The effect of seasonal constraints on these traits
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Abstract. In insects, allometries of exaggerated traits such as horns or mandibles are often considered species specific and constant
during a season. However, given that constraints imposed by the advancing season affect the developmental processes of organisms,
these allometries may not be fixed, and the switch point between morphs may vary between populations and within populations
during a season. The hypothesis of such a seasonal variation in exaggerated traits was tested using the dimorphic males of the beetle
Lucanus cervus. The remains of specimens killed by predators were collected along forest tracks from mid May to late August 2008
in a protected lowland forest in northern Italy. The largest beetles were collected in mid May and average size thereafter decreased.
Males collected early in the season mostly had large mandibles (i.e. they belonged to the major morph). In contrast, late in the
season the probability of finding males with large mandibles was very low. The threshold body size determining morph expression
also shifted during the season. Early in the season, the threshold pronotum width for a 50% chance of developing into the major
morph was 1.74 cm, whereas later in the season it was 1.90 cm. This shift in the threshold body size was interpreted as the effect of
phenotypic plasticity in a population exposed to constraints imposed by the advancing season.

461



has been explored in a number of studies. For example,
an important component of the immune function is
reduced in damselfly larvae kept under late season condi-
tions (Rolff et al., 2004). Similarly, developmental insta-
bility (measured as fluctuating asymmetry) increases in
damselfly larvae kept under late season conditions (De
Block et al., 2008) and in adults caught late in the season
(Hardersen, 2000). Likewise, the fecundity of females
that emerge late is lower in mayflies (Sweeney & Van-
note, 1978) and beetles (Ohgushi, 1991). These observa-
tions suggest that insects emerging late in the season have
less energy to spend than those emerging early, as they
are forced to adjust resource allocation (growth of distinct
morphological structures, energy storage, immune
system, etc.) in order to maximise their fitness. The plas-
ticity of such developmental “decisions” should be adap-
tive, enabling growing individuals to find the best
compromise in changing environments. Thus, costly
exaggerated male sexual traits, such as mandibles or
horns, are expected to be influenced by constraints
imposed by the advancing season, according to the
handicap hypothesis (Zahavi, 1975), which assumes that
sexual ornaments should show a heightened condition
dependence (e.g. Bonduriansky, 2007). Consequently, the
allometry of sexual traits should be particularly sensitive
to resource limitations imposed by the advancing season.

In this paper, the hypothesis that seasonal constraints
influence the allometric function of exaggerated sexual
ornaments in males of the European Stag Beetle (Lucanus

cervus Linnaeus), a species well known for its variability
in mandible length (Clark, 1977), is investigated. Males
of this species are dimorphic with respect to mandible
development, i.e. the expression of mandibles is size-
dependent and two male morphs (major and minor)
coexist in natural populations (Eberhard & Gutierrez,
1991). It is also known that in males the probability of
winning fights is positively correlated with size (Lagarde
et al., 2005). Surprisingly little is known about the life-
history of L. cervus, and more specifically the plasticity
of its life cycle traits is not well documented. One reason
for this is that its subterranean larvae cannot be found
without destroying the habitat (Harvey et al., 2011b). It is
however known that life history characteristics, such as
the duration of the larval stage, vary considerably
(Harvey et al., 2011a). The larval phase of L. cervus lasts
between 3 and 6 years, with the number of instars varying
between 3 to 5 (Harvey et al., 2011a). Subsequent pupa-
tion and eclosion are believed to be completed in late
summer to early autumn and adults emerge only in the
following spring-summer (Rink & Sinsch, 2008; Harvey
et al., 2011a). However, the timing of pupation and eclo-
sion is likely to be more variable than commonly
acknowledged. Paulian (1959) states that larvae can over-
winter before metamorphosis and recent observations by
P. Hendriks & M. Fremlin (2010, http://maria.
fremlin.de/stagbeetles/pupation/pupation_captivity.html,
last accessed on 13.iv.2011) clearly show that the hiber-
nation of freshly metamorphosed stag beetles is not
obligatory, but that the species is able to complete meta-

morphosis in 15 weeks, beginning in April. This plasticity
in life cycle traits of L. cervus is an important basis for
this study.

In detail, the aims of this research were (1) to investi-
gate whether male L. cervus caught late in the season dif-
fered in size from those caught early, and (2) to test
whether the relative investment in mandible size varied
between beetles caught late and those caught early in the
season. The specific predictions were that males caught
late should have smaller mandibles that are also smaller in
relation to body size, because they invest less in the
development of these costly weapons as the season
advances.

MATERIAL AND METHODS

Large samples of live specimens of Lucanus cervus are diffi-
cult to obtain (Harvey & Gange, 2006; pers. obs.). At Bosco
Fontana (Italy, Lombardy, Mantua Province), where this study
was carried out, the Hooded Crow (Corvus corone cornix Lin-
naeus) (Aves, Corvidae) feed on stag beetles (L. Spada pers.
comm.), leaving mainly the heads and thoraces on forest tracks
(Campanaro et al., in press).

From 12.–18.v.2008 (week 1) to 25.–31.viii.2008 (week 16),
one of the authors (I.T.) searched for the remains of L. cervus

once a week, by walking slowly along all of the forest tracks in
the reserve (a total of 23 km). The route walked was changed
every week but included all forest tracks, thus order and time of
the day on which specific tracks were searched varied non-
systematically between surveys. For every L. cervus found, the
following data were noted: collection date, time and geo-
graphical coordinates (using a detailed map).

Heads and pronota, placed in a standard position, were photo-
graphed from a fixed distance (41 cm from the focus indicator)
using a Nikon D70 (Nikkor, AF Micro 105 mm) digital camera.
These images were used to measure the width of the pronotum,
used as a proxy for body size (Emlen, 1997; Moczek et al.,
2002; Lagarde et al., 2005; Hongo, 2007; Macagno et al., 2009),
and mandible length. Mandible length was measured as indi-
cated in Fig. 1 as it is well known that in some large forms there
is considerable dorsoventral curvature (e.g. Clark, 1977; pers.
obs.). All measurements were carried out using the programme
ImageJ 1.40g. The reliability of the measurement of mandible
length was tested by re-photographing and re-measuring a
subset of mandibles (n = 40) (repeatability = 0.99, F39,79 = 2043,
p < 0.001).

Data analysis

In order to investigate whether the remains of males of L.

cervus collected late in the season differed in size from those
collected early, weeks in which less than 7 males were collected
(i.e. weeks 1, 2, and 11–16) were excluded. This procedure led
to a data set of 173 specimens. Variation in body size during the
flight season was analysed by assessing the differences in mean
pronotum width (log-transformed measures) among weeks using
a one-way ANOVA and Tukey HSD post-hoc tests. The correla-
tion of pronotum width with elytra length (another character
commonly used as a proxy for body size) was analysed by
measuring elytra length (with callipers) of all specimens with
the elytra still attached to the remains.

In order to investigate the influence of season on mandible
allometry the full sample, irrespective of the collection week (n
= 186), was used. Following Knell (2009), a log-log scatterplot
of mandible length vs. pronotum width was inspected to deter-
mine whether it was a continuous relationship. In addition, four
models were fitted: a simple linear regression, a quadratic
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model, a four-parameter sigmoidal regression (Moczek et al.,
2002) and a switch point regression model. All models were
computed using the software R 2.10.1 (R-Development core
Team 2009) and the switch point regressions were fitted using
the package Segmented (Muggeo, 2003). The AIC criterion
(Akaike, 1974) was used for model comparison. Models with
lower AIC scores are better descriptors of the relationship
between the variables, and two models differing by less than 2
are considered to be indistinguishable from each other
(Burnham & Anderson, 2002).

As the log-log scatterplot suggested that the relationship
between the two variables could be discontinuous, with some
overlap in x and y variables, the dataset was checked for discon-
tinuous allometries applying all five techniques suggested by
Knell (2009). To begin with, the methods described by Eberhard
& Gutierrez (1991) and by Kotiaho & Tomkins (2001) were
used to investigate for a discontinuity in the x and y variables,
respectively. Subsequently the approach described by Cook &
Bean (2006) was used to look for a discontinuous line that was
not parallel to either of the two axes. As this procedure con-
strains the discontinuous line to pass through the origin of the
axes (Knell, 2009), the technique described in Knell (2009) was
used to generate a sheaf of 25 lines around the Cook & Bean
lines, in order to detect the one best separating the data into two
groups. Finally, whether a model that treats the data as a mix-
ture of two linear regressions (McLachlan & Peel, 2000) was
more appropriate was tested. As for continuous allometries, the
analyses were performed using R, and the discrete mixtures of
regression models were fitted using the package Flexmix (Grün
& Leisch, 2008). Significance for both discrepancy and change
of slope at the switch point was tested using the partial F-test as
described in Eberhard & Gutierrez (1991). Once more, the
models were compared using the AIC scores and the best fitting
model was used to calculate a new factor that coded each data
point as major or minor morph. This new factor was then
included in a logistic regression analysis to represent the prob-
ability of the major morph being expressed by males of different
sizes (Knell, 2009) and the value of the body size at which
males have a 50% chance of developing into major or minor
morph was used to estimate the mean of the underlying distribu-
tion threshold (Hazel et al., 1990). This analysis was carried out
in R using a general linear model with binomial errors and a
logit link where the morph (coded as major = 1 and minor = 0)
was the dependent variable and the log-transformed pronotum
width was the continuous explanatory variable. The same
analysis was used to determine the probability of collecting a
major morph during the course of the season, expressed in terms
of the number of weeks that has elapsed from week 1
(12.–18.v.2008). Finally, in order to determine whether there
was a shift in the threshold body size regulating morph expres-
sion during the season, the sample was split into two sub-groups
of similar size (group “early” = weeks 1–6, n = 87; group “late”
= weeks 7–16, n = 99) and for each sub-group the body size at

which males have a 50% chance of developing into a major or
minor morph was calculated separately, as explained above.

RESULTS

Pronotum width and length of elytra were closely corre-
lated (n = 30, R2 = 0.888, P < 0.0001). The trend in mean
male body size (measured as pronotum width, PW)
during the flight season depicted in Fig. 2 is highly sig-
nificant (F7,172 = 18.06, P < 0.0001). Males were largest in
week 3 (average PW = 2.18 cm) and average body size
decreased from week 3 to week 7. No significant differ-
ence (HSD post-hoc tests: P > 0.05) was found for pair
wise comparisons of week 4 vs. week 3, week 5 vs. week
3 and 4, and week 6 vs. weeks 4–10. All remaining pair
wise comparisons of weeks 3 to 7 were highly significant
(HSD post-hoc tests: P < 0.01). Pair wise comparisons of
weeks 3 to 5 vs. weeks 8 to 10 were all significant or
highly significant, while all pair wise comparisons of
weeks 6 and 7 vs. weeks 8 to 10 were not significant.
Average pronotum width remained between 1.74 and
1.77 cm from week 7 onwards (HSD post-hoc tests: P >
0.90 in all pair wise comparisons for weeks 7 to 10).

All four models used to check for a continuous allo-
metry between log-transformed mandible and pronotum
width were highly significant, and all detected a positive
relationship between the two variables. However, the
models had different AIC values (Table 1), with the
switch point and the four parameter sigmoidal models
giving equally good fits (AIC values of –169.6 and
–169.4, respectively) and the linear regression model the
worst. All but one of the five approaches used to check
for discontinuity in the data produced models with AIC
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Fig. 1. Mandible length was measured as indicated by the
dotted line.

Fig. 2. Mean pronotum width (± SE) of males collected in
week 3 (26.v.–01.vi.2008) to week 10 (14.–20.vii.2008) (n =
173). Body size decreased from week 3 to week 7 and remained
constant from week 7 onwards. Number of observations are
indicated above each column (e.g. n = 14).

0.79–158.4Linear model

0.80–159.8Quadratic model

–169.4Four parameter sigmoidal regression

0.81–169.6Switch point regression

R2AIC scoreModel

TABLE 1. AIC scores and adjusted R2 values of the four
models used to check for continuous allometries.



scores lower than those obtained by the models based on
continuity (Table 2). This suggests the existence of dis-
continuity at the switch point. The method proposed by
Cook & Bean (2006) and its modified version (Knell,
2009) produced a satisfactory separation of the data, since
both detected significant discrepancies and changes in
slope (Cook & Bean: discontinuity: F1,182 = 29.19, P <
0.0001; slope change: F1,182 = 384.75, P < 0.0001; Cook
and Bean modified by Knell: discontinuity: F1,182 = 41.36,
P < 0.0001; slope change: F1,182 = 379.41, P < 0.0001),
and both highlighted a partial overlap of morphs at the
switch point. However, the AIC values obtained using
Knell’s modified method were markedly lower than those
of the unmodified method (Table 2) and therefore Knell’s
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0.81–168.8Eberhard & Gutierrez (1991)

0.90–299.7Discrete mixtures of regression models

0.91–304.0Kotiaho & Tomkins (2001)

0.93–343.8Cook & Bean (2006)

0.93–356.7Cook & Bean (2006) modified by Knell (2009)

R2AIC scoreModel

TABLE 2. AIC scores and adjusted R2 values of the five models
used to check for discontinuous allometries.

Fig. 3 Separation of morphs obtained by using the method
proposed by Cook & Been (2006) and modified by Knell (2009)
to detect discontinuity in data. Solid and open circles indicate
the minor and major morphs, respectively. The dashed line indi-
cates the line that best separates the morphs and the solid lines
represent the fitted discontinuous model.

Fig. 4. a – Probability of a male Lucanus cervus to develop
into the major morph determined by fitting a general linear
model with binomial errors and a logit link, with majors coded
as 1 and minors coded as 0, and pronotum width as a continuous
explanatory variable. Dashed lines indicate 95% confidence
intervals. b – Probability of collecting a male Lucanus cervus

belonging to the major morph as determined by the same model
as used in Fig. 4a, with weeks as a continuous explanatory vari-
able, expressed as number of weeks that had elapsed from week
1. Dashed lines indicate 95% confidence intervals. c – Shift in
the threshold body size regulating morph expression. The popu-
lation of Lucanus cervus sampled was split into two sub-groups
of similar size (solid line: sub-group “early” = weeks 1–6, n =
87; dashed line: sub-group “late” = weeks 7–16, n = 99). The
threshold body size was the one for which males had a 50%
chance of developing into the major or minor morph.



modified method was used to categorize remains as that
of a “major” or “minor” morph (Fig. 3). The probability
of developing into a major morph increased with
increasing pronotum width (Likelihood Ratio (LR)  =
102.2, df = 1, P < 0.0001, Fig. 4a) and the size threshold
for a 50% chance of developing into the major morph was
PW = 1.84 cm (0.61 when log-transformed). The number
of major morph males collected was high during the first
weeks of the study and the logistic model showed that the
probability of collecting this morph decreased signifi-
cantly over time (LR  = 53.70, df = 1, P < 0.0001, Fig.
4b). The threshold body size shifted during the course of
the season (Fig. 4c). In the sub-group “early”, the size
threshold for a 50% chance of developing into the major
morph was PW = 1.74 cm (0.55 when log-transformed).
This value was significantly higher (PW = 1.90 cm, 0.64
when log-transformed) in the sub-group “late” and the
95% confidence intervals for the log-transformed data did
not overlap (early = 0.45–0.61; late = 0.62–0.69). The
division of the data into two sub-groups containing
similar numbers of individuals (weeks 1–6 vs 7–16) was
somewhat arbitrary. In order to test whether other divi-
sions would change the results, the sample was also split
into other sub-groups based on weeks 1–5 and weeks
6–16, and weeks 1–7 and weeks 8–16. Both alternative
divisions revealed shifts in the threshold body size during
the season (result not shown) very similar to that pre-
sented in Fig. 4c.

DISCUSSION

The results presented support the prediction that speci-
mens of L. cervus collected late in the season are smaller
than those collected early, and confirm the well-known
fact that those that emerge early are typically larger than
those that emerge late (Sweeney & Vannote, 1978; Hard-
ersen et al., 1999; Plaistow et al., 2005). However,
average size reached a minimum in week 7
(23.–29.vi.2008) and did not decrease any further as the
season progressed. This might indicate that L. cervus

males are under strong evolutionary pressures not to be
less than a certain minimum body size. Harvey & Gange
(2006) show that in L. cervus the optimum male/female
size ratio for successful mating is 1.4 and mating attempts
are unsuccessful below a ratio of 0.9. Therefore, males
which are smaller than most females are likely to have
negligible fitness. Moreover, since the levels of larval
juvenile hormone, which plays a key role in the regula-
tion of larval growth and moulting, are known to be sen-
sitive to larval growth (Emlen & Nijhout, 2000), internal
developmental constraints might prevent males from
emerging at extremely small body sizes.

The theoretical framework (Rowe & Ludwig, 1991;
Abrams et al., 1996) outlined in the introduction predicts
that environmental constraints imposed by the advancing
season may influence the development of organisms.
There is evidence that changes in ecological conditions
influence the horn length – body size allometry of male
Onthophagus beetles (Coleoptera: Scarabaeidae). Emlen
(1997) provides preliminary evidence that body size dis-

tribution of natural populations can change dramatically
and states that shifts in the scaling relationship between
horn length and body size might be expected whenever
the average size of males in the population changes, and
that these changes are related to the “optimal” relation-
ship between horn length and body size. Moczek et al.
(2002) suggest that the optimal body size at which the
switch between two morpho-types occurs may vary as a
function of external conditions. Environmental factors
that are known to influence allometric functions in beetles
are food quality and competition (Emlen, 1997; Moczek,
2002, 2003). In Onthophagus, adult body size and male
horn morphology are determined by the quality and quan-
tity of the food that the parents supply their larvae (Moc-
zek, 1998). In contrast, L. cervus larvae are free-living
and feed on underground woody debris, mostly of oak
(Thomaes et al., 2008). Therefore, the body size they
attain at the onset of metamorphosis, which is positively
correlated with adult size (Smith, 2002), is not con-
strained by the volume of larval trophic resources. Adult
size and morphology are thus likely to be determined
mainly by other environmental conditions. For example,
diet quality is known to affect adult body size in Ontho-

phagus acuminatus (Emlen, 1997) and captive bred imag-
ines of L. cervus are smaller than those from natural
habitats (Rink & Sinsch, 2011).

It is hypothesized that male L. cervus should invest
relatively less in developing mandibles late in the season
and thus have relatively small mandibles. The results are
consistent with this hypothesis, as the probability of col-
lecting the major morph was high only during the first
weeks of the study, approached zero late in the season
and the decrease towards zero continued even when
average size did not diminish further. This phenotypic
plasticity is likely to be related to costs associated with
developing large mandibles. Allometric sexual characters
of the Lucanidae are believed to be costly (Knell et al.,
2003). Resources invested in large ornaments or weapons
and in the muscles and other structures needed to wield
such weapons are substantial (Kodric-Brown et al., 2006).
These costs and associated fitness consequences constrain
the sizes of sexually selected structures (Kodric-Brown et
al., 2006). In other Scarabaeoidea the expression of exag-
gerated secondary sexual structures results in a reduction
in other body parts such as eyes, antennae and wings
(Nijhout & Emlen, 1998; Emlen, 2001) due to resource
allocation trade-offs. In the genus Onthophagus there are
negative correlations between relative investment in
horns and male copulatory organ (Parzer & Moczek,
2008) and growth of testes (Simmons & Emlen, 2006).
Likewise, seasonal time constraints, which are presumed
to impose developmental constraints (e.g. Rowe & Lud-
wig, 1991), appear to have resulted in L. cervus males
investing progressively less in costly secondary sexual
characters.

Allometric relationships are generally considered to be
constant in a given species (e.g. Knell et al., 2003;
Kodric-Brown et al., 2006) and invariant during the
season (Kodric-Brown et al., 2006; Hongo, 2007). How-
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ever, the comparison of early and late sub-groups of male
L. cervus presented here indicate that the threshold body
size that regulates morph expression increased during the
course of the season, even though average size decreased,
an opposite trend to that reported by Emlen (1997) for
Onthophagus beetles. Thus, it is clear that, even within
the same species, individuals from different populations,
reared under different conditions or collected in different
seasons, cannot necessarily be expected to share identical
allometries. The results presented, along with data pro-
vided by Emlen (1997), Plaistow et al. (2005) and Hard-
ersen (2010), indicate that allometric development of
exaggerated secondary sexual traits can vary with the
advancing season. Hardersen (2010) reports a seasonal
shift in relative investment in sexual ornaments in the
damselfly, Calopteryx splendens (Harris), which is com-
parable to the seasonal changes in mandible allometry
observed in the present study. Together, these results pro-
vide support for a theoretical framework that describes
the constraints imposed by the advancing season on the
development of insects (Rowe & Ludwig, 1991; Abrams
et al., 1996) and in particular of their exaggerated sexual
traits. Furthermore, the fact that resource limitation
imposed by the advancing season was so evidently corre-
lated with relative investment in mandible size in L.

cervus is in keeping with the handicap hypothesis, which
assumes that sexually selected traits should show height-
ened condition dependence (Bonduriansky, 2007).

By using the remains of beetles eaten by predators it
was possible to collect a large number of specimens of L.

cervus, a protected species, without negatively affecting
the population. Using a comparable effort to sample live
specimens would not have provided a sufficient number
of specimens for such an analysis. Differences in the spa-
tial distribution of the remains are unlikely to have influ-
enced the results, as a visual inspection of the distribution
of the remains, collected on a weekly basis, did not show
any systematic shifts over time.

Alternative explanations

It is known that predators of insects select prey also
based on their sexually selected characters (Svensson &
Friberg, 2007) and that the large males of beetles [e.g.
Allomyrina dichotoma Linnaeus (Scarabaeidae)] suffer a
slightly higher predatory pressure (Setsuda et al., 1999).
Additionally, the behaviour of the major and minor
morphs is known to differ in a number of beetle species
(e.g. Madewell & Moczek, 2006; Okada et al., 2007). The
interplay of these behavioural differences and predator
choice might offer alternative explanations for the data
presented. If large males of the major morph are the pre-
ferred prey of predators and if this leads to a scarcity of
large males later in the season, this could shift the prefer-
ence of the predator to smaller males. Under these cir-
cumstances, differential mortality could be an alternative
explanation of the highlighted allometric trend. However,
this is unlikely for several reasons.

Firstly, C. corone is an opportunistic predator. There is
a seasonal trend in its diet that reflects the abundance of
available prey (Berrow et al., 1992; Glutz von Blotzheim

& Bauer, 1993; Cramp & Perrins, 1994) and only small
beetles (< 3 mm) are avoided (Horgan & Berrow, 2004).
The smallest L. cervus reported in the literature had a
body length just over 30 mm (Clark, 1977; Harvey &
Gange, 2006; Harvey et al., 2011a) and therefore even
very small males of L. cervus are likely to be eaten by C.

corone. Furthermore, even if these birds prefer large
males, this would not invalidate the findings as long as
this preference did not vary systematically throughout the
season. Since the lower size threshold of beetles for
crows is well below the minimum size of stag beetles, it is
unlikely that a shift in prey preference caused the
observed pattern. This view is also based on a further
analysis of the data. In the first four weeks the smallest
specimen collected had a pronotum width of 1.69 cm. In
weeks 7 to 10 approximately 27% of the beetles collected
were smaller than 1.69 cm. Thus, in order for the alterna-
tive explanation to hold, the preference for eating large
beetles would have to be exclusive (i.e. no small males
are eaten early in the season), which is an unlikely sce-
nario given the opportunistic nature of the feeding behav-
iour of C. corone. Last but not least, other authors
consider collecting dead stag beetles is a valid method
that is less biased than museum collections (Kawano,
2000; Harvey & Gange, 2006) and field-collected
remains have successfully been used before to analyze
allometric relationships (Lagarde et al. 2005). For these
reasons, it is likely that the results reflect a temporal shift
in the mandible allometry of L. cervus and not an artefact
of the sampling procedure.
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