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Abstract Resource availability, competition, and predation
commonly drive body size evolution. We assess the impact
of high food availability and the consequent increased
intraspecific competition, as expressed by tail injuries and
cannibalism, on body size in Skyros wall lizards (Podarcis
gaigeae). Lizard populations on islets surrounding Skyros
(Aegean Sea) all have fewer predators and competitors than
on Skyros but differ in the numbers of nesting seabirds. We
predicted the following: (1) the presence of breeding
seabirds (providing nutrients) will increase lizard popula-
tion densities; (2) dense lizard populations will experience

stronger intraspecific competition; and (3) such aggression,
will be associated with larger average body size. We found
a positive correlation between seabird and lizard densities.
Cannibalism and tail injuries were considerably higher in
dense populations. Increases in cannibalism and tail loss
were associated with large body sizes. Adult cannibalism
on juveniles may select for rapid growth, fuelled by high
food abundance, setting thus the stage for the evolution of
gigantism.

Keywords Podarcis gaigeae . Insularity . Cannibalism .

Seabird subsidy . Population density

Introduction

Interpopulation variations in body size have been reported
for numerous taxa (Meiri et al. 2005; Wu et al. 2006),
especially on islands (Sondaar 1977; Lomolino 2005).
Evolution of both dwarfism and gigantism has been
attributed to the particularities of island environments
such as relaxed predation regime, low food availability,
and strong competition (Meiri et al. 2004; Dayan and
Simberloff 2005; Meiri 2008).

Density-dependent intraspecific competition is thought
to strongly impact population dynamics, as well as multiple
aspects of an organism’s life history (Lack 1954; Sinervo et
al. 2000). On islands, low predation pressure often results
in higher densities and thus increased intraspecific compe-
tition. Juvenile mortality, through potential infanticide, is
also related to higher levels of intraspecific competition
(Jenssen et al. 1989; Elgar and Crespi 1992). Population
densities and body sizes of many island vertebrates are
correlated to the presence of seabirds (Sanchez-Piñero and
Polis 2000; Bonnet et al. 2002) that, through accumulation
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of fecal material, food scraps, and carcasses boost nutrient
availability in islands (Polis and Hurd 1996).

In this study, we assessed the impact of such “seabird
subsidies,” population density, and intraspecific competi-
tion on body size of an endemic Mediterranean lizard
showing extreme interpopulation body size variation
(Valakos et al. 2008). The study populations all live under
the same climatic conditions but differ considerably in
population density, levels of intraspecific competition, and
the size of yellow-legged gull (Larus michahellis) colonies
on the islands they inhabit. We tested three predictions: (1)
lizard population density is positively correlated to seabird
presence; (2) higher population density is associated with
elevated levels of intraspecific competition (measured as
tail autotomy and cannibalism rates); and (3) higher levels
of intraspecific competition and greater gull abundance
select for larger body size.

Materials and methods

Study organism and site

The Skyros wall lizard (Podarcis gaigeae, Sauria: Lacertidae)
is a small [snout-vent length (SVL) ∼60 mm; mass, 6.6 g]
insectivorous lacertid endemic to the Skyros Archipelago
(38º51′ N, 24º33′ E; central Aegean Sea, Greece). We
compare lizard populations living on Skyros Island and four
of its satellite islets. Lizards were collected in mid-July
of three consecutive years (2005, 2006, and 2007). To
avoid pseudoreplication and monitor population dynam-
ics, we toe-clipped every lizard we caught and measured
lizards only in the first year they were caught. Because
the islands vary widely in levels of predation, competi-
tion, and presence of seabird colonies while experiencing
the same climate, they provide a unique opportunity to
test the effects of the former three factors on lizard body
size (Table 1).

Intraspecific competition

Intensity of intraspecific competition was assessed by
measuring rates of caudal autotomy and cannibalism.
Cannibalism was quantified by dissecting museum speci-
mens and examining the digestive track for lizard body
parts. Lizards shed their tail primarily to avoid predation
and also to escape attacks by conspecifics (Arnold 1988).
We quantified ease of autotomy by simulating predation in
the laboratory (Pérez-Mellado et al. 1997). Lizards were
placed in a terrarium with cork substrate to provide traction.
To reduce pressure variation and standardize the experi-
mental conditions, we used digital callipers to apply
comparable pressure (by comparing callipers’ indications)

to lizard tails, 20 mm from the cloaca, for 15 s and recorded
whether this resulted in autotomy.

We estimated autotomy rates by determining the fraction
of animals with regenerated tails in the field and among
museum specimens. Whereas simulated predation trials
represent the intrinsic ability for tail shedding, field
autotomy rates reflect the combined influence of intrinsic
tendencies and the external stimuli to do so. The relative
difference between these two variables, expressed as the
percent to which laboratory autotomy rates differ from field
rates,

RDFLAR ¼ Laboratory rates� Field ratesð Þ=Field rates½ � � 100

reflects the intensity of environmental opportunities (pre-
dation and social interactions) to cause autotomy (Pafilis et
al. 2009).

Measurements

We examined 218 preserved specimens at the Alexander
Koenig Zoological Museum (Bonn) and 471 live field-
caught animals. SVLs were measured using digital cal-
lipers. No statistical difference was found between SVLs
of specimens measured in museums and in the field
(three-way analysis of variance with sex, museum/field,
and island as factors: sex, F1,616=468.1, P<0.05;
museum/field, F1,616=0.27, P>0.05, island: F4,616=
378.0, P<0.05). That was also the case for autotomy rates
(χ2 test with Yate’s correction, df=1, all χ2≤2.5, P>0.05).
We therefore pooled museum and field measurements
(Table 1).

We used mean population SVL as a measure of size
rather than maximum SVL, which can mask intraspecific
variation and may underestimate true potential size (Meiri
2007). That said, population mean and maximum SVLs
were highly correlated with each other (juveniles, r=0.983;
females, r=0.974; males, r=0.969; n=5 in all cases), and
we thus believe that different indices of size distributions
will yield similar results.

Population densities (lizards/hectare) were calculated by
the same observer (PP) using a single (some islands are too
small for multiple transects), randomly placed, line transect
of 4-m width and 100–200-m length in each island (see
Jaeger 1994).

Statistical analysis

We used χ2 tests to compare the frequencies of tail
autotomy and simple linear regression to estimate the
relationships between the ecological conditions on differ-
ent islands and lizard density, cannibalism, autotomy
frequency, and body size.
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While a multiple regression would have enabled us to
distinguish between different hypotheses regarding the
ecological drivers of these four factors, we feel that, with
only five islands, a multiple regression model will be
grossly over-parameterized. While an analysis of residuals
seems to overcome this problem, there are multiple
problems with the use of residual analysis, ranging from
false parameter estimates, issues of co-linearity between
predictor variables, inflated rates of both type 1 and type 2
errors, and error rates in the residuals themselves. More-
over, the retention of the degrees of freedom is also false
(see discussion in Smith 1999; Darlington and Smulders
2001; Garcia-Berthou 2001; Freckleton 2002). We therefore
feel that, until data from more populations is gathered, we
cannot readily tease apart the influence of the different
ecological variables.

Results

We recovered body parts (tails and feet) or even entire
juveniles from the stomach of adult lizards. Because we
found only males cannibalizing juveniles, percentages
reported in this study (Table 1) reflect male cannibalism
only.

No statistically significant differences in lab autotomy
rates were found between the examined populations (χ2=
0.316, df=4, P=0.98). In contrast, field rates were different
from those in the lab (χ2=135.0, df=4, P=0.002), but this

difference disappeared when Lakonissi and Exo Diavates
were removed (χ2=0.199, df=2, P=0.91). Similarly, there
were no differences between field and laboratory autotomy
rates for most populations (all χ2≤0.01, P>0.05) with the
exception of Lakonissi and Exo Diavates (χ2=14.8 and
χ2=12.9, respectively, P<0.05) reflecting the presence of
extremely strong drivers causing autotomy (Fig. 1).

Table 1 Geographic origin, snout vent length (in mm), autotomy, cannibalism percentages, and population density (individuals ha−1) of the
animals used in this study

Location Skyros Valaxa Mesa Diavates Lakonissi Exo Diavates
Traits

SVL males (museum and field pooled) 61.36 (185) 64.55 (33) 66.12 (46) 71.95 (64) 85.28 (69)

SVL females (museum and field pooled) 55.65 (101) 57.07 (19) 57.98 (25) 62.27 (25) 70.34 (43)

SVL juveniles (Field) 28.14 (37) 28.77 (7) 28.97 (7) 30.82 (10) 32.52 (18)

Autotomy (museum and field pooled) 32.16% (92/286) 32.7% (17/52) 29.6% (21/71) 70.78% (63/89) 88.4% (99/112)

Autotomy (Lab) 35.13% (39/111) 35% (7/20) 31.25% (10/32) 33.33% (6/18) 40% (4/10)

RDFLAR 9.19 7.03 5.57 −52.95 −54.75
Cannibalism 1.20% (1/83) 0% (0/12) 0% (0/11) 4.54% (1/22) 21.42% (3/14)

Densities 185 95 110 350 850

Species richness 4 (1, 2, 3, 4) 4 (1, 2, 3, 4) 2 (2, 4) 2 (2, 4) 2 (2, 4)

Snake predators 3 (1, 2, 3) 1 (3) 0 0 0

Bird predators 6 (1, 2, 3, 4, 5, 6) 1 (3) 1 (3) 0 1 (3)

Gull presence 0 5 8 10 50

Area (km2) 207 4.33 0.0384 0.016 0.019

Distance from Skyros (m) 0 140 306 666 1.400

Supporting references: Handrinos and Akriotis 1997; Valakos et al. 2008. Numbers in parentheses are sample sizes unless the identity of species
is given. Snakes: 1, Zamenis situlus; 2, Elaphe quatuorlineata, 3 Telescopus fallax. Birds: 1, Buteo buteo; 2, Falco tinnunculus; 3, Falco
eleonorae; 4, Athene noctua; 5, Lanius senator; 6, Corvus sp. Lizards: 1, Lacerta trilineata; 2, Cyrtopodion kotschyi; 3, Hemidactylus turcicus; 4,
Podarcis gaigeae

Fig. 1 Male lizards from Exo Diavates (left), Lakonissi (middle), and
Skyros (right)
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Field autotomy rates were strongly correlated with
cannibalism (r=0.89, F1,3=10.82, P<0.05) and population
density (r=0.92, F1,3=18.3, P<0.05). Seabird presence was
strongly correlated with cannibalism (r=0.98, F1,3=67.99,
P<0.05) and population density (r=0.95, F1,3=30.18, P<
0.05). Lastly, density and cannibalism were also highly
correlated (r=0.99, F1,3=190.00, P<0.05).

Across the five islands and for all groups (female, male,
and juvenile P. gaigeae), there were no significant
correlations between SVL (log-transformed in all analyses)
and the (non-transformed) number of lizard, bird of prey,
and snake species. Neither was SVL correlated with snake
presence or absence. Cannibalism frequency, lizard density,
and seabird density (log-transformed), however, were all
significantly and positively correlated with SVL of females,
males, and juveniles (Table 2). The small number of islands
for which we have ecological data precludes the use of
more complex models.

Discussion

Seabird presence was closely related to population
densities, with Exo Diavates and Lakonissi having both
the largest seabird colonies and highest lizard densities,
supporting our first hypothesis. Gulls do, in general, not
prey on lizards (Cooper et al. 2004); instead, lizards
appear to profit from gull presence (Gruber 1986). First,

gull aggression discourages lizard predators from hunting
near island colonies (Vervust et al. 2007). More impor-
tantly, gulls subsidize island ecosystems by importing
nutrients in the form of guano, fish scraps, and carcasses
(Sobey and Kenworthy 1979; Anderson and Polis 1998),
therefore supporting dense lizard populations (Markwell
and Daugherty 2002; Barrett et al. 2005). We found study
islands with nesting seabirds to have more luxurious and
more nitrophilous vegetation and higher arthropod densities
(Pafilis, unpublished data). Food abundance is positively
correlated with body size of insular carnivorous animals
(Raia and Meiri 2006). High seabird density has been
associated with gigantism in reptiles especially if these
happen to feed on seabird eggs, regurgitates, carcasses, and
chicks (Case and Schwaner 1993; Boback 2003). We
hypothesize that indirect effect of seabird colonies, in the
form of high nutrient input, support the increased body size
in our study system.

In line with our second hypothesis, intraspecific compe-
tition, as quantified through rates of cannibalism and field
autotomy, appeared to be stronger in denser lizard pop-
ulations. Field autotomy rates have traditionally been
interpreted as an index of predation pressure (Pianka,
1970; Turner et al. 1982); on the study islets, which
support few predators (predation is relaxed in the whole
Skyros Archipelago, Pafilis et al. 2005), autotomy rates
reflect likely high intraspecific aggression. Lizards can
attack conspecifics causing tail shedding (Jennings and

Response variable Explanatory variable t P value R2

Female SVL Cannibalism 5.449 0.012* 0.908

Density 3.802 0.032* 0.828

Gulls 4.148 0.026* 0.852

Lizard richness −1.597 0.208 0.460

Raptor richness −0.979 0.400 0.242

Snake presence −1.597 0.208 0.460

Snake richness −1.377 0.262 0.387

Male SVL Cannibalism 5.159 0.014* 0.899

Density 3.334 0.045* 0.788

Gulls 4.761 0.018* 0.883

Lizard richness −1.636 0.200 0.472

Raptor richness −1.074 0.362 0.278

Snake presence −1.636 0.200 0.472

Snake richness −1.481 0.235 0.422

Juvenile SVL Cannibalism 3.727 0.034* 0.822

Density 3.690 0.035* 0.820

Gulls 4.021 0.028* 0.844

Lizard richness −1.747 0.179 0.504

Raptor richness −1.094 0.354 0.285

Snake presence −1.747 0.179 0.504

Snake richness −1.541 0.221 0.442

Table 2 Correlations between
ecological variables and female,
male, and juvenile P. gaigeae
snout vent lengths (SVL) across
the five islands in Table 1
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Thompson 1999; Langkilde and Shine 2007), and this
tendency is further exacerbated in crowded conditions
(Salvador 1986; Pafilis et al. 2008). Despite the minimal
presence of predators, autotomy field rates were highest on
the dense Exo Diavates and Lakonissi populations, suggest-
ing that the causative factor of autotomy is intense
intraspecific competition. This is further underscored by
the strikingly low values of RDFLAR values in these two
islets (Table 1), which indicate that tremendous pressures
act on the lizards to shed their tail. Although forced
laboratory rates are usually higher than field rates (Pafilis
et al. 2009), the latter were by far higher on these two islets.
Our results suggest that lizards on Exo Diavates and
Lakonissi shed their tail because of strong intraspecific
competition (Fig. 2).

Cannibalism is common in lacertids (Sadek 1981;
Castilla and Van Damme 1996), including P. gaigeae
(Adamopoulou et al. 1999). We show that, in our system,
it is particularly pronounced in dense, snake-free islets.
Cannibalism can be an important cause of juvenile
mortality (Wagner and Wise 1996) and an important

selection force on morphology, as well as possibly earlier
sexual maturation (Polis and Myers 1985). Large size at
birth can considerably enhance juvenile survival because of
better physiological performance (Olsson et al. 2002; Le
Galliard et al. 2005). Larger juveniles are often fitter,
(Sinervo 1993) and large size confers advantages in
intraspecific competition and predator avoidance (Case
1978; Melton 1982). Hence, cannibalism, whether associ-
ated with territoriality or not, may exert a strong selective
pressure for larger offspring in dense populations. Even
though cannibalism appears to be relatively rare on most
islands, we found high population density and cannibalism
to be associated with gigantism.

Four possible, non-mutually exclusive processes under-
lie our results: (1) The largest juveniles, which presumably
grow into the largest adults, are most likely to escape
cannibalism and survive into adulthood; (2) in adults, large
size allows more effective feeding on both juveniles and on
tails; and (3) in crowded conditions, the largest males will
be able to control access to females (Jenssen and Nunez
1998). Thus, we hypothesized that cannibalism results in

Fig. 2 Map of Skyros Archipel-
ago in the Aegean Sea. Islands
sampled are labeled with their
name and an arrow if very small
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selection for increased body size, although (4) large size
and cannibalism may be independently related to a third
factor, e.g., increased seabird density and, hence, high food
abundance. High resource availability, even in the absence
of cannibalism, has also been shown to promote gigantism
(Goltsman et al. 2005, Raia and Meiri 2006). While our
results lend support to the importance of cannibalism and
intraspecific competition, we cannot discount at this point
the importance of direct effects of food abundance. A more
detailed selection experiment conducted under controlled
environmental conditions would be needed to further
elucidate these relationships.

In predator-free islands, lizards occur in higher densities
and tend to evolve large size to escape predation and
intraspecific competition (Case 1978, Meiri 2008). We
suggest that, in the Skyros Archipelago, seabird presence
(and the respective increased food availability), population
density, and cannibalism drive the evolution of larger body
sizes. Thus, gull colonies allow the persistence of dense
lizard populations in which intraspecific competition is
strong. Juveniles evolve large body size to escape preda-
tion, but extra food is required (Stamps and Tanaka 1981).
Some islands have resources unavailable on the mainland
(Meiri 2007), and in Skyros, seabirds appear to provide the
necessary energy.
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