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Abstract. Studies on life history characters are of pivotal importance to understand population dynamics and demography and, if

required, to propose effective conservation measures. The Balkan green lizard (Lacerta trilineata) is the most widespread lizard

species in the Balkans but, interestingly, there are no studies on its reproductive biology. Herein, we focused on life history traits of

L. trilineata, examining 369 museum specimens deriving from 12 island and 5 mainland populations from Greece. We measured the

testicle size and the length of the epididymis in males, and the presence, number and size of oviductal eggs and vitellogenic follicles

in females during activity seasons (from March to September). Our results suggest that the annual reproductive cycle in both sexes

starts in mid-April and ends in July, though insular lizards seem to slightly prolong their reproductive season. Both sexes reached

sexual maturity at a minimum body size of approximately 80 mm. Clutch size varied greatly depending on maternal body size.

Clutch size and mean egg volume differed between mainland and island populations: in a striking deviation from the island

syndrome, insular females carried more (13) but smaller eggs compared to their mainland conspecifics (nine but larger eggs). Mean

egg volume was negatively correlated with clutch size.
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Introduction

Life history represents a constellation of traits that ultimately
determine the success of a given species (or population) to
colonize a given habitat (James 1991). Among the numerous
traits engaged, subjected to trade-offs, age and size at sexual
maturity, clutch size and volume, and mean offspring size
stand out in shaping an organism's reproductive biology
(Dunham et al. 1988, Meiri et al. 2012). Reproductive biology
may vary considerably in temporal and spatial scale in re-
sponse to different ecological and environmental conditions
(Castilla & Bauwens 2000, Lukanov & Tzankov 2016). Such
variations are well known from insular populations, where
differences from mainland norms are magnified (MacArthur
& Wilson 1967, Pafilis et al. 2011, Novosolov et al. 2013).
Insular populations often deviate from the mainland
ones in many aspects of their overall biology (e.g. demogra-
phy, physiology, morphology, behaviour, body size and
feeding ecology), in response to the different ecological and
physical features prevailing on the islands (Van Damme
1999, Buckley & Jetz 2007, Pafilis et al. 2011, Brock et al. 2014,
Li et al. 2014, Sagonas et al. 2014). Life history also follows a
distinct pattern on islands (Meiri et al. 2012, Novosolov et al.
2013). Animals may adopt K or r reproductive strategies that
differ in the number and size of eggs/offsprings (Martin &
Loépez 2011). While r-strategists display early maturity, and
produce large clutches of small eggs/offsprings, K-
strategists mature later, increase the parental investment and
produce less but larger eggs/offsprings (MacArthur & Wil-
son 1967). The strategy a population/species adopts de-
pends mainly (but not exclusively) on the physical condi-
tions of the habitat (Adamopoulou & Valakos 2000, Pafilis et
al. 2011, Meiri et al. 2012, Polovi¢ et al. 2013). Unstable envi-
ronments harbouring low population densities usually favor
the r-strategy, while stable environments with dense popula-
tions favour K-strategists (Martin & Loépez 2011). Islands
have a rather stable and benign climate thanks to the buffer-

ing effect of the sea (Schwaner 1989, Whittaker & Fernandez-
Palacios 2007, Sagonas et al. 2013). Insular populations do
not experience strong predation pressure and/or high inter-
specific competition thanks to the depauperate island com-
(MacArthur & Wilson 1967, Whittaker &
Fernandez-Palacios 2007). Nonetheless, the lack of predators
and competitors very often leads to high densities and, con-
sequently, to high intraspecific competition (Cooper et al.
2014, Donihue et al. 2015). Ergo, island populations chose to
invest more in somatic growth to survive intraspecific com-
petition (Melton 1982, Pafilis et al. 2009) and less in repro-
duction, laying smaller clutches of larger eggs (K-strategy),
one of the most typical parameters of the so-called ‘island
syndrome’ (Adler & Levins 1994).

The genus Lacerta sensu stricto (green lizards; Nettman
2001) comprises nine species that occur in Europe and west-
ern Asia (Arnold et al. 2007). Lacerta trilineata is the largest
green lizard [snout to vent length (SVL) up to 16 cm] and the
most widespread lizard in the Balkan Peninsula (Arnold &
Ovenden 2002). However, though the reproductive biology
of other Lacerta species has been adequately studied (Marco
et al. 1994, in den Bosch & Bout 1998, Amat et al. 2000, Save-
liev et al. 2006), the life history of the very common
L. trilineata remains largely understudied, with only few
available data on reproductive output and egg incubation
period (Nettmann & Rykena 1984).

In this study, we provide the first thorough life history
data for L. trilineata. To that end, we dissected museum
specimens from 12 island and five mainland populations
from Greece, and measured several reproductive traits (ovi-
ductal egg number, size and volume; number and volume of
vitellogenic follicles; testicle size and volume and the length
of epididymis). We aimed to define the mean clutch size and
volume, the duration of the reproductive cycle and the body
size at sexual maturity. We also intended to detect whether
island and mainland populations differ in their reproductive
biology. Recent studies on this species highlighted the effect
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of insularity on trophic ecology, thermal physiology and
morphology of the feeding apparatus (Sagonas et al. 2013,
Sagonas et al. 2014, Sagonas et al. 2015a, Sagonas et al.
2015b). As Lacerta trilineata is distributed both on islands and
the mainland Greece, it is possible to examine the potential
effect of insularity on the reproductive biology within a sin-
gle species, eliminating any phylogenetic effects. We postu-
lated that insular lizards would differ from mainland popu-
lations and would shift towards K strategy (smaller clutches
of larger eggs), in response to island life particularities (No-
vosolov & Meiri 2013).

Materials and Methods

Specimens and measurements

Lacerta trilineata is a diurnal, heliothermic lizard that feeds on a great
variety of invertebrates in continental habitats, whereas insular
populations may enhance their diet with plant material (Valakos et
al. 2008, Sagonas et al. 2014, Sagonas et al. 2015a). In Greece, the spe-
cies occurs in the majority of mainland and island biotopes (Schmid-
tler 1997) and is the most frequently observed lizard (Valakos et al.
2008).

We examined 369 specimens (137 males, 170 females and 62 ju-
veniles/subadults) belonging to the Herpetological Collection of the
Zoological Research Institute and Museum Alexander Koening in
Bonn (N=129) and the Natural History Museum of Crete (N = 240).
192 of the specimens corresponded to insular populations (12 from
Lesvos, 13 from Milos, 12 from Naxos, 10 from Andros, 9 from Rho-
des, 16 from Skiathos, 7 from Skopelos, 8 from Kythira, 18 from Sky-
ros, 7 from Serifos, 4 from Corfu and 76 from Crete) and 177 from the
mainland (51 from Thessaly, 26 from Epirus, 29 from Peloponnese,
24 from Macedonia and 47 from Sterea Ellada, Fig. 1). We measured
the body size (SVL) and recorded the sex and month of capture for
all specimens. In male individuals, we recorded the size of the right
testicle by measuring the longest and shortest axes and calculated its
volume and also measured the length of epididymis. In females, we
recorded (if present) the number and diameter of vitellogenic folli-
cles, the length and width of oviductal eggs, clutch size (the number
of oviductal eggs), clutch volume (the sum of all eggs” volume) and
mean egg volume. Female sexual maturity was assessed by the pres-
ence of vitellogenic follicles larger than 3 mm in diameter or
enlarged oviductal eggs (Vitt 1983, Adamopoulou & Valakos 2000).
Male sexual maturity was defined by the size of testicles and the
length of epididymis (Tinkle 1967a, Sexton & Turner 1971, Marco et
al. 1994, Galan 1996, Adamopoulou & Valakos 2000, Saveliev et al.
2006, Rezende-Pinto et al. 2009). Additionally, female specimens
were searched for signs of reproductive activity such as bites in the
abdomen (i.e. copulation marks). Small-sized lizards without vitel-
logenic follicles and oviductal eggs were classified as non-
reproductive, non-adult females.

All measurements were recorded using a digital caliper (Silver-
line 380244, accurate to 0.0lmm). Eggs and testicles volume was cal-
culated by approximating the volume of an ellipsoid: V = (4/3) mab2,
where a is half the longest axis and b is half the shortest axis
(Mayhew 1963).

Statistical analyses
Data were examined for heteroscedasticity and normality and were

transformed if parametric assumptions were not met. If transforma-
tions were unsuccessful, non-parametric tests were performed, oth-
erwise we used parametric tests. We conducted t-test to compare
SVL between sites (mainland vs. islands) and sexes. To determine
male body size at sexual maturity, we performed Pearson correlation
analysis between testicles volume and testicles length and SVL. We
used Kruskal-Wallis analysis of variance (ANOVA) to estimate the
monthly gonadal activity in males, taking into account testicle vol-
ume (as dependent variable) and month (as independent variable).
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Figure 1. Map of Greece at East Mediterranean Sea, denoting the
sampling localities.

In females, we used Pearson correlation to search for relations be-
tween clutch size and SVL, mean egg volume and SVL, and clutch
size with mean egg volume. The reproductive cycle of female lizards
was determined based on the presence of oviductal eggs and/or
vitellogenic follicles. Furthermore, we conducted Mann-Whitney U
test between mainland and island females to search for possible geo-
graphical differences in clutch size (i.e. the number of oviductal
eggs), the number of vitellogenic follicles, mean oviductal egg vol-
ume and clutch volume. To remove any SVL effect on clutch size (in-
tercept = 66.22 + 2.28, slope = 4.09 + 0.10, P < 0.001, N = 61) between
habitats, we did t-test analysis using the residuals of the number of
eggs against SVL. All statistical analyses were carried out in R v.3.2.3
(R Development Core Team 2015).

Results

Body size at sexual maturity
Pearson correlation analysis between SVL and testicle vol-
ume, and between SVL and testicle length revealed two dis-
tinct groups in males (Fig. 2). The first group comprised in-
dividuals with SVL above 80 mm, whereas lizards with SVL
below 75 mm were included in the second group. The mini-
mum body size of males having large, round and inflated
testicles and distended epididymis (~11-13 mm length) was
78.3 mm (Fig. 2 and Table 1). It is worth noting that only two
out of the 191 examined specimens were reproductively ma-
ture (~1%) and had SVL above 80 mm. Male lizards with
SVL less than 75 mm were clearly immature, having small,
flat testicles and tenuous epididymis (~6-9 mm length).
Likewise, in females we found that lizards larger than
79.4 mm had signs of copulation marks, whilst specimens
larger than 82.1 mm bore oviductal eggs or vitellogenic folli-
cles (Table 1).

Female reproductive traits

The percentage of sexually mature females with or without
vitellogenic follicles and/or oviductal eggs between March
and September is plotted in Fig. 3. The first vitellogenic folli-
cles appeared in mid-April for both mainland and island
populations, with a peak occurring from mid-April to mid-
May (Fig. 3). Larger females (SVL = 125.06 + 14.18) were able
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Table 1. Descriptive statistics for measurements of the number of vitellogenic follicles, clutch
size (number of oviductal eggs), clutch volume (total eggs volume), mean egg volume, size at
sexual maturity for examined male and female Lacerta trilineata specimens for both mainland
and island populations. The mean # standard deviation (SE) and sample size (N) are given
for each parameter.
Variable Islands Mainland
Number of vitellogenic follicles 15.91 £2.97 (22) 9.53 +6.83 (17)
Clutch size 12.77 £2.92 (31) 9.42 +1.87 (33)
Clutch volume (mm?) 6597.92 +1665.49 (31) 5966.73 +1972.37 (33)
Mean oviductal volume (mm?) 530.32 +£122.24 (31) 656.37 +250.99 (33)
Mean SVL reproductive female 108.66 +20.75 (88) 108.87 £14.79 (76)
Minimum SVL reproductive female 79.4 mm (94) 81.3 mm (84)
Mean SVL reproductive male 115.31 £20.82 (62) 114.49 £ 20.72 (75)
Minimum SVL reproductive male 78.3 mm (95) 80.6 mm (96)
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Figure 3. Monthly variations from March to September in the percentage of sexually mature females of insular and mainland popula-
tions of Lacerta trilineata (N = 163). Females with (A) refer to no reproductive activity, (B) vitellogenic follicles, (C) oviductal eggs, (D)

oviductal eggs and vitellogenic follicles.

to produce more than one clutch per year compared to the
smaller ones (105.19 + 20.05; Mann-Whitney test; Z = 2.31, P
= 0.02), as indicated by the simultaneous occurrence of ovi-
ductal eggs and vitellogenic follicles (Fig. 3). Mainland and
island females did not differ in their SVL (t-test; t = -0.09, df =
162, P = 0.93).

Clutch size (12.77 £ 2.92 eggs vs. 9.42 + 1.87 eggs; Mann-
Whitney test; Z = 4.45, P < 0.001) and the number of vitel-
logenic follicles (15.91 + 2.97 vs. 9.53 + 6.83; Mann-Whitney
test; Z = 4.91, P < 0.001) showed significant differences, with
island females laying more eggs than their mainland con-

specifics (Table 1). On the other hand, average egg volume
from insular females was significantly smaller than that from
mainland females (530.32 + 122.24 mm?3 vs. 656.37 + 250.99
mm? respectively; Mann-Whitney test; Z = -1.98, P = 0.04;
Table 1). However, average clutch volume was similar for
both island and mainland females (Mann-Whitney test; Z =
0.91, P = 0.36; Table 1). Pearson correlation analysis revealed
that the number of oviductal eggs (islands: r = 0.82, P <
0.001, N = 31; mainland: r = 0.52, P = 0.002, N = 33) and vitel-
0.67, P < 0.001, N = 22;
mainland: r = 0.53, P = 0.03, N = 17) were positively corre-

logenic follicles (islands: r
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Figure 4. Monthly variations of testicular volume from March to September for A) mainland and B) island adult males.

lated to maternal body size. Whereas, mean oviductal egg
volume and clutch size were negatively correlated to each
other (islands: r = -0.51, P = 0.003; mainland: r = -0.48, P =
0.005). We found no relation between maternal body size
and the mean volume of oviductal eggs (islands: r = 0.25, P =
0.17, N = 31; mainland: r = 0.01, P = 0.94, N = 33).

Male reproductive traits

As expected, testicular volume was positively correlated to
SVL (islands: ¥ = 0.52, P = 0.001, N = 37; mainland: r = 0.33, P
= 0.03, N = 44) during the reproductive period (April to
June). Spermatogenesis in males occurred from mid-April
until mid-June, when testicular volume is maximal (Kruskal-
Wallis ANOVA,; islands: Hee = 39.68, P < 0.001; mainland:
Hgzs = 43.96, P < 0.001; Fig. 4). Reduction of testicle volume
occurred rapidly at the end of the reproductive period in
June (Fig. 4).

Discussion

Here we report the first detailed information on the repro-
ductive biology of L. trilineata, one of the most common
lacertids in the Balkans, whose life-history remained largely
unknown to date (Nettmann & Rykena 1984, Valakos et al.
2008). Like many lacertid species, L. trilineata demonstrates a
narrow reproductive cycle, produces more than one clutch
per year and displays the classic trade-off between egg size
and clutch size. However, our study yielded some unex-
pected results regarding the clutch size and egg volume,
namely that insular populations laid more but smaller eggs
than the mainland populations, which deviate from what the
islands syndrome predicts.

Body size at sexual maturity

To our knowledge, these are the first empirical data on the
relation between body size and reproduction to define sex-
ual maturity in L. trilineata. SVL and copulation marks are
often used to define adulthood in lizards (Ruby & Dunham
1985, Galan 1996, in den Bosch & Bout 1998, Vitt & Caldwell
2014). In green lizards, in particular, SVL is considered an
important proxy for age (Arnold 1987, Angelici et al. 1997,
Amat et al. 2000, Pafilis & Valakos 2008). Reptiles, however,
grow continuously and show asymptotic growth curves
(Kratochvil & Frynta 2002, Vitt & Caldwell 2014). Thereby,

estimations of sexual maturity on the basis of SVL can,
sometimes, provide erroneous conclusions (Daan 1967).

Our results revealed that both sexes initiate reproductive
activities and become sexually mature at approximately 80
mm SVL, a body size threshold that was observed for both
mainland and island lizards (Table 1). This is in agreement
with the 70-80 mm SVL threshold that has been introduced
by Arnold (1987) and Pafilis & Valakos (2008) to distinguish
between adult and juvenile L. trilineata. In other words, our
findings suggest that sexual maturity in L. trilineata is
strongly associated with a minimum body size rather than a
certain age, and that distinguishing immature from mature
lacertid lizards on the basis of body length is plausible (Tin-
kle 1967b, Galan 1996, Castilla & Bauwens 2000). Neverthe-
less, to fully unravel this issue further data on the growth
rate of both sexes are required.

Reproductive cycle of L. trilineata

and geographical differences

Like many other lacertids (Maragou et al. 1999, Amat et al.
2000, Galan 2004), L. trilineata demonstrated a well-defined
reproductive period (copulation activities and egg-laying),
which starts by late March and lasts till August (Valakos et
al. 2008). However, small differences in the reproductive cy-
cle of mainland and island populations were revealed.

The simultaneous occurrence of oviductal eggs and vitel-
logenic follicles (Fig. 3) in six female specimens (four from
the islands and two from the mainland) indicates that L. tri-
lineata may produce more than one clutch per year (Vitt
1982, Polovic et al. 2013) as L. agilis (Jensen 1981) and L. viri-
dis do (Rehak 2015). Females that were able to produce a
second clutch were larger than females with a single clutch.
This finding conforms to the typical trend predicting that the
number of clutches per year depends on female SVL, since
large females usually reproduce earlier in the breeding sea-
son and are able to produce multiple clutches (Galan 1996,
Castilla & Bauwens 2000).

The comparison between island and mainland females
yielded an interesting result: oviductal eggs or vitellogenic
follicles were absent from mainland females after July but
were present in insular females that displayed a slightly pro-
longed reproductive cycle extending till the end of August
(Fig. 3). We believe that this divergence could be attributed
to the more benign island climate, which is more stable and
has fewer annual fluctuations compared to the mainland
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(Schwaner 1989, Whittaker & Fernandez-Palacios 2007,
Sagonas et al. 2013). These favourable conditions allow insu-
lar lizards to start reproducing earlier and also lay their eggs
later within the year. Similar spatial or temporal interpopu-
lation differences in the reproductive output of a single spe-
cies in response to environmental conditions are rather
common in reptiles (e.g. Marco et al. 1994, Amat et al. 2000,
Castilla & Bauwens 2000, Pizzatto & Marques 2006). Males
exhibited a synchronized, but shorter, reproductive cycle
(Amat et al. 2000) with females. As such, testicular volume
follows a pattern of seasonal variation (Fig. 4). In contrast to
females, males’ gonadal activity did not differ between insu-
lar and mainland populations and the period of spermato-
genesis occurred during spring, from April to June, a period
that also coincides with the copulation marks observed on
sexual females.

Reproductive output and variation between

island and mainland populations

The clutch size of the Greek L. trilineata populations showed
a high variation (7-18 eggs) in accordance with the only
other report we are aware of (4-30; for a review see Nett-
mann & Rykena 1984), falling within the range reported for
other Lacerta members (in den Bosch & Bout 1998, Amat et
al. 2000, Valakos et al. 2008, Rehak 2015). However, signifi-
cant geographical differences in the reproductive output
arose. A rather surprising finding was related to the number
and size of eggs: females from the islands laid more and
smaller eggs than their mainland conspecifics, contradicting
our initial hypothesis.

Irrespective of maternal origin (island or mainland) our
results showed that the number of oviductal eggs and vitel-
logenic follicles were positively correlated to maternal body
size. The increase in the reproductive output with female
SVL is widespread, though not universal, in lacertid lizards
and is linked to the space available in the body cavity (Roff
1992, Maragou et al. 1999, Castilla & Bauwens 2000, Pafilis et
al. 2011). This increase in clutch size, however, led to a re-
duction in the mean egg size, and smaller females from both
habitats were able to produce large eggs. This finding com-
plies with previous studies reporting that larger clutches
comprise smaller eggs regardless of dam body size due to
physical limitations (Vitt & Congdon 1978, Castilla & Bau-
wens 1989, 2000, Winck & Rocha 2012).

The comparison between island and mainland popula-
tions showed that insular females demonstrated a pro-

nounced increase in clutch size and the number of vitel-
logenic follicles compared to their mainland conspecifics.
Variation in the clutch size among different populations of a
single species has been reported previously (Chondropoulos
& Lykakis 1983, Pafilis et al. 2011) and has been attributed
mainly to differences in body size of females. Interestingly,
in the case of L. trilineata, the increase in the reproductive
output was not followed by an increase in female body
length, and females from both mainland and islands had
similar SVLs. Nevertheless, clutch size has been reported to
relate to several biotic and abiotic conditions. As such, the
observed differences could be the result of any of the follow-
ing factors: climate, latitude, food resources, predation pres-
sure and/or interspecific competition that deviate between
mainland and island habitats (Ballinger 1977, Vitt 1983, Tay-
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lor et al. 1992, Maragou et al. 1999, Pafilis et al. 2011). In or-
der to fully understand the underlying reasons for this varia-
tion, further research is required.

Oviductal egg volume, but not clutch volume, was also
significantly reduced in island populations (Table 1). In rep-
tiles, trades-off between egg size and clutch size are common
and usually related either to space constraints or energy al-
location and nutrient limitations (Castilla & Bauwens 2000,
Uller et al. 2009). In that way, lizards maintain an optimum
balance between egg number and the energy expenditure
per egg/offspring. Together with the fact that clutch volume
was similar for both island and mainland females, which in
turns suggests that L. trilineata has reached an evolutionary
optimum in clutch volume (Adamopoulou & Valakos 2000,
Pafilis et al. 2011), we assumed that the increased egg num-
ber of island L. trilineata resulted in a decrease in the average
egg volume.

An alternative explanation for the smaller size of eggs in
insular populations could be the different climatic conditions
on islands. Spatial and temporal temperature fluctuation is
less severe on islands compared to the mainland (Schwaner
1989, Whittaker & Fernandez-Palacios 2007, Sagonas et al.
2013), allowing insular L. trilineata populations to prolong
their reproductive period for more than a month (Fig. 3). In
that way, smaller eggs that require shorter incubation period
at a given temperature (Chondropoulos & Lykakis 1983, Si-
nervo 1990) are preferred as they result in hatchlings that
emerge earlier in autumn when food availability is higher
(Sagonas et al. 2015a).

However, these findings contradict the island syndrome,
according to which insular populations reduce the number
but increase the size of offspring in respect to the particular
conditions prevailing on islands (Adler & Levins 1994). Is-
land communities are depauperate in predators and com-
petitors supporting high lizard densities (MacArthur & Wil-
son 1967, Rodda et al. 2001). These dense populations suffer
from high intraspecific competition that may include canni-
balism (Blondel 2000, Cooper et al. 2014, Novosolov et al.
2016). As a result, island populations adopt the K selection
strategy to survive in such crowded niches, investing in
fewer, but larger, offspring that have a higher probability of
surviving to adulthood (Melton 1982, Adler & Levins 1994).
In contrast to the aforementioned, our results suggest that L.
trilineata islanders are r-strategists that increased their en-
ergy allocation towards reproduction, laying more but
smaller eggs. The generality of the island syndrome has been
questioned by recent studies that reported alternatives. Insu-
larity is considered a major promoter of species diversifica-
tion and island populations usually deviate from their
mainland ones in several ways (Vicente 1999). Surprisingly,
however, our results did not corroborate the typical assump-
tions of the island syndrome. Our study offers support to
previous research that challenged the generality of the island
syndrome and brought out alternative reproductive strate-
gies (Raia et al. 2010, Pafilis et al. 2011, Monti et al. 2013, No-
vosolov & Meiri 2013).
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