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Abstract

Background Animals select and interact with their environment in various ways, including to ensure their physiol-
ogy is at its optimal capacity, access to prey is possible, and predators can be avoided. Often conflicting, the balance
of choices made may vary depending on an individual’s life-history and condition. The common lizard (Zootoca
vivipara) has egg-laying and live-bearing lineages and displays a variety of dorsal patterns and colouration. How
colouration and reproductive mode affect habitat selection decisions on the landscape is not known. In this study,
we first tested if co-occurring male and female viviparous and oviparous common lizards differ in their microhabi-
tat selection. Second, we tested if the dorsal colouration of an individual lizard matched its basking site choice
within the microhabitat where it was encountered, which could be related to camouflage and crypsis.

Results We found that site use differed from the habitat otherwise available, suggesting lizards actively choose

the composition and structure of their microhabitat. Females were found in areas with more wood and less bare
ground compared to males; we speculate that this may be for better camouflage and reducing predation risk dur-
ing pregnancy, when females are less mobile. Microhabitat use also differed by parity mode: viviparous lizards were
found in areas with more density of flowering plants, while oviparous lizards were found in areas that were wetter
and had more moss. This may relate to differing habitat preferences of viviparous vs. oviparous for clutch lay sites.
We found that an individual’s dorsal colouration matched that of the substrate of its basking site. This could indicate
that individuals may choose their basking site to optimise camouflage within microhabitat. Further, all individuals
were found basking in areas close to cover, which we expect could be used to escape predation.

Conclusions Our study suggests that common lizards may actively choose their microhabitat and basking site,
balancing physiological requirements, escape response and camouflage as a tactic for predator avoidance. This varies
for parity modes, sexes, and dorsal colourations, suggesting that individual optimisation strategies are influenced

by inter-individual variation within populations as well as determined by evolutionary differences associated with life
history.
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usually faced with two choices: hiding or fleeing. Camou-
flage, the similarity between the colouration and pattern
of an animal and its surroundings, is a striking example of
adaptation that has become a model system within evo-
lutionary research [5-9]. Studies on camouflage in wild
animals suggest that prey animals inhabiting a variety of
coloured microhabitats will either compromise between
different microhabitats, or specialise in one microhabitat
to optimise predator avoidance [7, 10]. For example, bark-
resting moths such as the peppered moth (Biston betu-
laria) show a preference for microhabitats with a similar
colouration to themselves [11, 12] and will even reposition
their body to enhance camouflage [13-15]. Camouflage
may also depend on the variety of different microhabitats
encountered by an individual. For example, desert lizards
(Sceloporus magister) have compromised on a coloration
that is intermediate between two or possibly more of the
microhabitats that they use [7].

In squamates, dorsal patterning and colouration has
mainly evolved to match the surrounding substrate for
crypsis [16—18]. However, colour and patterning may
also have evolved as a response to sexual signalling and
environmental pressures, including temperature and pro-
tection from ultra-violet radiation [19-24]. For example,
in the viper Montivipera raddei species complex, dorsal
pattern colouration varies in association with thermal
factors, including temperature and solar radiation [25].
However, predator avoidance tactics might change dur-
ing an individuals lifetime, depending on ontogenetic
changes in colouration, sprint speed (escape perfor-
mance), or changes in behaviour due to reproduction and
mate acquisition [26-28]. Overall, studies find a complex
relationship between colouration, patterning, sex, and
animal personalities, suggesting that there are interde-
pendent trade-offs in the evolution of this variation [23,
29, 30].

Providing opportunities for camouflage is an important
consideration for habitat selection, but microhabitats criti-
cally also offer protection from predators [31, 32], oppor-
tunities for encountering prey [4, 33], or thermoregulatory
benefits for ectotherms [2, 34]. For example, vegetation
cover and short flee distance to hiding spots allow animals
to avoid detection and decrease predation risk [32, 35]. On
the other hand, open basking sites provide optimal oppor-
tunities to maximise exposure to sunlight and thus have
thermoregulatory benefits for ectotherms [36, 37], but are
more exposed to potential predators [38]. Therefore, indi-
viduals need to carefully choose the amount of time they
spend in different types of microhabitat. In addition, these
choices may depend on the sex of an individual and the
season. For example, females are usually less mobile during
pregnancy, and therefore need to adjust their behaviour as
their flight speed reduces [39, 40].
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While it has been well demonstrated that lizards select
microhabitats with particular characteristics (e.g., for ther-
moregulation [41-44] or predator avoidance [1, 45]), few
studies have tested whether individuals within the same
species that show intraspecific variation in appearance
actively choose specific backgrounds within a microhabitat.
Recent studies indeed suggest that, in some species, indi-
viduals may actively choose a habitat that matches their own
colouration. For example, in ground-nesting birds, individu-
als match their own colouration and their eggs to the habitat
they nest in [46] and escape more readily when their own
match to the background — but not their clutch’s — is poor
[47]. In Aegean wall lizards (Podarcis erhardii) inhabiting
Greek islands, individuals match their own colouration to
the background, with the effect being stronger in females
and in areas with higher predation risk [15]. Therefore indi-
vidual decision-making on site use likely involves the local
environment availability and an organism’s colour variation.

The common lizard (Zootoca vivipara) is a small,
ground-dwelling lizard found across Eurasia. In addition
to having the largest distributional range of any terres-
trial reptile, it shows striking variation in reproductive
aspects of life-history: some populations are egg-laying
(oviparous), while others are live-bearing (viviparous)
[48, 49]. Common lizard reproductive season starts in
early spring and ends in summer, and during this time
gestating females may double in weight [50]. This period
is also when common lizards are most vulnerable to
predators that often rely on visual cues, such as birds of
prey, snakes and some mammals.

Common lizards show considerable variation in inter-
individual colouration and dorsal patterning [51], with
reticulated or linear patterns of dark on lighter brown
background, or an intermediate pattern between reticu-
lated and linear [23]. An individual’s dorsal pattern-
ing is established during the first year and is then stable
throughout its lifetime [23]. Common lizards do not have
active colour change to match or camouflage against
particular substrates, as known in other lizards such as
chameleons [52]. Features such as body condition and
heterozygosity play important roles in common lizard
mate choice [53, 54] but dorsal colour or pattern do not
seem to be crucial cues. Instead the frequencies at which
reticulated and linear forms occur in a population vary
depending on environmental conditions and on genetic
inheritance [23]. However, the association of dorsal col-
our and pattern on the landscape has not been investi-
gated in detail either for males or females.

In this study we assessed microhabitat selection in
syntopically occurring oviparous and viviparous com-
mon lizards during the reproductive season. We first
tested if common lizard microhabitat selection was
specific in the context of the environment available to
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them. In addition, we checked if their choice was asso-
ciated with parity mode (oviparous or viviparous) and
sex. Finally, we tested if common lizard dorsal coloura-
tion and patterning was associated with colouration of
the basking site while accounting for size and sex dif-
ferences. The hypotheses we tested were: (i) particu-
lar features of microhabitat are preferred by common
lizards, (ii) oviparous and viviparous common lizards
differ in microhabitat selection, (iii) pregnant females
are encountered in a different microhabitat than males,
(iv) dorsal colouration matches the colouration of the
lizard’s basking site, and (v) dorsal patterning is associ-
ated with basking site colouration.

Results

Lizard selected microhabitat differs between sexes

and parity mode

Common lizards apparently chose specific microhabi-
tats within the sampled study area. This is shown by
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significant differences between the relative propor-
tions of microhabitat categories available in the area
and the microhabitat used by the lizards (Figs. 1 and 2).
This was exemplified by DIC (deviance information cri-
terion) estimates for the preferred simple lizard model
(where common lizards are assumed to be a homog-
enous group, Table 1, rows 2 and 3) being at least 5
lower than the null model, which assumed no difference
between sites with common lizards and random sites for
all nine habitat types modelled (Table 1, row 1). In par-
ticular, common lizards tended to be present in areas
with higher proportions of angiosperms, leaf litter, moss,
water and wood, and lower proportions of cover, rocks,
grass and bare ground than were randomly available in
their surroundings (Table 1; Additional file 1 (Table S1);
Fig. 2). Where a simple model distinguishing between
lizards and randomly available sites was preferred,
common lizards were present in areas with a lower pro-
portion of grass (Ujizug = 0.55 and Uupdom = 0.70)

habitat type
[ angiosperm [Jll bare ground

"] grass leaf litter
B moss other

[ rock [ water
[ wood

male female

Fig. 1 Relative proportions of habitat types encountered overall in the area (‘'study area’) and within the microhabitats chosen by (A) oviparous
and viviparous and (B) male and female lizards. Habitat types that differed between parity modes (A) or sex (B) are marked by an asterisk. Examples
of different habitats are shown in panels C - E), including typical basking sites for common lizards, such as C) a dried log among heather, D) a dried

clump of grass next to water, and E) patches of dry grass in the meadow

(See figure on next page.)

Fig. 2 Proportion of habitat component and factors that performed best (as assessed by DIC) in explaining variance in each habitat component.
Different colours in the kernel density plot represent factors that differed significantly in the best performing model. The habitat used by lizards
differed in all its components from the study area available (‘Random’; grey colour). The combination of red and yellow coded colours indicated
that either parity mode or sex was another significant factor. For example, in cases where parity mode was a significant factor, the second and third
column (oviparous males and females; coded red) differed from the fourth and fifth column (viviparous males and females; coded yellow)
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Table 1 Deviance information criterion (DIC) for zero-and-one-inflated beta (ZOIB) regression models explaining the variation in the
proportion of microhabitat types in the immediate proximity of lizards and in randomly selected quadrat squares

Model’ Precision? Habitat type
scheme Angiosperm Grass Leaf litter Moss Rock Water Wood Cover Bare ground

Null shared 49.7 111 193.8 3526 3520 111.2 5924 198.6 3528
Lizard shared -17.1 721 190.7 346.9 3524 105.6 4792 184.8 354.5
Lizard variable -394 74.7 186.2 346.3 345.1 1125 481.2 187.1 344.7
Sex shared -164 755 1935 350.6 356.5 110.2 477.0 188.0 350.1
Sex variable -375 76.9 187.0 350.7 348.0 1185 480.5 190.5 339.3
parity mode shared -32.0 735 194.6 341.7 356.2 101.6 479.9 175.3 3556
parity mode variable -54.0° 75.1 189.1 3420 3478 168.5 482.1 177.2 3452
parity * sex shared -324 729 194.4 3424 356.7 102.9 479.7 175.8 355.2
parity * sex variable -53.0 75.5 189.0 3419 347.9 110.2 4823 1774 3457

" The null model assumes no difference in microhabitat proportion in lizard and randomised locations. The lizard model allows for variation between lizard and
randomised locations. Further models allowed proportions for lizards of different sex, parity mode, or both (parity * sex) to be drawn from different underlying

distributions

2The precision parameters in the beta component of the ZOIB distribution was either shared by all observations or allowed to vary between lizard and randomised

observations

3 For each microhabitat, preferred models selected according to DIC are indicated by bold text and shaded cells

and higher proportions of leaf litter (@44 = 0.18 and
Wrandom = 0.10) than randomly available. When present,
rock was found in similar proportions across groups
(Mlizara = 0.27 and  Urgndom = 0.29), but was more
likely to be completely absent in the vicinity of lizards
(%izara = 0.89 and &0 = 0.83).

For six of the nine habitat types, more complex mod-
els based on differences between lizards were preferred
(Table 1). Males lizards were more likely to be observed
with no bare ground (proportion=0) in the vicinity
(¥random = 0.67) compared with both females and ran-
dom availability (undom = 0.58 and  fpgie = 0.57)
(Additional file 1 (Table S1). When present, the propor-
tion of wood in the vicinity of females of both parity
modes was higher (Ufaie = 0.47) compared with male
lizards (ifemate = 0.42) or random (U fepare = 0.22). Vivip-
arous common lizards were found more often in asso-
ciation with angiosperms (ayiiparous = 0.65) compared
with oviparous lizards (oyiparous = 0.87). Oviparous liz-
ards were less likely to be found in the absence of water
(ctoviparous = 0.91) than viviparous lizards or randomly
available (yiviparous = 0.99 and  pupdom = 0.99) and
when present, water made up a higher proportion of an
oviparous lizard’s surroundings (Uoviparous = 0.19 while
Mviviparous and Uygndom = 0.14). Oviparous common liz-
ards were also less likely to be found in the absence of moss
(ctoviparous = 0.71) than viviparous lizards or randomly
available (yiviparous = 0.86 and 440, = 0.88). Finally,
viviparous lizards were more likely to have a total pres-
ence or absence of cover (@iyiparous = 0.12) with a pro-
portion of 1 more likely than absence (Vyiviparous = 0.59),

meanwhile oviparous common lizards exhibited a

bimodal distribution in their preference of how much
cover was available in their habitat, while viviparous had a
more unimodal distribution (Fig. 2).

Dorsal colouration and patterning

Dorsal colouration was associated with parity mode, sex,
body length, and body weight (Table 2). More specifically,
viviparous and larger individuals tended to have a higher
hue (Table 2; Additional file 2 (Table S2); Additional file 3
(Fig. S1)). Moreover, viviparous, male, larger, and lighter-
weight lizards tended to have a more intense colour (model
1 (saturation); Table 2; Additional file 2 (Table S2)). Finally,
oviparous had a lighter dorsal colouration compared to
viviparous individuals (estimate = -3.12, ¢;,5, = -3.34,
P<0.001; Table 2; Additional file 2 (Table S2)).

Dorsal patterning was associated with body length and
sex (model 2; Table 2; Fig. 3; Additional file 2 (Table S2)).
Specifically, a larger proportion of males had a reticulate
pattern compared to females (estimate=1.068, z; 35, =
3.05, P<0.01; Table 2; Fig. 3B) and smaller lizards were
more likely to have a linear pattern (estimate=0.071,
Zy 387 = 2.79, P<0.01; Additional file 2 (Table S2)). Indi-
viduals with a reticulate pattern generally had a lighter
dorsal colouration (model 3; F,,q = 3.28, R*=0.015,
P<0.05; Fig. 3C; Additional file 2 (Table S2)).

Common lizard colour matches microhabitat and basking
site

Common lizard dorsal hue ranged from 27 to 51 (mean:
36.8), basking sites from 20 to 69 (mean: 47.3) and habi-
tat from 33 to 69 (mean: 54.9). Hue was positively cor-
related between habitat and basking site (model 4;
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Table 2 Association between lizard dorsal colouration, patterning, microhabitat and basking site colouration. Shown are all statistical
models that showed a significant association with the response variable. Abbreviations: Num. = numerator; Den. = denominator;

df=degrees of freedom

Model ID Response variable Explanatory variable Test Num. df Den. df t-orF-value p - value
1 dorsal colouration (H) body length GLM 3 249 331 <0.01 **
parity mode 357 <0.001 xxx
dorsal colouration (S) sex GLM 5 247 2.90 <0.01 **
body length 330 <0.01 **
parity mode 2.01 <0.05 *
body mass -3.72 <0.001 *E%
dorsal colouration (L) parity mode GLM 2 250 -3.34 <0.001 i
2 dorsal patterning sex GLM 3 387 3.05 <001 **
body length 2.79 <0.01 **
3 dorsal colouration (H) dorsal patterning ANOVA 2 299 3.04 <0.05 *
dorsal colouration (L) dorsal patterning ANOVA 2 299 6.08 <0.01 **
4 basking site colouration (H) habitat colouration (H) LM 2 155 8.75 <0.001 i
basking site colouration (S) habitat colouration (S) LM 2 155 11.35 <0.001 i
basking site colouration (L) habitat colouration (L) LM 2 155 11.51 <0.001 *Hx
5 dorsal colouration (H) basking site colouration (H) LM 2 160 3.01 <0.01 **
dorsal colouration (L) basking site colouration (L) LM 2 160 -2.14 <0.05 *
6 dorsal colouration (H) habitat colouration (H) LM 2 157 529 <0.001 i
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Fig. 3 Dorsal pattern differs between sex and is associated with dorsal colouration. A Three females with examples of a reticulated, intermediate
and linear pattern (left to right). B Proportions of individuals of reticulated, intermediate, or linear dorsal patterning, shown for males and females
separately. C Reticulated individuals tend to have an overall lower lightness score in dorsal colouration

estimate=0.39, £, 15 = 8.75, R*=0.331, P<0.001;) and
more variable in basking sites than habitat (standard
deviation: 10.6 vs. 7.2). Common lizard lightness ranged
from 25.1 to 64.9, basking site from 12.9 to 79.4, and over-
all microhabitat from 17.3 to 47.6 (Additional file 4 (Fig.
S2)). Basking site lightness and overall habitat lightness
were significantly correlated (model 5; estimate=0.33,

160 = 10.81, R?=0.427, P<0.001; Table 2; Additional
file 2 (Table S2)), but the distributions differ, with basking
sites being lighter (mean: 36.8 vs. 30.1) and more variable
in lightness than habitat (standard deviation: 12.7 vs. 6.6;
Additional file 4 (Fig. S2)).

Dorsal colouration was associated with the colour of
the basking microhabitat selected by the lizard (model 6).
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Specifically, the hue of the lizard’s dorsal area correlated
with the hue of the habitat (estimate=0.21, £, ;, = 5.29,
R*>=0.151, P<0.001; Table 2; Fig. 4) and the basking site
(estimate=0.09, £, ;¢, = 3.00, R*=0.05, P<0.01; Table 2;
Fig. 4). Therefore, lizards generally tended to prefer habi-
tats and basking sites that matched their own coloura-
tion. Moreover, lizards tended to choose basking sites
that were slightly darker than their own colouration (esti-
mate = -0.10, £, 15, = -2.14, R*=0.03, P<0.05; Table 2;
Fig. 4). In contrast to colouration, dorsal patterning, i.e.
being linear or reticulated, was not associated with bask-
ing site or habitat colouration (N=161, P>0.1; Addi-
tional file 2 (Table S2)).

Discussion

Our findings suggest that common lizards in their natural
environment actively select their microhabitat, presumably
to optimise thermoregulatory and physiological require-
ments while minimising risk. Lizards chose all habitat
components in markedly different proportions than what
was available to them in the immediate area. We showed
that common lizards generally avoid bare rocks and bare
ground. In this way, we suggest they can avoid detection
and the risk of predation in such exposed habitats, an
important consideration given that they are rather slow,
ground-dwelling lizards. Common lizards have relatively
high humidity requirements for their environment [55,
56], and this was reflected in their preference for a wetter
habitat with more moss. Moreover, leaf litter and angio-
sperms were preferred, presumably providing options for
escaping while being less visible to predators.

As basking sites, common lizards often use wood,
which was also enriched in their microhabitat relative to
the immediate area. Wood generally matches well with
the lizard’s background colouration and also offers crev-
ices for quick access to escape refuges [27]. In addition,
wood heats up quickly and therefore provides optimal
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options for thermoregulation [57]. Microhabitats with
less vegetation cover available than what is randomly dis-
tributed in the environment were also preferred, presum-
ably because common lizards require basking sites and
taller vegetation reduces the amount of solar radiation
that can be used for thermoregulation.

In addition to these general preferences, microhabitat
selection depended on an individual’s life history: site
selection differed between males and females, and ovipa-
rous and viviparous lizards. Females preferred habitats
with good basking options (more wood) and less open
space (‘bare ground’). During the reproductive season,
females are pregnant and reduced in speed [40, 58, 59],
and therefore may require relatively ‘safer’ microhabi-
tats where they can attain their optimal body tempera-
ture quickly but also escape to a hiding spot within short
distances. By staying in close proximity to a refuge and
exhibiting a low flight tolerance [27], female common
lizards may offset their reduced speed during pregnancy
to avoid predation. By performing running performance
tests in addition to microhabitat choice experiments, this
potential sex-bias could be tested in the future using a
larger and more balanced sample size.

Parity mode was also associated with common lizard
microhabitat selection. Specifically, oviparous common liz-
ards were found in wetter microhabitats with a higher pro-
portion of moss and a lower proportion of flowering plants.
This confirms a previous study which found that oviparous
common lizards are found in wetter habitats [60]. We pro-
pose that the reason for this may be that for optimal devel-
opment, egg clutches need a humid environment. Egg
clutches of oviparous common lizards have been found
below moss and within humid dead wood (personal obser-
vation), and in captivity egg clutches are usually deposited
below moisturised moss when given the option [50]. Vivip-
arous common lizards were found in microhabitats with a
larger proportion of angiosperms, while other components
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did not differ between parity modes. In summary, we show
that an individual’s sex and life history (male vs. female,
oviparous vs. viviparous) are associated with microhabitat
choice in common lizards in their natural environment,
presumably to match physiological requirements and
trade-offs with predation risk. This suggests long-term evo-
lutionary differences play out in the behavioural strategies
of individuals on the landscape.

Our findings further suggest that common lizards select
particular microhabitats and basking sites compared to
the background matrix and that this is associated with
their dorsal colour. Individuals tended to choose a habi-
tat and basking site colour closer to their own coloura-
tion (measured as hue) than other available options. This
result is in agreement with other studies suggesting liz-
ards match background to their own colouration in order
to reduce detection by predators [15, 61, 62]. However,
in respect to avian predators our result should be inter-
preted cautiously, as we did not measure the full spec-
trum of the lizard and its background. Both lizards and
birds cover UV light in their visual spectra, which we did
not measure here. In contrast to the positive correlation
between the lizard’s hue and its habitat, the lightness of
the lizard’s basking site tended to be darker than its own
colouration. A potential explanation could be that lizards
optimise their thermal environment during basking. As
darker surfaces allow for more efficient thermoregula-
tion, lighter individuals, which presumably require more
time to heat up compared to darker individuals [63], may
offset this difference by choosing darker surfaces while
basking. In summary, our results suggest that lizard indi-
viduals are faced with a trade-off between heating effi-
ciently and matching their background.

How common lizards choose their habitat and bask-
ing site in relation to their own colouration is an intrigu-
ing question. It is possible that lizards can visually assess
their own dorsal colouration by curling, a behaviour they
typically also adopt while basking. Alternatively, the locus
or loci for dorsal colouration may be genetically linked to
behavioural preferences for habitats that best match their
colour and pattern. Another alternative may be that liz-
ards learn to optimise their camouflaging behaviour from
previous encounters with predators [64]. Basking sites
differed from the otherwise immediate microhabitat in
colouration and in composition of substrate and vegeta-
tion, strongly suggesting they are actively selected rela-
tive to the immediately available microhabitat.

Our findings also demonstrate the variation in common
lizard colouration among individuals. In particular, colour
intensity differed significantly between individuals of dif-
ferent parity modes, sex, body length and body weight.
Oviparous individuals differed from viviparous individuals
in all three dorsal colour variables: viviparous individuals
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had larger values in hue and saturation, and a lower value
in lightness. While these differences were subtle, it con-
firms impressions from the field that oviparous individuals
tended to be slightly lighter than viviparous. Moreover, the
hue was shifted towards larger values in larger individuals,
visible as a change from a darker brown towards a lighter
brown. This is consistent with common lizards undergo-
ing colour changes during ontogeny, while the correla-
tion with body weight and overall fitness warrants further
investigation. Reticulate-patterned individuals tended to
be lighter in dorsal colouration. We also found that pat-
tern is significantly associated with sex, with reticulated
patterns being more common in males and linear patterns
being more common in females. That dorsal patterning
differs between sexes is in agreement with another study
showing a higher proportion of linear patterns in females
in wall lizard (Podarcis muralis) populations [24] and in
a different common lizard lineage [23]. Previous research
comparing dorsal patterns of common lizards and explora-
tory behaviour found linear individuals seem to be bolder
in transitioning between habitat patches without cover,
and have higher immigration rates compared to reticulate
individuals [23, 29]. Therefore, there is the potential that
complex behavioural traits are associated with dorsal pat-
terning, though here we did not find this to be associated
with different basking site selection.

As dorsal patterning did not have a significant effect
on microhabitat selection, we suggest that the relatively
darker linear morph being more abundant in females
might be a thermoregulatory adaptation. A darker lin-
ear patterning may warm up the ventral column quicker
during basking and improve thermoregulation [23, 24]. A
higher frequency of the linear pattern in females might
be explained by an increase in energy from thermoregu-
lation aiding to escape from predators whilst gravid [24,
65, 66]. In general, the grain and geometry of a pattern,
together with body colouration, may represent random
samples of those visual features of the background and
aid in camouflage whilst basking [61, 67]. Patterning may
also cause disruptive camouflage by breaking body lines
or merging body margins to match with the substrate [61,
68-70]. Although we did not find an association between
dorsal patterning and basking site in common lizards
at this relatively small spatial scale, patterning might be
related to habitat on a larger scale, for example when
habitats differ more substantially from each other (e.g.,
alpine meadows compared to peatland meadows).

Conclusions

Overall, our key findings suggest that common lizards
selectively choose their microhabitat and that this is non-
random relative to the immediately available sites, pre-
sumably to balance life-history dependent physiological
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requirements, camouflage, and predator avoidance.
Common lizards are preferentially found in backgrounds
that enhance matching, potentially for camouflage
against predators in their natural microhabitats whilst
staying close to cover to enable quick escape. Further
work is needed to understand the active choice in these
site selections by lizards and whether camouflaged back-
ground matching benefits survival. Other studies have
suggested that genetic control alongside visual input may
underlie adaptive background choices, and individuals
may learn to discriminate between camouflaging and
non-camouflaging backgrounds [15]. Although this study
tests true individual colours (as captured by camera RGB
values) and does not rely on colours being indicated by
the human visual system, other studies have relied on
human-oriented indices [71-73]. Measures of crypsis
based on the human visual system may be biased or differ
from that of other animals, as different groups of animals
can vary greatly in their visual systems [74—77]. Finally,
future studies of reptile crypsis will benefit from using
spectral reflectance data covering a wider spectrum than
digital photography, and linking the background and
prey colouration directly to the visual system of potential
predator(s) [15, 61, 78-80].

Materials and methods

Study area and sampling

The study was carried out in the Carinthian Alps in Aus-
tria in the Gailtal valley. The study area covers six sites
that are separated by visible barriers (e.g. rivers, roads,
forests) and a total area size of approximately 0.3 km?
with an altitude range from 1350 to 1550 m. The area is
used for grazing cows and goats during summer months
(June-September) and the habitat is dominated by alpine
meadow. The study area is one of the few contact zones
between egg-laying and live-bearing common lizards,
two genetically differentiated and distinct phylogenetic
lineages [48, 49, 60].

A total of 394 individuals were caught by hand from
May to July 2016 and sexed by the presence of a penile
bulge in males and its absence in females. Individuals
were photographed under standardised conditions to
quantify colour information accurately (see next section).
Snout to vent lengths (SVL) and tail lengths (TL) were
measured using digital callipers (Moore and Wright)
and weights were measured using a Pesola Micro-Line
Spring Scale. All female lizards were kept in individual
plastic terraria (28x19x14 cm), provided with hiding
places, wet moss, water and food (mealworms, crickets)
ad libitum [50]. Following laying eggs or giving birth, a
tail clip from each female was taken for genetic analyses
and she was then released at the point of capture. Live-
born young were released with their mother, while egg
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clutches were incubated under 24 °C and released at the
point of their mother’s capture upon hatching. Parity
mode was assessed by phenotype (i.e., if individuals laid
a clutch of eggs or gave birth to living young) and SNP
genotyping [49]. For genotyping, ddRADSeq libraries
were constructed and sequenced on an Illumina HiSeq
4000 machine at 2x150 bp read length. Individuals
were demultiplexed using STACKS [81] and mapped to
the common lizard reference genome [82]. SNPs were
filtered and extracted by a required presence of >50%
across individuals and a minimum allele frequency of
10%. An ADMIXTURE analysis was run on all individu-
als using K=2 to account for the oviparous and vivipa-
rous phylogenetic lineages encountered in the area. If the
membership value (Q) fell between 0.1 and 0.9, individu-
als were recorded as admixed and excluded. Higher or
lower values were recorded as purely oviparous or vivipa-
rous, respectively.

Colouration and pattern data generation

Images were taken in RAW format to preserve colour
information under standard settings (fixed ISO: 160,
aperture: 8, exposure compensation: 0) with a Canon
70D and a 60 mm fixed lens. Each image included an
“X-rite ColorChecker’ board to standardise colouration
between images and capture accurate colour [83, 84].
First, a Digital Negative (DNG) copy of each image was
made and then run through the colour checker software
(X-rite ColorChecker) which establishes an accurate
colour foundation in form of a profile. Next, this pro-
file is applied to the original image before analysing to
ensure standard and accurate colour results. Images
were processed using Adobe Photoshop CC 2015. After
applying the profile to the image, white balance was
selected for the off-white square on the X-rite colour
checker board and subsequently the red-green-blue
(RGB) linearity for the selected square values were set
to 240 nanometres (nm) [85]. Finally, RGB values were
recorded for the area surrounding the dorsal stripe,
where colour sampling area included the dorsum from
front legs to hind legs; flanks were excluded. Hue, sat-
uration and lightness (HSL) values were calculated to
assess the colour. Hue is an approximation of the main
colour (from red to blue), while saturation measures its
intensity, and lightness reflects how dark or light the
colour is by quantifying the amount of black or white
added to the hue. Our interpretation focused mostly
on hue (H) and lightness (L). We note that while our
approach allows for the unbiased extraction of col-
ours within the human visual spectrum (300-700 nm),
it ignores colours within the UV spectrum. Therefore,
these colour profiles are representative for mammalian
predators but the spectral sensitivity range of lizards
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(including Zootoca vivipara [86]) and birds [75, 87] is
not fully covered.

From the images, the dorsal stripe was categorised by
eye as either linear, reticulated or intermediate for the
anterior and posterior body part. As variation between
the anterior and posterior portions of the lizard’s body
has previously been reported [24], dorsal patterning was
recorded separately for these two areas. The dorsal pat-
tern of each of the 394 individuals (264 females and 130
males) was categorised and dorsal colouration quantified.

Microhabitat use

Habitat measurements were carried out in the same area
where each individual was found basking and captured.
The basking site was defined as the location where the
lizard was first spotted and stationary. An image of the
habitat was taken from above immediately after lizard
capture using a Canon 70D and 60 mm lens. Each image
included a 0.5%0.5 m quadrat square, with the basking
location of approximately 0.15x0.15 m placed in the
middle of the quadrat, and an X-rite ColorChecker board
outside the quadrat. Habitat images were processed in
Adobe Photoshop using the same colour-sampling meth-
odology as for the lizard dorsal images, with profiles pre-
pared using the X-rite ColorChecker software. The RGB
values were recorded for the 0.15x0.15 m basking site in
the centre of the quadrat. Out of all sampled individuals
(N=394), a total of 165 (120 females and 45 males) were
sampled for both dorsal colouration and basking site
colouration.

Habitat was categorised as made up of areas that con-
tained grass, moss, leaf litter, angiosperm, wood, rock,
bare soil, water, or ‘other’ substrate within the quadrat.
Habitat category proportions were inferred using the
image and a grid (25 grid squares at 3 cm x 3 cm) over-
laid on the habitat image on the computer. Habitat pro-
portions were defined as the number of grid squares of
each category divided by the total number of grid squares
within the quadrat. The proportion of potential cover
immediately available to the lizard to escape predation
was quantified as and the proportion of the quadrat
which included tall grasses, wood, and other areas within
the quadrat in which the individual could hide quickly.
Microhabitat use could be analysed in 283 (185 females
and 98 males) out of the 394 individuals.

In addition, a total of 240 random habitat images were
taken throughout the study area for substrate compari-
son to that of basking sites. The study area can be divided
into six geographical areas that are separated by dividing
features, such as roads, rivers or forests [50] and random
sites were determined in each of these as follows: Start-
ing from the centre of each of the six sampling sites, a
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random direction was chosen by throwing a stick in the
air. The stick had a designated tip, and after landing the
tip of the stick determined the direction to walk. The
random sampling point was reached after 20 steps, gen-
erating a nearby but separate microhabitat measure. The
quadrat was then placed touching and perpendicular to
the researcher’s feet and an image was taken in the same
way as for the basking sites. The next random sampling
point was determined by repeating the previous step,
now starting from the point from which the current ran-
dom sample was taken. This whole process was repeated
for a total of ten random sampling points per each of the
six sampling sites. Each member of the field team (N=4)
performed this step once, so that each individual sam-
pling site contained 40 images (4 people x 10 random
spots) of random habitat measures. This resulted in a
total of 240 image across the whole study area (6 sam-
pling sites x 40 images). One image was subsequently
excluded due to overexposure. Habitat categories were
quantified from images in the same way as for the micro-
habitat in which lizards were found basking.

Statistical analyses

To assess microhabitat selection in common lizards,
data on the presence, absence, or proportion of various
habitat types within the proximity of lizards were mod-
elled using Bayesian zero-and-one-inflated beta (ZOIB)
regression [88]. The ZOIB distribution allows modelling
of proportional data that contains both zeros and ones.
In such cases the response variable, y, is modelled as a
mixture of Bernouilli and beta distributions, from which
the true zeros and ones, and the values between zero and
one are generated, respectively. The probability density
function is

a(l—y) y:O
Szom(yiu v, i ¢) = ay y=1
I—a)f(yim¢) 0<y<1

where and 0 <a,y,u <1 and ¢ > 1. The mixture
parameter, «, determines the extent to which the Ber-
noulli or beta components dominate, with higher values
associated indicating greater numbers of zero or one.
The parameter y is the probability that y = 1 when y is
drawn from the Bernoulli component. For a response
variable where either no zeros or ones are observed vy is
fixed as either y =1 or y = 0, respectively. Habitat cat-
egories without observations y = 1 occurred in our data,
and in these cases, the mixture parameter, «, determines
the probability that y was zero rather than being a pro-
portion modelled using the beta component. Continuous
datapoints, 0 < y < 1, were modelled using a beta distri-
bution parameterised with mean p and precision ¢.
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For each habitat type, nine versions of the ZOIB regres-
sion model were assessed. The first null model contained
single set of parameters «, )y, and ¢ fitted to all liz-
ard and random sites. The next simplest model allowed
a, ¥, to vary between lizard and random sites (‘simple
lizard model’). Further models allowed «, y, p to also vary
between female and male lizards, between oviparous and
viviparous, and finally by both sex and parity mode. Each
model other than the null was implemented with a single
¢ parameter shared by all observations and alternatively
with two ¢ parameters for lizard and random sites. Model
comparison was done through comparison of deviance
information criterion (DIC) [89], with the best model
identified as that with the lowest DIC, unless a simpler
model was found with a DIC score differing by less than
two, in which case the simpler model was preferred.

Bayesian models were implemented with mini-
mally informative priors for each observation class,
where class may represent either random or com-
mon lizard sites in simpler models or may represent
sites with common lizards of a particular sex or par-
ity mode in more complex models. For each observa-
tion class, j, prior distributions were: for the mixture
parameter  logit(cj) = o‘jwhere a’; ~ Normal(0, 1000);
for the probability in the logistic regression probabil-
ity logit(y;) = y‘jwhere y‘; ~ Normal(0, 1); for the beta
regression mean logit(;) = 1«‘;where 1¢‘; ~ Normal(0,1000); and
beta regression precision ¢ = ¢iwhere ¢, ~ Normal(0,100).
Models were specified in the JAGS language and run
using JAGS v4.3.0 [90] initiated from R (R Core Team
2013) using the package runjags, with DIC calculated
using the function extract.jags [91].

Next, we assessed if common lizard dorsal colouration
was dependent on any attributes of the individual (e.g., par-
ity mode, sex, length, weight) and if it matched their back-
ground colouration. We extracted HSL (hue, saturation,
lightness) values from the images of dorsal colouration,
basking site, and habitat. Next, a generalised linear model
(GLM) was used to identify if average dorsal colouration
(measured as HSL) correlated with parity mode, sex, body
length, and weight of an individual (model 1). Similarly, a
GLM with a binomial distribution was used to establish
if dorsal patterning (reticulated, intermediate or linear)
depended on parity mode, sex, body length and weight
(model 2). Using an ANOVA, we tested if dorsal coloura-
tion showed a correlation with dorsal patterning (model 3).
Next, we checked if colouration of the whole microhabitat
correlated with the basking site colouration (model 4). We
then tested if average dorsal colouration was associated
with basking site and sex (model 5), and with the coloura-
tion of the whole microhabitat and sex (model 6). Con-
sequently, we also tested the same for dorsal patterning
(model 7 and 8).
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