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Abstract. At the southern limit of its range the endangered butterfly Coenonympha oedippus inhabits grasslands (wet, dry) that
differ significantly in the abundance of its larval hostplants (wet > dry) and mean annual air temperature (wet < dry). We deter-
mined the difference in the wing morphology of individuals in the two contrasting habitats to test whether and how traits associated
with wing size, shape and eye like spots vary in the sexes and two ecotypes. We show that sexual dimorphism follows the same
(wing size and shape, number of eyespots on forewing) or different (relative area of eyespots on hindwings) patterns in the two
contrasting habitats. Irrespective of ecotype, females had larger, longer and narrower wings, and more forewing eyespots than
males. Sexual dimorphism in the relative area of eyespots on hindwing was female-biased in the wet, but male-biased in the dry
ecotype. Ecotype dimorphism in wing size and the relative area of eyespots on the hindwing is best explained by mean annual air
temperature and abundance of host-plants. While ecotype dimorphism in wing size did not differ between sexes, neither in direc-
tion (wet > dry) or in degree, in the two sexes the relative area of eyespots on hindwing had opposite patterns (males: dry > wet;
females: wet > dry) and was more pronounced in males than in females. The differences in wing shape between ecotypes were
detected only in the hindwings of males, with more rounded apex in the dry than in the wet ecotype. We discuss the life-history
traits, behavioural strategies and selection mechanisms, which largely account for the sex- and ecotype-specific variation in wing

morphology.

INTRODUCTION

Butterfly wing morphology commonly varies among
species and populations and even between the two sexes.
Variation in wing morphology is thought to be the result of
complex interactions between genetic, epigenetic and envi-
ronmental variability (Watt, 2003; Nosil, 2012). In addition
to flight, the most obvious function of wings, their morpho-
logical traits, such as size, shape, colour and pattern, have
a number of interacting functions including thermoregula-
tion and intra- and interspecific communication (Shreeve
et al., 2009). Specific functions of the wings are related
to unique sets of wing characteristics or combinations of
wing-pattern elements. For example, wing size and shape
are related to flight (Srygley & Chai, 1990; Merckx & Van
Dyck, 2006), pigmentation or degree of melanisation to
thermoregulation (Van Dyck & Wiklund, 2002), specific
ventral and dorsal position of bands and eyespots to in-

traspecific communication (Robertson & Monteiro, 2005;
Oliver et al., 2009), predator avoidance and evasion (Den-
nis et al., 1986; Ho et al., 2016). Multifunctional character
of butterfly wings affects a number of fitness components.

Intraspecific variation in wing morphology is the result
of variability in genetic (Hill et al., 1999) and environmen-
tal factors (Nylin, 2009; Gibbs et al., 2011). Phenotypic
traits that are largely affected by environment are said to
exhibit phenotypic plasticity (Pigliucci et al., 2006). Traits
with high plasticity levels are more responsive to envi-
ronmental changes, and are generally linked to a higher
capacity to occupy different environments. Phenotypic
plasticity may be triggered by a number of environmen-
tal factors during development and their interactions can
result in different complex patterns. Phenotypic plasticity
can be adaptive or non-adaptive depending on whether the
resulting phenotype is closer or further away from the op-
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timal phenotype in a given environment. While adaptive
plasticity increases the likelihood of persistence in a new
environment and enhances fitness across multiple environ-
ments, the non-adaptive plasticity decreases the chances of
adaptation to a new environment (Ghalambor et al., 2007).
When the differences in morphology between populations
of a single species subjected to environmental heterogene-
ity are merely a reflection of historical isolation in interac-
tion with neutral genetic mechanisms (e.g. genetic drift),
then neutral genetic variation in populations corresponds
to morphological variation. Thus, if the latter does not
reflect genetic differentiation due to historical isolation,
phenotypic divergence is very likely due to adaptations to
local conditions (Joyce et al., 2009).

There are several studies on the environmental factors
that induce phenotypic plasticity in butterfly wing mor-
phology. The factors are latitude (Dennis et al., 1986), al-
titude (Dennis et al., 1986; Bai et al., 2015), temperature
(Brakefield et al., 1996; Karl & Fischer, 2008; De Jong et
al., 2010; Bowden et al., 2015), hours of sunshine (Dennis
et al., 1986), rainfall (Gibbs et al., 2011), quality of larval
hostplants (Kooi et al., 1996; Talloen et al., 2004, 2009),
variation in predator pressure (Olofsson et al., 2010) and
landscape structure (Merckx & Van Dyck, 2006). Pheno-
typic plasticity may largely depend on sex with females
usually exhibiting a higher degree of plasticity. Such sex
differences in phenotypic plasticity vary among species
in both magnitude and direction. Moreover, sex-specific
plasticity varies among environmental conditions as well
as along the range of specific environmental variables
(Stillwell et al., 2010). It is suggested that sex-specific phe-
notypic plasticity underlies the process generating sexual
dimorphism (Teder & Tammaru, 2005). Sex difference in
the plasticity of body size of butterflies is manly generated
by a sex-specific plasticity in larval development time and
growth rate (Fischer & Fiedler, 2001; Davies & Saccheri,
2017).

We studied inter-population differences in wing mor-
phology in the False Ringlet, Coenonympha oedippus (Fab-
ricius, 1787). C. oedippus is one of the most endangered
species of European butterfly (Van Swaay et al., 2010) and
is listed in Annexes II and IV of the Habitats Directive.
False Ringlet’s habitat has become very fragmented due to
the on-going intensification of agriculture and/or abandon-
ment of extensive land use. We chose to study this species
in the context of phenotypic plasticity, because it is one of
the few European butterfly species living in two contrast-
ing types of habitat. Most populations inhabit semi-open
wet grasslands (ordo Molinietalia, ordo Tofieldietalia),
whereas the southern range populations occur in dry habi-
tats (Celik et al., 2015). Records of the latter populations
are only for the dry abandoned grasslands (Festuco-Bro-
metea) in Slovenia (Celik, 2003; Celik & Verovnik, 2010)
and in north-western Croatia (this study). In Croatia, this
species inhabits only the northern part of the Istrian pen-
insula (Ku¢inié et al., 1999; Sasi¢, 2010). In Slovenia, this
species has a disjunct distribution, occurring in the centre
(wet habitats with continental climate) and the south-west-
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ern part (dry habitats with sub-Mediterranean climate).
The two areas differ in number of populations occurring
there and their densities. While only two small populations
still exist in the former, the species is more widespread in
the latter. However, their abundance is much lower in the
south-western (cf. Verovnik et al., 2015; Rakar, 2016) than
the central area (Celik, 2015). The populations in the two
types of habitat differ significantly in the species of plants
used as larval host-plants. The larvae feed on Carex daval-
liana, C. hostiana, C. panicea, C. lasiocarpa, C. x leutzii
and Molinia caerulea in wet habitats (Celik et al., 2009
and unpubl. data) and on C. humilis and Festuca rupico-
la in dry habitats (Celik et al., 2015). The populations in
the two types of habitat also differ in the preferred larval/
egg-laying microlocations. The above differences in the
life-history traits of the populations in the two contrasting
types of habitat are considered to be a consequence of mi-
crohabitat selection and adaptation to local environmental
conditions (Celik et al., 2015). C. oedippus is protandrous
and univoltine (June—July), but records of few adults in the
coastal part of Slovenia (Celik & Verovnik, 2010) and in
NE Italy (Bonelli et al., 2010) indicates the possibility of a
partial second generation at the southern limit of this spe-
cies range.

On the basis of wing morphology there are twelve sub-
species of C. oedippus in the European part of this species’
range (Bischof, 1968). Whether and how variability in
wing morphology relates to environmental factors remains
to be studied. Moreover, the False Ringlet exhibits sexual
dimorphism in wing traits, however, detailed studies are
still lacking. General descriptions of sex-specific wing
characteristics reveal that the females have larger fore-
wings with additional submarginal ocelli on the underside,
and a larger white postdiscal band on the under-side of
hindwings than the males (Higgins & Riley, 1993; Tolman,
2001). It is possible that there are obsolete well-developed
submarginal ocelli on the upper surface of the hindwings
of females (Bozano, 2002).

Here we compare the morphological traits of the wings
of C. oedippus from wet and dry habitats at the southern
border of this species range (Slovenia and Croatia). We
tested whether and how traits associated with wing size,
shape and ocellation vary in two contrasting types of habi-
tat. Specimens from wet and dry habitats were treated as
wet and dry ecotypes, respectively. We asked: (1) which
traits exhibit sex and habitat type variation; (2) whether
sexual dimorphism in wing morphology differs in the two
ecotypes; (3) whether the ecotype-related pattern in wing
morphology differs between sexes; (4) which environmen-
tal variables explain sexual and ecotype variability in wing
morphology? We hypothesized that (i) males have smaller
wings than females due to the effect of protandry on male
size (Fagestrom & Wiklund, 1982; Pincheira-Donoso &
Hunt, 2017), and that (ii) males are more mobile and as
they use patrolling as mate-locating strategy and as a con-
sequence have shorter and broader wings than females.
Such a wing shape is associated with greater dispersal abil-
ity and is more efficient for long flights (Hassall, 2015).
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Females, as the more sedentary sex, expose their ventral
wing surfaces more than males. Therefore, we predicted
that (iii) females have a larger number and larger eyespots
on the underside of their wings. Larger and multiple sub-
marginal eyespots on the ventral surface enable more ef-
ficient avoidance of attacks by predators (Blest, 1957;
Oliver et al., 2009; Ho et al., 2016). Based on the temper-
ature-size rule (Kingsolver & Huey, 2008), we expected
that (iv) individuals from colder wet habitats would have
larger wings than those from hotter dry habitats. In the lat-
ter, larval hostplants are more exposed to drought, which
may lead to lower-quality diets and maturation at a smaller
size (Stillwell et al., 2010; Hirst et al., 2015). Decreased
food quality may also cause decreased spot size (Kooi et
al., 1996). We therefore predicted that (v) dry ecotype but-
terflies have smaller submarginal eyespots on the ventral
surface of their wings than wet ecotype specimens. We also
predicted (vi) ecotype-specific wing shape at least in the
more mobile sex (males) as higher air temperatures (dry
habitats) enable prolonged flights for which shorter and
broader wings could be an advantage. Finally, we expected
that (vii) environmental variables affect wing morphology
in a sex-specific way (cf. Stilwell et al., 2010; Gibbs et
al., 2012), which can result in different patterns of sexual
and ecotype dimorphism in the ecotypes and sexes, respec-
tively.

MATERIAL AND METHODS

Samples

In this study we found a total of 239 individuals (males: 187;
females: 52; wet ecotype: 206; dry: 33) of C. oedippus. This
species is endangered in Europe, therefore we used only sam-
ples available in existing collections (Slovenian Natural History
Museum, Biological Institute ZRC SAZU, private butterfly col-
lections), with no additional sampling in the field. Samples origi-
nated from all of the known localities for this species in Slovenia
and Croatia (Appendix 1, 2).

Morphometric analyses

We determined the difference in wing morphology using clas-
sical (CM) and geometric (GM) morphometric analysis. Images
of the underside of the left forewing and hindwing of each speci-
men on a millimetre grid were obtained using a DSRL camera
(Canon 450D) taken at a fixed angle (90°) and distance (30 cm).
To minimize potential barrel distortion resulting from the cam-
era’s optics, we took photographs at a high resolution (4752 x
3168 pixels) in JPG format, which minimises the distortion when
the animals are centred, as the distortion increase towards the
edges of the objective. The same person made all the measure-
ments in order to avoid person dependent measuring errors.

To run classical morphometric analysis we recorded 24 wing
parameters (distances, surfaces, counted parameters; Fig. 1, Ap-
pendix 3) using freeware ImageJ (Abramoff et al., 2004). The
parameters included parameters related to wing size (FWLI1-
FWL6, FWH, A, HWL1-HWL6, HWS) and wing ocellation
(NFW, NHW, S1-S6, S31). As the size of eyespots may be cor-
related with wing size we calculated an ocellation index “sums_
hws” (Appendix 3) of the relative area of eyespots on hindwing.

In the geometric morphometric analysis we assessed the differ-
ences in both wing shape and wing size. We collected and digi-
tized (using TpsDIG 2.10) (Rohlf, 2006) nine landmarks on the
forewing and eleven landmarks on hindwing (Fig. 1). These are
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Fig. 1. Wing parameters used in the morphometric analyses of C.
oedippus; dashed lines — distance parameters; solid lines — sur-
face parameters; square brackets — counted parameters; white
circles — landmarks for geometric morphometrics. See Appendix
3 for details.

positioned at vein terminations (f1—9, h1, h3-h6), vein intersec-
tions (h11), wing border inflection points (h2) and eyespot’ cen-
tres (h7-h10). The landmarks were transformed into x and y coor-
dinates in Cartesian space (Adams et al., 2004). The centroid size
(CS; the square root of the sum of squared distances between each
landmark and the wing centroid) was used as the GM estimator
of wing size. We calculated scaled CSs in freeware Coordgen6f
(Sheets, 2002) (Rohlf & Slice, 1990).

Climatic data

To identify weather conditions at the sites where specimens
were collected (see Fig. 1, Appendix 2), we used data on mean
annual air temperature (T: °C), mean annual precipitation (P:
mm), mean annual relative air humidity (H: %) and mean dura-
tion of annual insolation (S: hours) provided by the Slovenian
Environment Agency (ARSO; www.meteo.si/, www.gis.arso.
gov.si/atlasokolja) for the periods 1971-2000 and 1991-2006,
and from the Climate Atlas of Croatia (Zaninovi¢ et al., 2008)
for the periods 1961-1990 and 1971-2000, which provided suf-
ficiently precise and comparable data for both countries. For Slo-
venia, data from only one climatological station for each part of
the distribution of this species was available, i.e. Ljubljana (for
localities in central Slovenia: SI-LB, SI-GR, SI-ME), Bilje (for
localities in the western part: SI-NG, SI-CA, SI-MI) and Portoroz
(for the locality in the southwest: SI-IZ). Considering the preci-
sion of the climatological maps for Croatia (one climatological
station represents a 19 x 19 km? block of land) and the distance
between the locations sampled (Fig. 1), we used the same value
of each climatic variable for all five locations in Croatia or an
average value when the localities sampled were located in two
different Croatian climatic zones. With only one exception (HR-
S0), all the localities in wet habitats geographically experienced
a continental climate (SI-LB, SI-ME, SI-GR), and all those in dry
habitats geographically experienced a sub-Mediterranean climate
(Appendix 1). Despite the variation in each climatic parameter
during the period studied, the magnitude of difference between
the wet and dry habitats for a particular parameter was always
larger than its yearly variation within a habitat. In addition, it has
already been shown that selection acting on the growth rate of
insects is greatest at temperatures that larvae are exposed to most
often during development (Kingsolver et al., 2004). Therefore,
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an average value of the temperature is an appropriate indicator
of thermal conditions within a habitat when comparing size of
the individuals from contrasting climates. We also applied this to
other climatic parameters used in this study.

Host-plants data

The data for abundance of host-plants (HPs) in wet and dry
habitats is available only for two locations in Slovenia, SI-LB
(wet habitat) and SI-MI (dry habitat). As each location supported
the largest C. oedippus population of each ecotype over the last
10 years, we considered that these populations are good indica-
tors of the state of host-plant abundance in the wet and the dry
ecotypes. Information on the abundance of known (C. humilis,
F rupicola) and potential (other grass species) larval host-plants
in dry habitats (SI-MI) was retrieved from Celik et al. (2015) for
the years 2010-2012. For wet habitat (SI-LB), we used data from
standard phytosociological relevés, which were carried out in the
years 2001, 2013, 2014 and 2015 (Vre§ & Celik, unpubl.). Only
known host-plant species (C. davalliana, C. hostiana, C. panicea,
C. lasiocarpa, C. x leutzii, M. caerulea, Celik et al., 2009 and
unpubl. data) were used for calculating the abundance of larval
host-plants in wet habitats.

Statistical analyses

Data on wing size and ocellation parameters separated in terms
of sex (males, females) and habitat (wet and dry ecotype) were
tested for normality using the Kolmogorov-Smirnov test. All but
four parameters (S31 and FWH for males from wet and dry habi-
tats, respectively; FWLS and FWL6 for females from wet habi-
tats) were normally distributed, therefore we used the raw data in
subsequent analyses.

We used the Independent-Sample T-tests to determine if wing
and eyespot sizes differ between the sexes and between individu-
als from the two habitats. Each size parameter for CM and GM
(CSs) was tested separately for sex and habitat. To assess the re-
lationship between the number of eyespots and sex/habitat, Chi
Square tests with a Likelihood ratio statistic were applied sepa-
rately for forewing and hindwing, as well as for each habitat and
sex.

To find the combination of CM parameters that best explain the
sexual and ecotype dimorphism in wing size and ocellation, we
used logistic regression. We used sex and ecotype as a response
variable separately. All CM parameters except number of eye-
spots (Appendix 3) were set as predictor variables. Prior to the re-
gression analyses, all predictors were tested for inter-correlations
by calculating Pearson’s () correlation coefficients. The differ-
ent sets of predictor variables entering the models were designed
based on the criterion of » < |0.7|. Our statistical approach was
to fit models corresponding to all possible combinations of the
predictor variables and select the best model according to its AIC,
value (Burnham & Anderson, 2002).

Degree and direction of sexual dimorphism in wing size and
ocellation were estimated for each ecotype using the Lovich &
Gibbons (1992) sexual dimorphism index (SDI), in which sexual
dimorphism is quantified as (mean female size/mean male size)
— 1. The SDI was calculated separately for each wing size pa-
rameter (15 WS parameters: FWL1-FWL6, FWH, A, HWL1-
HWL6, HWS; Appendix 3) and for each ocellation parameter (8
WO parameters: S1-S6, sums_hws; Appendix 3), and then aver-
aged across the size/ocellation parameters used. In the same way
we calculated the ecotype dimorphism index (EDI) for each sex
using the adjusted formula: EDI = (mean size in wet habitat/mean
size in dry habitat) — 1. For wing ocellation, we calculated two
types of SDI/EDI so that in the first type (SDI , EDI,) all 8 ocel-
lation parameters were included, but in the second type (SDI,,
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EDL,) only the parameter sums_hws. For assessing the difference
in the degree of sexual/ecotype dimorphism between ecotypes/
sexes, we applied the Mann Whitney U-test for each index, ex-
cept for SDI, and EDI, where testing was impossible as only one
parameter was included in the calculation of this index.

For estimating the average degree of sex-specific and ecotype-
specific plasticity in wing size and ocellation, we calculated the
mean coefficient of variation (CVm) for the same wing-size (WS)
and wing-ocellation (WO) parameters as in the calculation of
SDI/EDI, separately for each sex within each ecotype. We ap-
plied the formula: CVm = ZCV/n, where CV denotes the coef-
ficient of variation for each parameter (CV = SD/mean) and n
equals a number of parameters in WS/WO. For wing ocellation,
we calculated two types of CVm, in which the first type (CVm,)
included all 8 ocellation parameters and the second type (CVm,)
only sums_hws. We used the Mann Whitney U-test for assess-
ing the difference in average degree of plasticity between sexes/
ecotypes. For CVm,, testing for a difference was impossible as
only one parameter was included in the calculation of CVm.

To evaluate the climatic and host-plant differences between
wet and dry habitats, we applied Independent-Sample T-tests and
Mann-Whitney U-tests, respectively. Then, we tested the effect
of environmental variables (T, P, H, S, HPs), sex, and interactions
between environmental variables and sex on wing size and ocel-
lation using Generalised Linear Model (GLM) analyses. We se-
lected the five CM parameters most representative of wing length,
width and ocellation (FWL2, HWL4, FWH, HWL3, sums_hws),
and each of them was treated as a response variable in GLMs. Sex
and HPs (using median value for wet and dry habitats, respec-
tively) were added as fixed factors and climatic variables as co-
variates. For each response variable, we used two types [marked
as (a) and (b)] of GLMs because of the strong inter-correlations
(Kendall’s tau-b > |0.7]) between environmental predictors. As
HPs were treated as a factor, it was consequently also a predictor
for ecotype. Again, we selected the best model and supporting
models based on a AAIC_ value < 2.

Aiming to reduce the dimensionality of the GM data (20 land-
mark parameters) we used principal component analysis (PCA) to
explore if sexes/ecotypes differ in wing shape along two dimen-
sions (PC1, PC2). PCA was carried out separately for forewings
and hindwings. Major shape changes from centroid values along
principal axes in PCA in projected view were illustrated using
wireframe graphs (Bookstein, 1989). One-way MANOVA of the
first two principal components (PC1, PC2) as dependent variables
was used to test the effect of habitat (within each sex) and sex
(within each ecotype) on wing shape using ecotype and sex as a
fixed factor, respectively.

Statistical analyses were performed using IBM SPSS STA-
TISTICS Version 22, PAST (Hammer et al., 2001) and Morphol
1.01b (Klingenberg, 2011).

RESULTS

Sexual dimorphism

The differences in wing morphology, wing size and
ocellation associated with sex are given in Tables 1 and
2. In summary, females from the wet ecotype have longer
(FWLA4, A) and narrower (FWH) forewings, longer hind-
wings (HWL2, HWL4) and relatively larger areas of eye-
spots on their hindwings (sums_hws) than males (Table
1). Accordingly, the GM revealed that females have larger
wings than males (CS: p < 0.001; Table 2). Further, fe-
males from wet habitats have more eyespots on both wings
(NFW: p <0.001; NHW: p <0.01; Table 2).
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In the dry habitat, the black spot in eyespot 3 (S31) is
larger in females (Table 1) and the number of eyespots on
the forewing is greater than in males (NFW: p < 0.001;
Table 2). The GM analysis indicates that females have
slightly larger forewings than males, however, we found
no significant differences in the hindwing sizes of the sexes
(CS: NS; Table 2).

Female-biased sexual dimorphism in wing size was de-
tected in both ecotypes (Table 3: positive values of SDI).
This sexual dimorphism is more pronounced in the wet
than the dry ecotype (Table 3: p < 0.05). Similarly, there
is a female-biased sexual dimorphism in size of hind-
wing eyespots in both ecotypes (Table 3: positive values
of SDI,), which is more pronounced in the wet ecotype
(Table 3: p = 0.059). The direction of sexual dimorphism
in the conspicuousness of hindwing eyespots (SDIL,) dif-
fered between the ecotypes. The latter was female-biased
in the wet, but male-biased in the dry ecotype (Table 3;
value of SDIL,: wet — positive, dry — negative). The higher
absolute SDI, value in the wet ecotype indicates that sexual
dimorphism in conspicuousness of hindwing eyespots is
more expressed in the wet ecotype corroborating the re-
sults of univariate comparisons between sexes for sums_
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Table 1. Results of the logistic regression analysis of the sexual di-
morphism in the wing morphology of C. oedippus from (a) wet and
(b) dry habitats. Dependent variable: female = 0, male = 1. Only the
best models for (a) and (b) are shown.

Parameter Coefficient SE W?Id. OdQS
statistic ratio

(a) WET ecotype *

FWL4 -1.616 0.444 13.247 0.000 0.199
FWH 2.381 0.683 12.172 0.000 10.820
A -2.456 1.061 5.355 0.021 0.086
HWL2 -0.895 0.363 6.075 0.014 0.409
HWL4 -1.632 0.535 8.209 0.004 0.216
S6 0.932 0.348 7.173 0.007 2.540
Sums_hws -55.983 15475 13.088 0.000 0.000
Constant 43.557 9.800 19.756 0.000 8.25+18

Model x? = 112.2, df = 7, p < 0.0001, Nagelkerke R? = 0.719,
correctly classified 92.2% (female: 81.4%, male: 96.0%).

(b) DRY ecotype *

S31 -16.197 7.518 4.642 0.031 0
Constant 3.582 1.454  6.069 0.014 35.956
Model x? = 6.1, df = 1, p < 0.05, Nagelkerke R? = 0.291, correctly
classified 84.6% (female: 62.5%, male: 94.4%).

t Variables entered into the regression analysis: FWL3, FWL4,
FWL 5, FWL6, FWH, A, HWL1, HWL2, HWL3, HWL4, HWL6, S5,
S6, S31, sums_hws. * Variables entered into the regression analy-
sis: HWL1, HWL5, S31, sums hws.

Table 2. Sexual and ecotype differences in wing size and ocellation in C. oedippus. For each parameter, a significant difference between
the sexes/ecotypes is denoted by asterisks (*** p < 0.001, ** p < 0.01, * p < 0.05) or NS (not significant). Mean values for all parameters
are presented, except for the number of eyespots (NFW, NHW), which are presented as frequencies. NE — number of eyespots.

Parameter value

Sexual differences Ecotype differences

Parameter NE Wet habitat Dry habitat Wet Dry Males Females
Males Females Males Females
(N=124) (N =43) (N = 18) (N =8) P P P P

FWLA1 18.72 19.76 17.96 18.45 ox NS ** **
FWL2 14.15 15.38 13.17 13.63 o NS ** ok
FWL3 2.92 2.58 2.35 2.45 ** NS ** NS
FWL4 16.68 18.07 16.42 16.84 o NS NS **
FWL5 6.04 6.49 5.36 5.36 ** NS el >
FWL6 10.29 11.16 10.28 10.9 ox NS NS NS
FWH 12.49 12.55 11.72 12.2 NS NS NS NS
A 2.37 2.57 2.58 2.58 ** NS NS NS
NFW 0 9 0 2 0 o ok NS NS

1 12 0 3 0

2 34 0 5 0

3 59 8 8 2

4 9 22 0 4

5 1 13 0 2
HWLA1 3.66 3.54 3 3.35 NS NS o NS
HWL2 11.34 12.42 11.48 11.3 o NS NS **
HWL3 12.45 12.82 11.88 12.14 ok NS o **
HWL4 15.21 16.51 14.79 15.4 ok NS * >
HWL5 9.22 9.83 8.77 8.75 ok NS ** ox
HWL6 4.01 4.5 4.08 4.34 el NS NS NS
HWS 160.14 176.84 148.63 157.61 ok NS el **
S1 2.98 3.64 3.32 2.81 ok NS NS *
S2 4.87 5.92 5.23 5.27 o NS NS NS
S3 4.39 5.63 4.51 4.82 ox NS NS *
S31 0.2 0.24 0.13 0.21 NS * NS NS
S4 2.79 3.65 3.08 3.2 ok NS NS NS
S5 1.15 1.82 1.24 1.87 el NS NS NS
S6 4.31 4.86 4.74 4.62 * NS NS NS
NHW 5 28 2 1 1 ** NS NS NS

6 96 41 17 7
sums_hws 0.13 0.14 0.15 0.14 ox NS ** NS
CS_forewing 20.48 21.61 19.46 20.44 ok * ok >
CS_hindwing 20.47 21.61 19.51 20.25 el NS el ok
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hws (Table 2). We found no significant differences in the
average degree of plasticity, neither for wing size (Table 3:
CV_) nor for wing occelation in the sexes (Table 3: CVm,).

The GM analysis indicates that sex has a multivariate
main effect on both forewing (Wilks” A = 0.814, F , . "=
15.58, p < 0.001) and hindwing shape (Wilks’ A = 0.676,
F 126 = 30.15,p <0.001) in the wet ecotype. For the fore-
wing, PC1 describing the wing width and PC2 reflecting
the changes in roundness of the outer wing margin (posi-
tion of landmarks f2—f9, Figs 1, 2a) accounted for 41% and
22% of the total variance, respectively (Fig. 2a). Signifi-
cant difference in PC1 scores implies that females have (on
average) narrower wings than males (ANOVA effect: F ;
13 — 31.37, p < 0.001). However, the sexes do not differ
significantly in PC2 scores (ANOVA effect: F | 135 = 0.01,
p > 0.05). For the hindwing, PC1 and PC2 accounted for
25% and 16% of the total variance, respectively (Fig. 2c¢).
The extreme values of PC1 were recorded for females with
the most elongated and narrow wings (the highest PCI
scores) and males with the shortest and widest wings (the
lowest PC1 scores). The difference in PC1 scores between
sexes was significant (ANOVA effect: F 1 = 20.72,p <
0.001). Considering the changes in the positions of land-
marks h3-h6 (Fig. 1) along PC2 (Fig. 2c¢), this axis basi-
cally describes the shape of the outer wing margin, which
is more convex in females (ANOVA effect: F =28.52,
p <0.001).

In the dry ecotype, there was sexual dimorphism in wing
shape for both the forewing (Wilks’ A = 0.804, F 020 =
3.53, p < 0.05) and hindwing (Wilks’ A = 0.556, Fos=
11.98, p < 0.001). For the forewing, PC1 and PC2 account
for 32% and 23% of the total variance, respectively (Fig.
2b). The differences in forewing shape between the sexes
were not significant along the first PC axis (ANOVA ef-
fect: Fi 3, =045 p> 0.05). PC2 scores reflect signifi-
cant changes in roundness of the outer wing margin and a
narrowing of the wing (ANOVA effect: F, | /= 6.64, p <
0.05). This indicates more convex and narrower forewings
in females (Fig. 1, 2b). For the hindwing, PC1 and PC2 ac-
count for 33% and 21% of the total variance, respectively
(Fig. 2d). Significant differences between sexes are only
indicated along PC1 (ANOVA effect — PC1: F 5 =18.48,
p <0.001; PC2: F, ,, =2.35, p > 0.05), again suggesting
narrower and longer hindwings in females.

(1,128)

Ecotype differences

Ecotype differences in wing morphology were best ex-
plained by wing length. Irrespective of sex, individuals
from wet habitats had longer wings than those from the dry
habitats (Tables 2 and 4). This pattern was revealed also by
the GM analysis: the centroid sizes of both wings of males
and females from wet habitats were larger (Table 2). In
males, there are additional ecotype differences: the black
spot in eyespot 3 in males from the wet ecotype is larger
(S31) and they have a relatively smaller area of eyespots on
the hindwing (sums_hws) (Tables 2 and 4). In both sexes,
there was no association between number of eyespots and
habitat (Table 2).
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Table 3. Degree and direction of sexual/ecotype dimorphism and
average degree of plasticity in wing size (WS) and ocellation (WO)
in C. oedippus, quantified by the sexual/ecotype dimorphism index
(SDI/EDI) and mean coefficient of variation (CVm; in percentage),
respectively. The differences in degree of sexual/ecotype dimor-
phism and degree of plasticity between sexes/ecotypes were
tested for all indices, except SDI,, EDI, and CVm,, using Mann-
Whitney U-test. A significant difference is denoted by an asterisk
(* p < 0.05) or NS (not significant). Testing of differences was not
possible for SDI,, EDI,, CVm,, as only one parameter (sums_hws)
was used for calculating these indices. For SDI,, EDI,, CVm,, all
eight WO parameters (S1, S2, S3, S31, S4, S5, S6, sums_hws)
were included in the calculation of these indices.

Type of wing Index Index

traits Group tested value P
WS SDI Wet ecotype 0.083 *
Dry ecotype 0.035
e} SDI, Wet ecotype 0.218 NS (p=0.059)
Dry ecotype 0.023
SDI, Wet ecotype 0.130
Dry ecotype —-0.046
WS EDI Males 0.048 NS
Females 0.071
woO EDI, Males —-0.082 *
Females 0.133
EDI, Males —-0.147
Females 0.010
WS CVm Males, wet ecotype 9.8 NS#
Females, wet ecotype 9.7
Males, dry ecotype 1.7
Females, dry ecotype 10.1
(e} CVm, Males, wet ecotype  38.4 NS*

Females, wet ecotype 24.8
Males, dry ecotype  29.1
Females, dry ecotype 30.4

CVm, Males, wetecotype 21.1

Females, wet ecotype 17.4
Males, dry ecotype 21.5
Females, dry ecotype 18.5

# Significance for all pairwise comparisons, i.e. within sex/ecotype.

Ecotype dimorphism in wing size did not differ between
sexes, neither in direction (Table 3: positive values of EDI,
i.e. wet > dry) or degree (Table 3: NS). A difference be-
tween sexes was detected in the direction of ecotype di-
morphism for both, the absolute (EDI,) and relative size
of eyespots on the hindwing (EDL). In males, individu-
als from the dry habitat have larger and more conspicuous
eyespots than those from the wet habitat (Table 3: nega-
tive values of EDI, and EDL), but an opposite pattern was
recorded in females (Table 3: positive values of EDI, and
EDL). Ecotype dimorphism in absolute size of the eye-
spots on the hindwing (EDI ) was more pronounced in fe-
males (Table 3: p < 0.05), but a higher absolute value of
EDI, in males compared to females indicates that ecotype
dimorphism in conspicuousness of hindwing eyespots was
more expressed in males. This is in agreement with the re-
sults of the univariate comparisons between ecotypes for
sums_hws (Table 2). The average degree of plasticity did
not differ significantly between ecotypes, neither for wing
size (Table 3: CV_) or wing ocellation (Table 3: CVm,).

Based on the PCA of geometric landmarks (Fig. 3) there
are no prominent differences between wing shape in the
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Fig. 2. Principal component analysis of sexual dimorphism in wing shape parameters obtained using geometric morphometry of C.
oedippus specimens from wet and dry habitats: (a) wet-habitat forewing, (b) dry-habitat forewing, (c) wet-habitat hindwing, (d) dry-habitat
hindwing. Deviations from centroid shape (blue) are denoted by red wireframe graphs along PC axes at given values (in brackets within
each wireframe). Percentage of explained variance is added in brackets for each PC axis.

two ecotypes. For the forewings, PC1 and PC2 account for
31% and 27% of total variance, respectively, in males, and
43% and 21% of total variance, respectively, in females.
We found no ecotype difference in forewing shape (males:
Wilks’ A = 0.985, F(z’ = 0.41, p > 0.05; females: Wilks’
A =0984,F,  =0.67, p>0.05). For hindwings, PC1
and PC2 account for 25% and 17% of total variance, re-
spectively, in males, and 25% and 16% of total variance,
respectively, in females. There is a significant multivariate
main effect for ecotype in hindwings of males (Wilks’ A =
0.889, F, |45, = 2.11, p < 0.01) but not females (Wilks’ A
=0973,F, ,;,=0.53,p>0.05). In males, significant dif-
ferences between ecotypes are recorded only along PC1
(ANOVA effect — PC1: Fon= 11.17, p < 0.01; PC2: F.
iy = 2.14, p > 0.05), which indicates that males from the
dry ecotype have a more convex outer wing margin and
more rounded apex than males from wet habitats (Fig. 3c).

Effects of environmental parameters on wing size
and ocellation

Wet and dry habitats of C. oedippus differ significantly
in mean annual air temperature (p < 0.001; wet: 11.02°C,
dry: 12.45°C) and mean annual insolation duration (p <
0.001; wet: 1947 h, dry: 2170 h). There was no difference
in mean annual precipitation (p > 0.8; wet: 1341 mm, dry:
1336 mm) or mean annual relative air humidity (p > 0.1;
wet: 59%, dry: 57%).

Abundance of known larval host-plants was significantly
higher in wet compared to dry habitats of C. oedippus (me-
dian, wet = 71, dry = 18; Mann-Whitney Z = —7.55, p <
0.001). Taking into account the potential host-plant spe-
cies, i.e. several further species of grass in dry habitats,
the difference in host-plant coverage between wet and dry
(median = 41) habitats remains significant (Mann-Whitney
7 =-597,p<0.001).

Wing size and ocellation are correlated with some of
these environmental factors (results given in Table 5). The

345



Jugovic et al., Eur. J. Entomol. 115: 339-353, 2018

Table 4. Results of the logistic regression analysis of the ecotype
differences in wing morphology of (a) males and (b) females of
C. oedippus. Dependent variable: wet = 1; dry = 2. Only the best
models for (a) and (b) are shown.

Parameter Coefficient  SE We.lld. Od(.js
statistic ratio
(a) Males *
FWL2 -1.774 0.615 8.313 0.004 0.170
FWL4 1.306 0.577 5.134 0.023 3.693
FWL5 -1.661 0.614 7.327 0.007 0.190
HWL2 3.163 1.212 6.815 0.009 23.650
HWL5 -2.638 1.160 5.167 0.023 0.072
HWL6 -2.658 1.266 4.410 0.036 0.070
S31 -20.286 7.799 6.766 0.009 0.000
sums_hws 56.626  18.159 9.724 0.002 3.91+24
Constant 3.567 8.925 0.160 0.689 35.404

Model x? = 56.959, df = 8, p < 0.0001, Nagelkerke R? = 0.621,
correctly classified 93.7% (wet: 98.4%, dry: 61.1%).

(b) Females *

FWL2 -5.0562 2.080 5.902 0.015 0.006
FWL6 4.985 2.196 5.153 0.023  146.155
HWL2 -1.503 0.868 2.999 0.083 0.222
Constant 34.006 14.314 5.644 0.018 5.87+14

Model x? = 28.354, df = 3, p < 0.0001, Nagelkerke R? = 0.735,
correctly classified 92.2% (wet: 93.0%, dry: 87.5%).

t Variables entered into the regression analysis: FWL2, FWL3,
FWL4, FWL5, FWL6, FWH, A, HWL1, HWL2, HWL5, HWL6, HWS,
831, S5, sums_hws. *Variables entered into the regression analy-
sis: FWL2, FWL5, FWL6, FWH, HWL2, sums_hws.

forewing length (FWL2) correlates negatively with mean
annual temperature (T) and precipitation (P) (Table 5: I).
Females and individuals from habitats with a higher abun-
dance of hostplants (wet ecotype) had longer forewings.
The forewing width (FWH) decreased with T, and was
larger for individuals from habitats with a higher abun-
dance of hostplants (Table 5: II). The hindwing length
(HWL4) and width (HWL3) were both affected by the
same predictors: T, abundance of hostplants and sex (Table
5: 1, IV). Hindwing size decreased with T, and was larger
for females and for individuals from habitats with higher
abundance of hostplants. Non-significant interactions be-
tween sex and environmental variables (T, abundance of
hostplants) indicate that each environmental variable had
the same effect on hindwing size in both sexes.

The relative area of eyespots on the hindwing (sums_
hws) is associated with T, abundance of hostplants (HPs),
sex and interaction between sex and environmental vari-
ables (Table 5: V). Relative area of eyespots increases with
T. It is larger for females than for males and for individu-
als from dry habitats (low HPs) than for those from wet
habitats (high HPs). In addition, the mean annual air tem-
perature has less effect on the area of eyespots in females
than in males, which is reflected in a smaller difference in
the area of eyespots between females than between males
from contrasting habitats. This corroborates the above
finding that ecotype dimorphism in the conspicuousness of
the eyespots on the hindwing (EDI,) is more expressed in
males than females (Table 3: absolute value of EDI, higher
in males). The interaction between sex and HPs close to
significance also indicates that an abundance of host-plants
could have a different influence on the relative area of eye-
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spots in females than in males. As HPs is also an indica-
tor of ecotype, an almost significant interaction with sex
is reflected in a significant ecotype difference in the arca
of eyespots in males but not in females (Table 2). Con-
sequently, a sexual dimorphism in the area of eyespots is
significant in the wet ecotype (larger area in females) but
non-significant in the dry ecotype where the area of eye-
spots in females almost reaches that in males (Table 2).

DISCUSSION

We compared the morphologic traits of wings of individ-
uals of C. oedippus from wet and dry habitats. Specifically,
we tested for sex differences potentially resulting from ad-
aptation to variable environments. We showed that sexual
dimorphism followed the same (wing size, wing shape and
number of eyespots on forewings) or different (relative area
of eyespots on hindwings) patterns in these two contrasting
habitats. Hence, irrespective of habitat, females had larger,
longer and narrower wings and more eyespots on their
forewings than males. While females from the wet habitat
have larger relative areas of eyespots on their hindwings
compared to males, the reverse occurs in the dry habitat.
There are significant associations between the sizes of the
wings and eyespots and mean annual air temperature and
abundance of hostplants. Individuals from the wet habitat
(lower T, more hostplants) have larger wings than individ-
uals from the dry habitats. The relative area of eyespots on
the hindwings is also ecotype dimorphic with the reverse
pattern in the two sexes. While males from the dry ecotype
have larger areas of eyespots compared to those from the
wet ecotype, the reverse ecotype dimorphism occurs in
females. Ecotype dimorphism in wing shape occurs only
in males with those from the dry ecotype having a more
rounded apex to their hindwings than males from the wet
ecotype. These two ecotypes of C. oedippus do not differ
in the number of eyespots.

Wing size

Female-biased sexual dimorphism in wing size occurs
in both ecotypes. This corroborates the female-biased
sexual dimorphism recorded in a number of ectothermic
species (Fairbairn, 1997), including insects (Teder & Tam-
maru, 2005; Stillwell et al., 2010). This phenomenon can
be largely explained by sex-specific life history patterns.
Female-biased sexual size dimorphism is mainly driven by
selection favouring high fecundity (Shine, 1988). This ex-
planation is based on the correlation between female body
size and fecundity; large female body size provides a larger
space to accommodate eggs and/or offspring. The other
important selective pressures include sexual selection via
negative directional selection on male size through ear-
lier maturation (Pincheira-Donoso & Hunt, 2017), where
earlier maturing males have a mating advantage. As C.
oedippus is protandrous, it is very likely that sexual selec-
tion favouring earlier male eclosion (i.e. to maximise the
number of matings) may at least partly explain the smaller
wing-size in males compared to females. In addition, fe-
males (the larger sex) actively fly carrying the hanging and
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Fig. 3. Principal component analysis of ecotype dimorphism in wing shape parameters obtained using geometric morphometry of C.
oedippus specimens from wet and dry habitats: (a) males-forewing, (b) females-forewing, (c) males-hindwing, (d) females-hindwing.
Deviations from centroid shape (blue) are denoted by red wireframe graphs along PC axes at given values (in brackets within each wire-
frame). Percentage of explained variance is added in brackets for each PC axis.

motionless male when copula is disturbed (Celik, pers. ob-
serv.). The sex of the flying partner is also species-specific
and appears to be a phylogenetically conservative trait
(Wiklund, 2003).

Female-biased sexual dimorphism in wing size was more
pronounced in the wet than in the dry ecotype. Magnitude
of sexual dimorphism is known to vary across the range of
this species (Connallon, 2015) and is explained in terms
of sex-specific plasticity for body size, where environ-
mental variability (especially in diet quality and develop-
mental temperature) triggers different responses in males
and females (Stillwell et al., 2010). There is no significant
sex difference in the average degree of plasticity for wing
size within each ecotype, yet sexual dimorphism in wing
size is more pronounced in the wet ecotype. This may be
explained by different counteractions between sources of
sexual and fecundity selection operating in wet compared
to dry habitats. Hence, the intensity of selection might dif-
fer in the two habitats due to differences in resource avail-
ability and population dynamics. Namely, the population
density of C. oedippus is greater in wet than in dry habitats

in Slovenia (cf. Celik, 2003, 2015; Celik et al., 2009; Vero-
vnik et al., 2015; Rakar, 2016). Population density affects
mate finding dynamics and intensity of sexual selection.
In both habitats, selection for an increase in fecundity may
have resulted in large females and sexual selection in small
males. However, the greater availability of resources and
increased population density in the wet habitat allow fe-
males to reach a larger size and selects for smaller males,
respectively. In the dry habitat, the low availability of re-
sources may affect female size in different directions. Wing
size in females may result from a trade-off between two
life-history traits, i.e. fecundity and choice of oviposition
sites (Jaumann & Snell-Rodds, 2017). Namely, females of
C. oedippus are selective in terms of the vegetation struc-
ture and microclimate at their oviposition sites (Celik et al.,
2015). Eggs are more likely to desiccate in the dry habitats
where there is a lower availability of host-plants than in wet
habitats. Therefore, females have to invest more time and
energy finding suitable microhabitats and thus reducing the
possibility of their offspring desiccating. This choosiness
implies a higher level of mobility and thus smaller wings
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Table 5. Generalised linear models for testing the effect of environ-
mental parameters (T-temperature, P-precipitation, H-air humidity,
HPs-abundance of larval hostplants), sex (female = 0, male = 1) and
interactions between sex and environmental factors on forewing and
hindwing length (FWL2, HWL4), width (FWH, HWL3) and hindwing
ocellation (sums_hws) of C. oedippus from wet and dry habitats. HPs
was treated as a factor (using median value for wet and dry habitats,
respectively) and consequently also as a predictor for ecotype. Only
models with AAICc < 2 are shown.

Dependent o yiotors  COSf- gg Wald
variable cient statistic
() FWL2 (a) Models with T, P, H, sex
(Intercept) 29.048 2.1813 177.343 1 0.000
sex =0 1.212 0.1407 74.21 1 0.000
T —-0.846 0.1201 49.563 1 0.000
P —0.004 0.0013 10.604 1 0.000

LR ChiSquare = 93.3, df = 3, p < 0.0001
(b) Models with HPs, P, H, sex

(Intercept) 20.195 1.7125 139.069 1 0.000

sex=0 1.198 0.1410 72.142 1 0.000
HPs = dry -1.246 0.1794 48.203 1 0.000
P —0.004 0.0013 12.347 1 0.000

LR ChiSquare = 92.2, df = 3, p < 0.0001

() FWH  (a) Models with T, P, H, sex
(Intercept) 17.181 1.6133 113.41 1 0.000
sex=0 0.136 0.1659 0.668 1 0.414
T -0.428 0.1438 8.838 1 0.003

LR ChiSquare = 9.0, df =2, p < 0.05
(Intercept) 17.137 1.6152
T -0.421 0.1438
LR ChiSquare = 8.4, df =1, p < 0.01

(b) Models with HPs, P, H, sex
(Intercept) 12.474 0.0892
sex =0 0.125 0.1655
HPs = dry -0.649 0.2138
LR ChiSquare =9.4,df =2, p <0.01
(Intercept) 12.506 0.0785 25364.142 1 0.000
HPs = dry -0.642 0.2139 9.012 1 0.003

LR ChiSquare = 8.8, df =1, p < 0.01

() HWL4 (a) Models with T, P, H, sex

112.569 1 0.000
8.549 1 0.000

19535.4 1 0.000
0.573 1 0.449
9.203 1 0.002

(Intercept) 18.483 1.6477 125.826 1 0.000
sex=0 5.752 2.8254 4.145 1 0.042
T -0.297 0.1470 4.083 1 0.043
sex=0*T —0.404 0.2510 2.586 1 0.108

LR ChiSquare = 74.2, df = 3, p < 0.0001
(Intercept) 20.033 1.3451 221.826 1 0.000
sex=0 1.214 0.1383 77.073 1 0.000
T -0.435 0.1199 13.183 1 0.000
LR ChiSquare = 71.6, df = 2, p < 0.0001
(b) Models with HPs, P, H, sex
(Intercept) 15.209 0.0755 40603.027 1 0.000

sex =0 1.306 0.1487 77.082 1 0.000
HPs = dry -0.415 0.212 3.826 1 0.050
sex=0HPs=dry -0.699 0.3869 3.266 1 0.071

LR ChiSquare = 73.9, df = 3, p < 0.0001
(Intercept) 15.236 0.0747 41652.534 1 0.000
sex =0 1.203 0.1385 75.425 1 0.000
HPs = dry -0.625 0.1788 12.2 1 0.000

LR ChiSquare = 70.7, df = 2, p < 0.0001

(IV) HWL3 (a) Models with T, P, H, sex

(Intercept) 16.781 0.8681 373.652 1 0.000
sex =0 0.366 0.0893 16.804 1 0.000
T -0.393 0.0774 25.812 1 0.000

LR ChiSquare = 36.6, df = 2, p < 0.0001
(b) Models with HPs, P, H, sex
(Intercept) 12.449 0.0487 65249.204 1 0.000

sex=0 0.374 0.0960 15.129 1 0.000
HPs = dry -0.572 0.1369 17.486 1 0.000
sex=0*"HPs=dry -0.113 0.2498 0.206 1 0.650

LR ChiSquare = 38.7, df = 3, p < 0.0001
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Table 5 (continued).

Dependent o yioiors  COSMI o Wald p
variable cient statistic

(Intercept) 12.454 0.0478 67805.609 1 0.000
sex =0 0.357 0.0887 16.177 1 0.000
HPs=dry -0.606 0.1146 28.023 1 0.000

LR ChiSquare = 38.5, df = 2, p < 0.0001

(V) sums_hws (a) Models with T, P, H, sex

(Intercept) —0.046 0.0531 0.749 1 0.387
sex =0 0.209 0.0910 5.290 1 0.021
T 0.016 0.0047 11.072 1 0.001
sex=0*T -0.017 0.0081 4.649 1 0.031

LR ChiSquare = 20.1, df = 3, p < 0.0001

(b) Models with HPs, P, H, sex

(Intercept)  0.128 0.0024 2747.743 1 0.000
sex =0 0.017 0.0048 12.694 1 0.000
HPs = dry 0.021 0.0068 9.653 1 0.002
sex=0*HPs=dry -0.024 0.0125 3.670 1 0.055

LR ChiSquare = 18.8, df = 3, p < 0.0001

in females from dry habitats. Consequently, this should be
reflected in a smaller wing-size difference between sexes
in the dry than in the wet ecotype. Similarly, Gibbs et al.
(2012) also reports that the quality of host-plants is an
environmental factor responsible for the difference in the
sexual size dimorphism in populations of satyrid butterflies
in different types of landscape. They report that larval de-
velopment on drought-stressed hostplants had sex-specific
effects on adult body mass and wing loading, with both
being more reduced in females than in males.

Ecotype dimorphism in wing size (EDI) did not differ
between sexes neither in direction (wet > dry) or in degree.
Females have a higher EDI than males but the difference
is not significant. Ecotype dimorphism in wing size of C.
oedippus is best explained by mean annual air tempera-
ture and abundance of host-plants operating in opposite
directions, i.e. individuals with large wings originate from
habitats with a lower temperature and higher abundance of
host-plants (wet habitats). Such ecotype-based wing size
dimorphism in C. oedippus conforms to the temperature-
size rule (TSR), i.e. development at high temperatures re-
sult in small adult sizes in ectotherms (Kingsolver & Huey,
2008), and to the generalization that ectotherms raised on
lower-quality diets mature at a smaller size (Stilwell et al.,
2010; Hirst et al., 2015).

Wet-biased ecotype dimorphism in wing size could be
due to the behavioural and physiological mechanisms that
result in larger body sizes at low temperatures recorded in
other herbivorous insects. The behavioural mechanism in-
cludes decreased consumption rate of larvae at high tem-
perature due to metabolic demands exceeding energetic
supply (Somero, 2011). In addition, it is likely that the time
and energy spent by larvae searching for a new host in dry
than in wet ecotypes differ because of the lower cover of
host-plants in dry habitats. The physiological mechanism
involves a decreased growth efficiency (i.e. conversion of
ingested food into body matter) at high temperatures (Karl
& Fischer, 2008). However, as the nutritional quality of
host-plants is known to generate intraspecific differences
in the shape of the thermal response curve of consumption
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rate (Lemoine et al., 2014), this might also be the reason
for wet-biased ecotype dimorphism in the wing size of C.
oedippus. Host-plant nutritional value (leaf nitrogen, car-
bon and water content) decrease with drought stress (Tal-
loen et al., 2004), which is more likely in warm and sunny
dry habitats. As the soils in dry habitats (i.e. limestone,
dolomite, flysch) are more permeable than in wet habitats
(i.e. peat and other types of hydromorphic soil) their water
content is likely to be lower, which increases the probabil-
ity of the larval host-plants desiccating. Different effects of
drought stress are reported for temperate (Pararge aegeria)
and tropical (Bicyclus anynana) butterflies; e.g. despite the
prolonged larval developments in both species due to low
host-plant quality, adults subjected to drought stress have
smaller wings than control individuals in P. aegeria (Tal-
loen et al., 2009) and larger wings in B. anynana (Kooi et
al., 1996). Thus, since the larval development time of C.
oedippus in the warmer climatic conditions in the dry habi-
tats is longer than in the wet habitats but resulted in small-
er wings, we suppose that the main environmental factors
that induce phenotypic differences in wing size between
ecotypes of C. oedippus are the availability and nutritional
quality of the host-plants.

Wing ocellation

Females have more eyespots on their forewings than
males. That this difference is only associated with sex
(not habitat) indicates that the number of eyespots has a
sex-related function. Females are the more sedentary sex,
whereas males are more mobile and use patrolling as a
mate-location strategy (Celik, 2003; Celik et al., 2009).
A high number of eyespots on the ventral surface of the
wings of females may have an antipredator function. The
eyespots are best visible and more conspicuous at rest, and
therefore may be particularly advantageous in females. Ac-
cording to the deflection hypothesis (Blest, 1957), females
more efficiently draw the attention of a predator towards
their marginal band of eyespots and consequently deflect
the attack of a predator away from vital body parts. Butter-
flies may have eyespots on both wing surfaces (dorsal, ven-
tral), dorsal wing patterns are important in mating, while
those on the ventral surface are more subject to selection
by natural enemies and thus appear to play an important
role in predator avoidance (Oliver et al., 2009). While the
dorsal wing surface in C. oedippus is uniform dark brown
with no obvious ocelli, males and females significantly dif-
fer in number of eyespots on the ventral surface of their
forewings. This indicates that these eyespots may play a
role in mate signalling as butterflies can expose or hide the
forewing behind the hindwing when resting.

Sexual dimorphism in the size of hindwing eyespots
(SDI)) is female-biased in both ecotypes and more ex-
pressed in the wet than in the dry ecotype. The direction
of sexual dimorphism in relative area of eyespots on the
hindwing (SDI)) differs between ecotypes, being female-
biased in the wet, but male-biased in the dry ecotype. The
SDI, is also higher in the wet than in the dry ecotype.
Together with the increased number of eyespots on the
forewings, the female-biased SDI, and SDI, in wet habi-
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tats might serve as a deflecting mechanism reducing the
incidence of predator attacks on resting females. Ecotype
dimorphism for the absolute (EDI,) and relative size of
the eyespots on the hindwing (EDL) differs between sexes
in both direction and magnitude. EDI, and EDI, are dry
habitat-biased in males but wet habitat-biased in females.
While EDI, is significantly more pronounced in females,
EDI, is more expressed in males. Such sex and habitat-
specific conspicuousness of the eyespots on the hindwing
indicates that different selection pressures on eyespot size
operate in each of the ecotypes. One possible explanation
of this is the difference in climatic conditions in the two
habitats as is indicated by the significant interaction be-
tween sex and temperature in the best model. In the dry
habitats, the butterflies are likely to be more active as it
is sunnier and warmer there. Increased activity renders a
butterfly more visible to predators. Thus, in dry habitats
predation pressure is greatest when the butterflies are fly-
ing or changing behaviour as they are then more evident to
predators but still warm enough to evade predator attacks.
In the colder wet habitats, butterflies are probably more
exposed to predators when at rest as this behavioural activ-
ity is presumably more frequent in the colder than in the
warmer ecotype due to the longer time needed to warm up
enough for flying. Hence, the intensity of selection mech-
anisms for avoiding predators, i.e. conspicuous eyespots
on hindwing, may differ in these two habitats and sexes
depending on which sex is more exposed in a given envi-
ronment. Namely, selection for more conspicuous eyespots
might be more intense in the more mobile sex in warmer
habitats (i.e. male) but in the less mobile sex in colder cli-
matic conditions (i.e. female). Assuming the females in the
wet habitat are more fecund than in the dry habitat due to a
trade-off between fecundity and choosiness in dry habitats
(see above: Wing size), it is very likely that females in wet
habitats have a higher wing loading and hence have to rest
more. The size of the eyespots on the hindwing may also
be affected by host-plant quality. For example, poor food
quality prolongs the length of larval development and de-
creases spot size in the tropical butterfly B. anynana (Kooi
et al., 1996). Together with air temperature, the abundance
of host-plants is also one of the key environmental fac-
tors affecting the relative size of the of eyespots on the
hindwing in C. oedippus. Accordingly, the expectation is
that the eyespots in the dry ecotype will be smaller. While
this corroborates our findings in females, males from dry
habitats have relatively larger eyespots than those in wet
habitats. As the absolute size of each individual eyespot on
the hindwing (EDI)) of males in the dry habitats exceeds
that of males in the wet habitats the larger relative area of
eyespots in dry than in wet habitat in males (EDL) is not
simply the result of an ecotype difference in hindwing size
(EDI: dry < wet). In females, the size of each eyespot on
the hindwing has the opposite pattern (EDI: wet > dry) to
that in males but the ecotype difference in hindwing size
(EDI) has the same direction as in males, resulting in non-
significant differences in the relative area of eyespots in
both types of females (Table 2). This difference in the pat-
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tern of ecotype dimorphism in the relative area of eyespots
in the sexes is in accordance with the assumption of Brake-
field et al. (1996) that butterfly eyespot patterns (including
size) can evolve independently of other wing-pattern ele-
ments and body structures.

However, in C. oedippus the average degree of plasticity
for traits associated with wing ocellation (CVm,, CVm,)
is two to three times higher than for those correlated with
wing size (CVm). Considering predictions of the adaptive
canalization hypothesis and condition dependence hypoth-
esis (Stilwell et al., 2010), we presume that wing size is a
more canalized trait than is the size of hindwing eyespots
in C. oedippus and a deviation from the average wing-size
phenotype might have larger negative fitness consequences
than phenotypic variation in the conspicuousness of hind-
wing eyespots. The direction of sexual wing-size dimor-
phism being the same in both ecotypes (females > males)
together with the opposite direction for both sexual and
ecotype dimorphism in the conspicuousness of hindwing
eyespots (wet habitat: females > males; dry habitat: males
> females; males: dry > wet; females: wet > dry) indicates
that wing-size traits are under strong stabilizing selection
while hindwing eyespots, which are more sensitive to en-
vironmental conditions, are subject to directional selection.
Wing shape

Sexual dimorphism in wing shape occurs in both habitats,
while differences in wing shape between ecotypes occurs
only in males, and even then only in that of the hindwings.
It is widely accepted that the sexual wing shape dimor-
phism common to most butterflies originates from differ-
ences in the flight behaviour of the sexes (Berwaerts et al.,
2006). For many species of butterfly wing-shape is asso-
ciated with habitat (DeVries et al., 2010; but see Breuker
et al., 2010), habitat fragmentation (Merckx & Van Dyck,
2006; Breuker et al., 2007; Bai et al., 2015) or even larval
diet (Berns, 2014). As the ecotypes of C. oedippus studied
differ in all of the three environmental factors mentioned
above and wing shape in butterflies evolved to improve
aerodynamic efficiency (Dudley, 1990), wing shape plas-
ticity is to be expected in this species. Sexual wing shape
dimorphism in C. oedippus is probably related to mate
location behaviour with males spending more time flying
than females. Longer and slenderer wings in females and
shorter and broader wings in males of both ecotypes indi-
cate that short and broad wings may be more advantageous
for the more mobile sex (i.e. the prolonged flights of patrol-
ling males) as shorter and broader wings (i.e. lower wing
aspect ratio) enable high efficiency in long-distance flights
(Hassall, 2015) and consequently increase the probability
of escaping a predator attack during flight, or increase their
success in searching for mates. This assumption is support-
ed by the difference in hindwing shape of the males from
different habitats. Namely, the dry habitat ecotype, which
lives in a warmer habitat allowing greater daily activity,
has more rounded hindwings than the wet habitat ecotype,
which lives in colder conditions. However, the differences
in the shape of only the hind wings of males indicate that
wing shape is probably not constrained by habitat. It is also
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possible that differences in the wing shape of females in the
two habitats were not detected due to small sample sizes.
Assuming that wing shape in butterflies is related mostly to
their migration and dispersal abilities (Breuker et al., 2007;
Dockx, 2007), the very low dispersal ability of both sexes
of C. oedippus (Celik, 2003; Bonelli et al., 2010; Orvossy
etal., 2010; Sasi¢, 2010) could be a possible reason for the
high stability in ecotype-related wing shape. Clearly ex-
pressed differences between ecotypes in wing size (wet >
dry) but not in wing shape indicate that wing morphology
is probably more associated with other environmental fac-
tors, such as availability and quality of host-plants. Similar
patterns in the plasticity of wing morphology is reported in
the butterfly P. aegeria, in which there is seasonal plastic-
ity in wing size and colour (Van Dyck & Wiklund, 2002),
but landscape-related phenotypic plasticity is detected only
for thorax mass and wing-loading (Merckx & Van Dyck,
2006) and not for wing shape (Breuker et al., 2010). It
seems that wing shape in C. oedippus is more conserved
but further studies are needed to establish the exact role of
genetic and environmental variation on this wing trait, es-
pecially with regard to the finding (Outomuro et al., 2016)
that wing shape in insects could be under antagonistic nat-
ural and sexual selection.

We show that morphological traits of C. oedippus, such
as wing size, shape and ocellation, differ significantly
within this species, which indicates this species can adapt
to a range of environmental conditions. Wing traits vary
depending on environmental factors related to habitat
(wing size, relative area of eyespots on hindwings), and
sex (wing size and shape). Early results of the pattern of
genetic diversity within all Slovenian populations of C.
oedippus, revealed by mitochondrial DNA markers, indi-
cate no clear connection between genetic variability (hap-
lotype diversity) and habitat (Zupan et al., 2016, Zupan
et al., in prep.). A multigene analysis is needed to clarify
the genetic pattern of population adaptation and determine
which genes/regions are responsible for ecotype differenc-
es in wing size and ocellation of populations at the south-
ern edge of this species’ range.
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Appendix 1. Map showing the locations where the specimens
used in the morphometric analyses of Coenonympha oedippus
were collected.
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Appendix 2. Locations, altitude, year and habitat in which the speci-
mens were collected, and numbers of males (M) and females (F)
included in the classical (CM) and geometric (GM) morphometric
analysis of C. oedippus.

Location ID Location  Altitude Collection Habitat CM GM
(see App.1) name (m) years type M F M F
SI-ME Medno 320 1977 wet 0 0 10
SI-LB Ljugg?jr:'@ 290  1922-1995t wet 11843 9340
SI-GR Grosuplje 350 1929 wet 5 0 50
SI-NG Nova Gorica 300-600 1954, 1973 dry 7 6 13 6
SI-CA Caven 1100-1250 1993 dy 0 1 0 1
SI-MI Miren 100 1993 dy 2 1 21
Sl-1z Izola 160 2012 dy 1 0 10
HR-MA Marusici 250 2011 dy 2 0 20
HR-KU Kuéibreg 420 2012 dy 1 0 10
HR-ST Sterna 250 2011 dy 2 020
HR-PR Pra¢ana 200 2012 dy 3 0 3 0
HR-SO Sovinjak 130 2007 wet 1 0 10

t Years of collection: 1922, 1924, 1929, 1931, 1934-1938, 1941,
1949, 1961, 1968, 1969, 1971, 1979, 1980, 1984, 1992, 1995.

Appendix 3. Description of wing parameters used in the classical morphometric analysis of C. oedippus.

Wing Parameter abbr. (see Fig. 1) Description Unit
Forewing FWLA1 forewing length 1 (distance from forewing anchorage to termination of vein 8) mm
FWL2 forewing length 2 (distance from forewing anchorage to termination of vein 1) mm
FWL3 distance from forewing anchorage to inflection point mm
FWL4 distance from inflection point to the tip of forewing (termination of vein 8) mm
FWL5 distance from forewing anchorage to cubitus mm
FWL6 distance from cubitus to termination of vein 2 mm
FWH forewing width (distance between terminations of veins 1 and 8) mm
A distance between termination of vein 3 and intersection between FWH and vein 3 ~mm

NFW number of eyespots
Hindwing HWL1 distance from hindwing anchorage to inflection point mm
HWL2 distance from inflection point to the tip of hindwing (termination of vein 8) mm
HWL3 hindwing width (distance between the terminations of veins 8 and 2) mm
HWL4 distance from hindwing anchorage to the termination of vein 4 mm
HWL5 distance from hindwing anchorage to the white centre of ocellus S6 mm
HWL6 distance from the white centre of ocellus S6 to the termination of vein 8 mm
HWS hindwing surface mm?
S1 area of eyespot 1 mm?
S2 area of eyespot 2 mm?
S3 area of eyespot 3 mm?
S31 area of the black spot within the eyespot 3 mm?
S4 area of eyespot 4 mm?
S5 area of eyespot 5 mm?
S6 area of eyespot 6 mm?

NHW number of eyespots

sums_hws ratio: (S1+ S2 + S3 + S4 + S5 + S6) / HWS

353



