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Abstract—The variability of morphological traits (the shape and size of the forewing and the location, number, and 
diameter of eyespots in the submarginal band of the wing pattern) was studied and analyzed in two species of Satyr-
idae, Aphantopus hyperantus (Linnaeus, 1758) and Erebia ligea (Linnaeus, 1758), occurring sympatrically in Sverd-
lovsk Province, the Urals. It was originally supposed that micropopulations of the univoltine generalist species 
A. hyperantus would be weakly isolated and phenotypically homogeneous, since their habitats were positioned a small 
distance apart (about 10 km) within the same forested area and connected by a network of roads and glades serving as 
potential dispersal corridors; in contrast, micropopulations of the bicyclic specialist species E. ligea would be more 
strongly isolated and, accordingly, would have a higher level of phenotypic differentiation. The variability of morpho-
logical traits was analyzed by phenetic methods and also by traditional and geometric morphometrics. In both species, 
significant differences between micropopulations were found in the wing shape and size, as well as in the location and 
stability of eyespots in the wing pattern. As expected, temporal and spatial isolation of the micropopulations has led 
to differentiation in E. ligea. At the same time, the initial hypothesis of homogeneity of the A. hyperantus population 
in the studied territory was not confirmed. The latter case demonstrates that spatial isolation may be sufficient for 
differentiation in a species that is significantly sedentary and does not fully use the existing dispersal corridors.
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It is now evident that destruction of natural environ-
ments as the result of economic activity threatens the 
existence of biodiversity of all the taxa, including in-
sects. The processes related to forest clearing, farmland 
expansion, and urban development lead to degradation 
and fragmentation of landscapes (Habel et al., 2019; 
Cardoso et al., 2020, etc.). Different groups of insects 
adapt in different ways to fragmentation of their suitable 
habitats into more or less isolated areas: some continue 
to exist as local populations (Poniatowski et al., 2018), 
while others, in particular the mobile and easily dispers-
ing lepidopterans, form metapopulations (Sutcliffe et al., 
1997; Hanski, 1999; Powney et al., 2012; Viljur and 
Teder, 2018, etc.). Of vital importance for insects living 
in the fragmented environment are dispersal “corridors,” 

i.e., landscape elements that facilitate the movement of 
individuals between the suitable habitats surrounded by 
unfavorable biotopes (Gutzwiller, 2002).

Various aspects of ecology and spatial distribution of 
diurnal butterflies (Rhopalocera) have been studied in 
sufficient detail at both the population and the commu-
nity levels, especially in Europe. For instance, dispersal 
of species along the corridors was found to be consider-
ably affected by the characteristics of the surrounding 
biotopes, in particular the soil types, plant communities, 
humidity conditions, etc. (Viljur and Teder, 2018), and 
also the characteristics of the corridors themselves (Grill 
et al., 2020; Habel et al., 2020). The generalist and spe-
cialist species differ in their use of dispersal corridors: 



ENTOMOLOGICAL REVIEW   Vol.   101   No.   7   2021

MORPHOLOGICAL VARIABILITY OF THE SATYRID BUTTERFLIES 903

the former readily enter the corridors and actively move 
along them, and the latter are less active and more 
sensitive to various parameters, such as the presence of 
blossoming plants or the floristic composition of 
meadow communities (Habel et al., 2020).

This paper is devoted to analysis of variability of 
morphological traits in two species of the family Satyr-
idae: Aphantopus hyperantus (Linnaeus, 1758) and Ere-
bia ligea (Linnaeus, 1758), which co-occur in the same 
localities within the pre-forest-steppe belt of pine-birch 
forests in the south of Sverdlovsk Province. We studied 
micropopulations of these species in two open localities 
positioned a small distance apart within the same for-
ested area and connected by a network of dispersal cor-
ridors (roads and glades). The goal of our work was 
to test the hypothesis that under such conditions, micro-
populations of the univoltine generalist species A. hyper-
antus would be weakly isolated and phenotypically 
homogeneous, while those of the bicyclic specialist spe-
cies E. ligea would be more strongly isolated and, ac-
cordingly, more strongly phenotypically differentiated.

Our analysis included such traits as the shape and size 
of the forewing and the number, location, and diameter 
of eyespots in the submarginal band of the wing pattern. 
The selected traits are related to different functions and 
differ in the level of phenotypic variability.

The wing shape determines the manner of flight 
and the related behavioral acts, such as seeking mates, 
avoiding predators, spreading in search of host plants, 
etc. Geometric morphometrics offers the most conve-
nient and adequate methods of studying the wing shape 
in an evolutionary ecological context (Breuker et al., 
2010; Sanzana et al., 2013; Shkurikhin and Oslina, 2016; 
Jugovic et al., 2018; Paučulova et al., 2018, etc.).

The wing pattern of Lepidoptera is one of the best 
studied morphological systems from the viewpoints of 
genetics, developmental biology, and evolutionary con-
cepts (Beldade and Peralta, 2017; Sekimura and Nijh-
out, 2017; Marcus, 2019, etc.). It is known that eyespots 
are involved in communication and also serve to repel 
predators and divert their attention to the wing margins, 
where injuries would be less fatal (Kodandaramaiah, 
2011). As shown in a number of publications, popula-
tion variability can be quite adequately assessed by ana-
lyzing variation in the size and other characteristics of 
eyespots, such as their location on the wing (Cassel-
Lundhagen et al., 2009, 2020).

MATERIALS AND METHODS

Characteristic of the Study Territory

Our research was carried out in the environs of the 
biological station of the Ural Federal University, near 
the interfluve of the Iset and Sysert rivers (Sysertskii 
District of Sverdlovsk Province) (Fig. 1). At the begin-
ning of the XXI century woodlands in the interfluve 
area experienced a considerable anthropogenic impact 
due to recreational activities, berry and mushroom pick-
ing, cattle grazing, and selective felling. Analysis based 
on synanthropization indices showed that most of the 
forested areas were moderately or strongly disturbed 
(Mukhin et al., 2003). During the first two decades of 
the XXI century anthropogenic transformation of forest 
communities has aggravated as the result of active resi-
dential development and increasing recreational load in 
the form of trampling, berry and mushroom picking, and 
leisure activities in the environs of the reservoir on the 
Sysert River. At the same time, such activities as cattle 
grazing and haymaking have practically ceased.

The butterflies were collected in two localities posi-
tioned about 10 km apart (Fig. 1). The first locality, 
Fomino, comprised a strip of open land stretching for 
about 1.5–2 km along a power line and also edges of 
a pine forest and glades extending into the forest for 
200–300 m. On its southeastern end the locality included 
a floodplain meadow on the Sysert River bank. Despite 
the presence of the river, this locality was drier than the 
second one, positioned further to the south, in the envi-
rons of Lake Karasye. The second locality, Karasye, 
was also about 1.5 km long and stretched along a forest 
track, ending in a wet forb-grass meadow on a heavily 
swamped lake shore. The two localities were not sepa-
rated by any significant barrier but connected by a well-
developed network of potential corridors in the form 
of forest glades (Fig. 1, a) and various kinds of roads 
(Fig. 1, b, c).

Characteristic of the Butterfl y Species

Aphantopus hyperantus (Linnaeus, 1758) is a wide-
spread trans-Palaearctic meadow-forest species (van 
Swaay et al., 2006; Settele et al., 2008; Gorbunov and 
Kosterin, 2007). This is a typical generalist species with 
a wide range of preferred biotopes, including open areas 
(dry, forb, grass, wet, and other meadows), glades and 
edges of deciduous and mixed forests, edges of bogs, 
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Fig. 1. Map of the study region (Sysertskii District, Sverdlovsk Province). Sampling localities of Aphantopus hyperantus and Erebia ligea: 
1, Fomino; 2, Karasye. Examples of dispersal corridors (also marked in the map): a, glade; b, asphalt road; c, dirt road.
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etc. It is quite tolerant to anthropogenic impact and can 
inhabit various agricultural landscapes, shelterbelt for-
ests, planted forest stands, parks, field margins, and 
roadsides (Saarinen et al., 2005; Valtonen and Saarinen, 
2005; van Swaay et al., 2006; Adakhovsky, 2014; Roth 
et al., 2014, etc.). The species reaches high densities in 
pastures and hayfields but still prefers natural meadows 
(Saarinen and Jantunen, 2005).

In the literature A. hyperantus is commonly consid-
ered a sedendary species, typically forming small and 
clearly delimited populations (Pollard and Yates, 1993; 
Sutcliffe et al., 1997; Billeter et al., 2003). In particular, 
a study of small fragmented territories showed that most 
individuals (63–79%) of A. hyperantus were not prone 
to dispersal but stayed in the same area. The individual 
activity radius was about 178.7 ± 136.5 m in males and 
175.3 ± 116.2 m in females (Sutcliffe et al., 1997; Val-
tonen and Saarinen, 2005). Similar results were obtained 
by other authors (Billeter et al., 2003), who studied 
metapopulations of A. hyperantus in the strongly frag-
mented landscapes of Switzerland, including quasi-
natural elements (banks of drainage canals, hedgerows, 
etc.) surrounded with agrocenoses. In different areas, 
sedentary residents comprised from 65 to 85%, migrants, 
from 7 to 20%; the greatest travel distance was 760 m in 
males and 970 m in females; the mean individual activ-
ity radius was 179 m. Sedentary micropopulations of 
this species seem to be formed only in fragmented land-
scapes containing small areas of suitable habitats. By 
contrast, in a weakly fragmented environment with 
easily available resources individuals of A. hyperantus 
move freely without staying long in one place (Gorbach, 
2012, 2014).

Aphantopus hyperantus is a strictly univoltine species 
throughout its entire range. Its larvae develop on various 
grasses (Poaceae) and overwinter at the III or IV instar 
(Gorbunov and Kosterin, 2007; Ryzhkova and Lopatina, 
2016).

The variability of eyespots in the wing pattern of 
A. hyperantus was studied earlier (Novozhenov, 1989, 
1997; Zakharova, 1998, 2000; Gorbach, 2012). The 
number of eyespots on the forewing varies from 0 to 3. 
The forewing pattern usually includes 3 eyespots (P2, 
P4, and P5), sometimes 2 (P2 and P4) or 1 eyespot (P2) 
(Fig. 2, a–c). Individuals with no eyespots are rare, 
comprising no more than 1% in the populations (Novo-
zhenov, 1997; Zakharova, 2000).

Erebia ligea (Linnaeus, 1758) is a widespread trans-
Palaearctic specialist species preferring forest habitats, 
such as edges of dark coniferous and mixed forests, 
glades, clearings, sides of forest tracts, and also grass-
forb meadows and some other types of meadows 
(Schneider and Fry, 2001; van Swaay et al., 2006; 
Gorbunov and Kosterin, 2007). The range of inhabited 
biotopes and the ecological niche of E. ligea are 3 times 
narrower than those of A. hyperantus (Komonen et al., 
2004). Besides, E. ligea is more sensitive to anthropo-
genic impact (Saarinen and Jantunen, 2005; Adakhov-
sky, 2014). A recent study of the behavior and move-
ments of several species of the genus Erebia Dalman, 
1816, including E. ligea, carried out in a national park in 
Austria, showed that roads considerably hindered their 
dispersal. Although the butterflies were able to cross 
any wide asphalt road, they did it rarely and reluctantly 
(Grill et al., 2020).

It is well known that Erebia species may be bicyclic 
or univoltine, but never multivoltine (Warren, 1936). 
According to the literature data, their life cycle may in-
clude two diapauses: the first in the fully developed 
larva inside the eggshell or in the freshly hatched I instar 
larva, the second in the IV instar larva.

Earlier we studied the flight timing and the pheno-
typic wing variability of E. ligea in the selected locali-
ties in the environs of Fomino Village and Lake Kara-
sye, starting from 2001. It was found out that in the first 
locality (Fomino) the flight occurred only in odd years 
(except for sporadic individuals recorded in 2016), and 
in the second locality (Karasye), only in even years 
(Zakharova and Shkurikhin, 2017). Thus, the micro-
populations inhabiting these two localities were isolated 
not only in space but also in time, owing to the asyn-
chronous biennial life cycle. Such isolation must have 
facilitated the establishment of two morphological forms, 
differing in the position of the eyespot foci in the sub-
marginal band of the forewing pattern (Zakharova and 
Shkurikhin, 2017).

The variability of the adult size and the eyespots in 
the wing pattern of E. ligea was described by us earlier 
for the Urals and the adjacent territories (Zakharova, 
2008, 2010; Zakharova and Tatarinov, 2016). The fore-
wing pattern may include from 2 to 4, very rarely to 
5 eyespots; most commonly there are 3 eyespots: P2, 
P3, and P5, located in cells M1–M2, M2–M3, and Cu1–
Cu2, respectively (Fig. 2, d–f).
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Laboratory Processing of Material

In this work we used the samples of males of A. hyper-
antus and E. ligea. The univoltine species A. hyperantus 
was collected in the same years in both localities, while 
the bicyclic species E. ligea was collected in Karasye in 
even years and in Fomino in odd years. The amount of 
material and the years of collection are summarized in 
Table 1. All the samples are kept in the museum of the 
Institute of Plant and Animal Ecology, Ural Branch of 
the Russian Academy of Sciences (Yekaterinburg).

The variability of the forewing shape was studied 
by the methods of geometric morphometrics, which 
allow variation in shape to be assessed independently of 
size (Adams et al., 2004; Zelditch et al., 2004; Mitter-
oecker and Gunz, 2009). The detached left forewings 
were photographed from the underside with a Canon 
Eos 600D digital camera stabilized with a holder. A total 
of 15 landmarks were placed in the images using the 
tpsDig 2.29 software (Rolhf, 2017), as shown in Fig. 2, a. 
Landmarks 1–6 were placed along the outline of the 
medial cell, landmarks 7–14, along the outline of the 
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Fig. 2. Forewings of males: (a–c) A. hyperantus; (d–f) E. ligea: (a) scheme of landmarks and wing measurements (the landmarks are num-
bered 1–15; LF is the wing length); (b) wing pattern with 2 eyespots (P2, P4); (c) wing pattern with 1 eyespot (P2); (d) scheme of measuring 
the diameters of eyespots (P2, P3, P4, P5); (e) wing pattern with 3 eyespots (P2, P3, P5); (f) wing pattern with 2 eyespots (P2, P3).
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wing. Since the set of landmarks had to be identical for 
all the objects, no landmarks were placed on those eye-
spots which were absent in some specimens: P3, P4, and 
P5. Landmark 15 was placed in the focus (or the center, 
if there was no focus) of eyespot P2 in cell M1–M2; this 
was the only eyespot invariably present in the wing pat-
tern of all the specimens of both species.

The wing length LF was measured between land-
marks 1 and 7 (Fig. 2, a), using the TMorphGen6 pro-
gram from the IMP package (Sheets, 2003). The dia-
meters of eyespots P2, P3, P4, P5 in E. ligea and P2, P4, 
P5 in A. hyperantus were measured in the ImageJ 1.48v 
software (Rasband, 2014), as shown in Fig. 2, d.

Statistical Methods

The variability of the wing length was studied using 
multifactorial ANOVA. The model included three fac-
tors: species, collection locality, and collection year. 
The original hypothesis, stating that populations of the 
bicyclic species E. ligea would be more isolated than 
those of the univoltine species A. hyperantus, was tested 
by estimating the statistical significance of interaction 
between the factors species × locality: significant inter-
action indicated that one species had a greater level of 
interpopulation variation than the other. The factor year 
was introduced to estimate year-to-year variation. Since 
the flight of E. ligea occurred in odd years in one local-
ity and in even years in the other, interaction between 
the factor year and the two remaining factors could not 
be analyzed in the given model; instead, year was treated 
as a nested variable (Schielzeth and Nakagawa, 2013). 
The variability of the wing length LF was analyzed 
using the Statistica 8.0 software package (StatSoft Inc.), 
separately for each species.

The wing shape was studied separately for two sets of 
landmarks, the first set (landmarks 1–14) describing the 
shape of the wing outline and the venation pattern, and 
the second set (landmarks 2, 5, 7, 10, 14, and 15) char-
acterizing the position of eyespot P2. In the generalized 
scheme of the nymphaloid wing pattern (Schwanwitsch, 
1924; Nijhout, 1990), the eyespots are arranged in a row 
proximal to the row of parafocal elements, so that the 
position of one eyespot (for instance, P2) generally 
reflects the arrangement of all the eyespots.

Procrustes superimposition was carried out for each 
set of landmarks in order to eliminate the differences 

among the objects not related to shape (Zelditch et al., 
2004; Vasil’ev et al., 2018). Then partial deformations 
were calculated based on the Procrustes coordinates in 
the Past 4.02 software (Hammer et al., 2001) and used 
for further comparative analysis. The hypothesis about 
the stronger isolation of populations in E. ligea as com-
pared to A. hyperantus was tested by multifactorial 
MANOVA. The model design was the same as that de-
scribed above for the wing length, with the difference 
that analysis included the whole set of partial deforma-
tion scores, i.e., the wing shape was treated as a multi-
dimensional trait. Accordingly, we used MANOVA 
rather than ANOVA. In this model we also analyzed 
the influence of the factors species, locality, year, and 
interaction between the factors species × locality. Since 
the wing shape is a multidimensional trait, statistical 
significance of interaction between the factors spe-
cies × locality was not sufficient to confirm the initial 
hypothesis. The measure of difference between two 
shapes in geometric morphometrics is the Procrustes 
distance (for detail, see Zelditch et al., 2004; Vasil’ev 
et al., 2018). However, two shapes showing the same 
total level of difference (expressed as the Procrustes dis-
tance) may differ in a variety of ways, for example, due 
to different landmarks making the greatest contribution 
to the total difference. Accordingly, in the cases when 
interaction between the factors species × locality was 
found to be significant, we additionally assessed the 
level of difference between the localities for both spe-
cies. For this purpose, Procrustes distances between the 
samples from different localities for each species were 
calculated in MorphoJ 1.06d (Klingenberg, 2011); then 

Table 1. Size of samples of E. ligea and A. hyperantus 
males from two localities in Sysertskii District, Sverdlovsk 
Province: number of specimens

Year
E. ligea A. hyperantus

Karasye Fomino Karasye Fomino

2002 12 – 57 60
2003 – 30 6 55
2008 8 – 21 23
2009 – 30 27 48
2018 19 – 16 55
2019 – 53 14 55

Dash indicates that adult fl ight did not occur in the given year.
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the sets of Procrustes distances for E. ligea and A. hyper-
antus were compared by the Mann–Whitney test. To 
visualize the differences in wing shape between the 
localities for each species, discriminant analysis was 
carried out in MorphoJ 1.06d.

The variability of eyespots in the wing pattern was 
studied as follows. First, the eyespots were treated as 
discrete nonmetric traits (phenes), and their frequencies 
in the samples were compared by the Pearson’s χ2 test, 
using the Past 4.02 software. Second, variation of the 
metric trait sum of diameters was analyzed by multi-
factorial ANOVA in the same way as when studying the 
wing length variation. The sum of diameters was calcu-
lated for eyespots P2 + P4 + P5 in A. hyperantus and for
P2 + P3 + P4 + P5 in E. ligea. Third, the indices describ-
ing the eyespot size relative to the wing length were cal-
culated: P2/LF, P4/LF, and P5/LF for A. hyperantus and 
P2/LF, P3/LF, P4/LF, and P5/LF for E. ligea. Statistical 
significance of differences between the samples in the 
set of indices was estimated separately for each species 
by canonical discriminant analysis, using the Statis-
tica 8.0 package (StatSoft Inc.). The squared Mahala-
nobis distance D2 was used as a measure of difference.

RESULTS

Variability of the Wing Length

Unlike the body mass, the wing length evidently re-
mains constant during the adult life (except for cases of 
mechanical damage); at the same time, it depends on the 
conditions of preimaginal development. We can suppose 
that for oligophagous species developing on grasses, the 
availability of food does not vary from year to year and 
does not constitute a limiting factor. Interannual varia-
tion in size is most probably determined by the weather 
conditions during development of late-instar larvae and 

their growth before pupation. It was experimentally 
shown (Ryzhkova and Lopatina, 2016) that higher air 
temperatures led to a decrease in size of A. hyperantus; 
this result is consistent with the “temperature-size rule” 
(Atkinson, 1994). Under natural conditions the effects 
of individual ecological factors on the final size of the 
adults are difficult to assess, since all these factors act 
concurrently and interact with one another. Our regres-
sion analysis did not reveal any significant dependence 
of the wing length on such climate parameters as the 
mean temperatures and precipitation levels of May and 
June for the years of our research (based on archived 
data of the weather site http://www.pogodaiklimat.ru/ 
for Weather Station 28440 in Yekaterinburg). However, 
it is possible that analysis of more extensive data would 
demonstrate correlations between the adult body size 
and the weather parameters.

The wing length variation in males of both species 
is shown in Fig. 3. According to the ANOVA results, the 
effects of all the three tested factors proved to be signi-
ficant: species (F = 3822.5, df = 1, p < 0.01), locality 
(F = 25.7, df = 1, p < 0.01), and year (F = 6.7, df = 14, 
p < 0.01), while interaction between the factors species × 
locality was non-significant (F = 1.3, df = 1, p = 0.25). 
Although it had been earlier shown that inter annual 
variation in size could exceed the geographic differ-
ences (Zakharova and Tatarinov, 2016), in this study 
adults of both species from the environs of Fomino were 
found to be on average larger than those from the envi-
rons of Lake Karasye. The mean forewing length in 
males of A. hyperantus was 19.5 ± 0.1 mm in Fomino 
and 19.2 ± 0.1 mm in Karasye; that of E. ligea was 
24.9 ± 0.1 mm in Fomino and 24.5 ± 0.1 mm in Kara-
sye. Since interaction between the factors species ×
locality was non-significant, we may conclude that the 
populations from two closely positioned localities 
demonstrated a similar level of differences in wing 
length in both species.

Variability of the Wing Shape 
and the Eyespot Position

The results of MANOVA of the partial deformations 
describing the shape variability of the wing outline and 
the medial cell showed that the effects of all the factors 
were statistically significant (Table 2). Since interaction 
between the factors species × locality was also signi-
ficant, we may conclude that differences in the wing 

Table 2. Results of three-way MANOVA of variability of 
the wing shape in A. hyperantus and E. ligea

Factor Wilks’ λ df1 df2 p

Species 0.29 24 549 < 0.01
Locality 0.92 24 549 < 0.01
Species × Locality 0.91 24 549 < 0.01
Year 0.29 336 6706 < 0.01
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shape between the two localities were not the same in 
A. hyperantus and E. ligea. The mean Procrustes dis-
tance describing the difference in wing shape between 
the samples from Fomino and Karasye was 0.014 in 
A. hyperantus and 0.018 in E. ligea. The results of the 
Mann–Whitney test (U = 77, p < 0.05) confirmed that 
adults from two sampling localities were significantly 
more different in E. ligea than in A. hyperantus.

The results of MANOVA of the partial deformations 
describing the variability of eyespot P2 position showed 
that the effects of all the factors were statistically signif-
icant (Table 3). Interaction between the factors species × 
locality was also significant; therefore, differences be-
tween the adults from two sampling localities in the po-
sition of eyespot P2 were not the same in A. hyperantus 
and E. ligea. As can be seen in Fig. 4, the vectors of 
landmark shifts were codirectional in the two species. 
In adults of both species from the environs of Lake 
Karasye, eyespot P2 and, correspondingly, the whole 
row of eyespots were positioned closer to the outer wing 
margin, as compared with the adults collected in the 
environs of Fomino. The mean difference between the 
localities in the position of eyespot P2, expressed as the 

Procrustes distance, was 0.021 in A. hyperantus and 
0.032 in E. ligea. The results of the Mann–Whitney test 
(U = 63.5, p < 0.05) showed that the samples of E. ligea 
from two localities were more different than the corre-
sponding samples of A. hyperantus.

Variability of the Eyespots

The wing pattern of all the studied A. hyperantus 
males included eyespot P2, and that of E. ligea males 
included eyespots P2 and P3. The remaining eyespots, 
i.e., P4 and P5, were found with different frequencies 
(Table 4). These eyespots were recorded significantly 

18.4

18.8

19.2

19.6

20.0

2002 2003 2008 2009 2018 2019
23.5

24.0

24.5

25.0

25.5

2002 2003 2008 2009 2018 2019

Fo
re

w
in

g 
le

ng
th

 (L
F)

, m
m

а b

Fo
re

w
in

g 
le

ng
th

 (L
F)

, m
m

Fig. 3. Variability of the forewing length (LF) in samples of males from the environs of Fomino (black circles) and Karasye (white circles):
(a) A. hyperantus; (b) E. ligea. The means and standard errors are shown.

Table 3. Results of three-way MANOVA of variability of 
eyespot P2 position in A. hyperantus and E. ligea

Factor Wilks’ λ df1 df2 p
Species 0.40 8 565 < 0.01
Locality 0.88 8 565 < 0.01
Species × Locality 0.97 8 565 0.02
Year 0.63 112 3974 < 0.01
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more frequently in the samples of A. hyperantus from 
Fomino than in those from Karasye: χ2 = 20.1, df = 5, 
p = 0.001 for P4; χ2 = 92.7, df = 5, p < 0.0001 for P5. 
In E. ligea, differences between the samples from two 
localities were found only in the frequency or eyespot 
P4: χ2 = 26.1, df = 2, p < 0.0001.

The diameters of all the eyespots in the forewing pat-
tern of both species are given in Table 4. The trend of 
the spot size coincided with that of the wing length, so 
that adults of both species from Fomino had larger eye-
spots than those from Karasye. The differences between 
the samples of A. hyperantus males in the trait sum of 
diameters were estimated by two-way ANOVA includ-
ing the factors locality (F = 19.3, df = 1, p < 0.0001) 
and year (F = 2.5, df = 5, p = 0.03); interaction of these 
factors was non-significant. Analysis of E. ligea sam-
ples for the trait sum of diameters revealed a significant 
effect of the factor year: F = 2.9, df = 5, p = 0.02.

The variability of the relative size of eyespots in the 
male forewing patterns of both species was studied by 
canonical discriminant analysis, based on the calculated 
eyespot indices (eyespot diameter to wing length ratios). 
The results are shown in Fig. 5, in which the most differ-

ent samples correspond to the centroids separated by 
the greatest distance in the space of canonical axes. For 
instance, A. hyperantus samples of 2018 from Fomino 
and Karasye were significantly different: D2 = 0.66, F = 
2.12, p < 0.05. However, on some occasions chrono-
graphic differences were greater than geographic ones: 
D2 (Fomino 2002 vs Fomino 2009) = 0.92, F = 8.1, 
p < 0.0001; D2 (Fomino 2008 vs Karasye 2008) = 0.38, 
F = 1.38, p = 0.2. The observed year-to-year variation 
may be explained by a number of reasons, including the 
different weather conditions, a small sample size, and 
also the fact that the butterflies were captured during 
different phases of the flight period. It is known that the 
phase of flight may contribute to the total variation in 
the metric traits of the wing pattern (Zakharova and 
Tatarinov, 2016). Comparison of the combined A. hyper-
antus samples for all the years revealed the following 
difference between the two localities: Wilks’ λ = 0.95, 
F = 7.00, df1 = 3; df2 = 433; p < 0.0001.

The results of discriminant analysis of the eyespot 
indices in E. ligea are shown in Fig. 5, b. Certain geo-
graphic differences were detected along the second 
canonical axis, explaining 16.1% of the variance, but 
these differences were found to be statistically non-
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Fig. 4. Results of discriminant analysis of eyespot P2 position within the marginal wing area: (a) A. hyperantus; (b) E. ligea. The dots show the 
mean confi guration for each species; the landmark shift vectors illustrate the diff erences between the mean confi guration and the confi guration 
describing the samples from Karasye.
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significant. Only two pairs of samples were significantly 
different: D2 (Fomino 2003 vs Fomino 2009) = 0.76, 
F = 2.8, p = 0.02; D2 (Fomino 2009 vs Fomino 2019) = 
0.66, F = 3.11, p = 0.02.

DISCUSSION

When starting this research, we expected that under 
the conditions of a fragmented landscape the population 
of A. hyperantus would be phenotypically homogene-
ous, as opposed to that of E. ligea. This assumption was 
based on the specific features of ecology and life cycles 
of these species considered above.

However, the initial hypothesis about phenotypic 
homogeneity of A. hyperantus population was not con-
firmed. Analysis of phenotypic variability of the fore-
wing in these two species by the methods of traditional 

and geometric morphometrics revealed significant dif-
ferences between the micropopulations of both species 
in all the studied traits: the size and shape of the fore-
wing and the parameters of eyespots in the wing pattern. 
The differences in a number of traits were found to be 
codirectional in the two species. At the same time, the 
level of phenotypic differentiation was higher in the 
specialist species E. ligea than in the generalist species 
A. hyperantus.

Adults of both species collected in Fomino were 
larger than those from the environs of Lake Karasye. 
In an earlier study, adults of Coenonympha oedippus 
(Fabricius, 1787) were found to be smaller in arid terri-
tories than in more humid ones (Jugovic et al., 2018). 
By contrast, according to our results, males of A. hyper-
antus and E. ligea were larger in the drier locality (Fo-
mino) than in the environs of Lake Karasye. In our opin-

Table 4. Diameter (mean ± standard error, mm) and frequency of occurrence of discrete eyespots in the forewing pattern of 
males of E. ligea and A. hyperantus

Species Locality Year
P2 P3 P4 P5 Sum of 

eyespot 
diametersmm mm mm % mm %

E. ligea Karasye 2002 1.7 ± 0.1 1.8 ± 0.1 – 0.0 1.0 ± 0.1 91.7 4.4 ± 0.3
2008 1.8 ± 0.1 1.9 ± 0.1 – 0.0 1.1 ± 0.2 87.5 4.6 ± 0.4
2018 1.7 ± 0.1 1.8 ± 0.1 0.6 ± 0.4 5.3 1.1 ± 0.1 89.5 4.5 ± 0.3

Fomino 2003 1.9 ± 0.1 1.9 ± 0.1 1.4 ± 0.2 9.7 1.4 ± 0.1 93.5 5.2 ± 0.2
2009 1.8 ± 0.1 1.8 ± 0.1 0.5 ± 0.2 10.0 1.1 ± 0.1 80.0 4.5 ± 0.2
2019 2.0 ± 0.1 1.9 ± 0.0 0.7 ± 0.1 17.0 1.3 ± 0.1 98.1 5.2 ± 0.2

A. hyperantus Karasye 2002 1.8 ± 0.1 – 1.6 ± 0.1 78.9 1.1 ± 0.1 29.8 3.2 ± 0.2
2003 1.6 ± 0.1 – 1.7 ± 0.3 66.7 1.2 ± 0.3 33.3 3.0 ± 0.5
2008 1.9 ± 0.1 – 1.6 ± 0.1 90.5 0.8 ± 0.2 38.1 3.5 ± 0.3
2009 1.7 ± 0.1 – 1.6 ± 0.1 88.9 1.1 ± 0.1 55.6 3.6 ± 0.2
2018 1.7 ± 0.1 – 1.7 ± 0.2 81.3 0.9 ± 0.2 31.3 3.2 ± 0.3
2019 1.8 ± 0.1 – 1.5 ± 0.2 92.9 1.2 ± 0.2 35.7 3.6 ± 0.3

Fomino 2002 1.9 ± 0.1 – 1.5 ± 0.1 88.3 0.9 ± 0.1 45.0 3.6 ± 0.2
2003 1.9 ± 0.1 – 1.6 ± 0.1 98.2 1.1 ± 0.1 63.6 4.0 ± 0.2
2008 1.8 ± 0.1 – 1.7 ± 0.1 91.3 1.0 ± 0.1 52.2 3.8 ± 0.2
2009 1.9 ± 0.1 – 1.8 ± 0.1 95.8 1.1 ± 0.1 70.8 4.3 ± 0.2
2018 2.0 ± 0.1 – 1.7 ± 0.1 98.2 1.0 ± 0.1 56.4 4.1 ± 0.2
2019 1.9 ± 0.1 – 1.8 ± 0.1 94.5 1.1 ± 0.1 67.3 4.2 ± 0.2
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ion, the different humidity levels of the two localities 
most probably affect the body size of adult butterflies 
indirectly, via the trophic resources of their larvae, i.e., 
the species composition and relative abundance of 
grasses, the phytomass density, etc. However, testing 
this hypothesis would require a complex ecological 
study aimed at the most complete assessment of the 
microlandscape, climatic, and geobotanical parameters 
of the two sampling localities.

Adults of both species from Fomino had larger eye-
spots shifted toward the median cell, whereas adults 
from the environs of Lake Karasye had smaller eyespots 
positioned closer to the wing margin. In addition, indi-
viduals from the former locality on average had a greater 
total number of forewing eyespots due to more frequent 
occurrence of the discrete eyespots (phenes) P4 and P5. 
It is known that eyespots can perform various functions 
and, accordingly, can be selected for a smaller or greater 
size (Kodandaramaiah, 2011; Dapporto et al., 2018), and 
that the discrete eyespots in the wing pattern are epi-
genetically controlled threshold traits (Brakefield and 
van Noordwijk, 1985; Zakharova, 2010).

At the present stage of research it would be difficult 
to determine the exact factors and mechanisms under-
lying the observed morphological differences. In our 
opinion, the differences between the micropopulations, 
preserved over a relatively long period of time (about 
20 years), indicate synchronous responses of the two 
species to the environmental and selective factors. Since 
morphological differences occurred on the local scale, 
between the localities positioned about 10 km apart, we 
may conclude that the fragmented environment consti-
tuted quite an effective barrier for these species and that 
the existing network of corridors did not allow complete 
mixing of individuals from the neighboring micropopu-
lations. However, it remains an open question whether 
the observed differences between the micropopulations 
are stable and genetically or epigenetically fixed (i.e., 
the micropopulations have indeed become differenti-
ated), or these differences are reproduced every year as 
similar phenotypic reactions to similar environmental 
conditions within a single population with limited 
movement of individuals.

Our results agree with the original assumption that 
the populations of the specialist species E. ligea are 
more strongly isolated that those of the generalist spe-
cies A. hyperantus. However, we have studied only two 

species, and the observed differences between them may 
be coincidental. To confirm this conclusion in a more 
reliable way, a greater number of generalist–specialist 
pairs of species should be studied in different taxa of 
diurnal butterflies.

CONCLUSIONS

Thus, micropopulations sufficiently differentiated in 
the shape and size of the wing and in the position and 
stability of the eyespots were distinguished in both the 
species studied. Temporal and spatial isolation of the 
micropopulations creates preconditions for establish-
ment of distinct forms, as it was demonstrated in the bi-
cyclic specialist species E. ligea. The initial hypothesis 
about population homogeneity of the univoltine gener-
alist species A. hyperantus in the studied territory was 
not confirmed. It was found out that spatial isolation 
might be sufficient for differentiation in a significantly 
sedentary species.
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