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local conditions due to phenotypic plasticity (Oms et al., 
2017). Species with discrete phenotypic variation (poly-
morphic and polyphenic) additionally have another way of 
responding to environmental changes compared to mono-
morphic and monophenic species, because each discrete 
phenotypic state of a trait often refl ects a separate adapta-
tive strategy. Populations of polymorphic and polyphenic 
species can respond to environmental changes through a 
shift in the frequency of phenotypes (Saccheri et al., 2008; 
Whitman & Agrawal, 2009; Kerimov et al., 2014; Roulin, 
2014).

In natural populations, different adaptative strategies are 
often linked to melanin-based colouration. For example, 
the black and brown colouration in most arthropods is mel-
anin based (Fuzeau-Braesch, 1972), including ants (Mi-
yazaki et al., 2014). The variability in melanin colouration 
is not an exception to the general rule as it is also deter-
mined by both genetic variation and phenotypic plasticity.

There are a lot of examples of polymorphism in insects. 
The well-known examples of colour polymorphism in in-
sects are the peppered moth (Van’t Hof et al., 2016), the 
swallowtail butterfl y (Nishikawa et al., 2015), the Colo-
rado potato beetle (Boiteau, 1994; Grizenko et al., 1998; 
Benkovskaya et al., 2008; Benkovskaya & Udalov, 2011) 
and ladybirds (Yassin et al., 2016; Holloway et al., 1995). 
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Abstract. We determined whether body colour patterns of the narrow-headed Formica exsecta ant can serve as a marker of ad-
aptative strategies in heterogenous environments. The variations in colour were studied in two populations of F. exsecta in central 
and north western areas in European Russia. A generalised colour scheme of the head and three thorax segments is developed 
based on a comparative analysis of the colouration of F. exsecta and red wood ants (Formica s. str.). The scheme consists of 23 
variants. We found that the colouration of different parts of the body varies independently to a large extent, although a pale (less 
melanized) head and three thoracic segments often co-occur with paler other parts of the body. We also show that the relation-
ship between colour pattern and body size vary signifi cantly in different complexes. We suggest that these colour variants can be 
used to study the spatial-temporal phenotypic differentiation of populations and adaptation of ants to microhabitats. The proposed 
scheme can be used as a convenient tool in future studies to quantify the variation in colour patterns. This scheme should be 
further tested for its applicability for other species of the subgenus Coptoformica.

INTRODUCTION

Insect colouration can be adaptive in terms of protec-
tion, signalling and physiology (thermoregulation, UV- 
and drought-resistance) (Cuthill et al., 2017; Badejo et al., 
2020). Both genetically induced variation (Chetvericov, 
1926; Dobzhansky, 1951; Zhan, 2014) and phenotypic 
plasticity (West-Eberhard, 2003; Moczek, 2008, 2012) of 
each individual trait can be both continuous and discrete. 
The term ‘polyphenism’ is often used to describe environ-
mentally induced discrete variations (when the reaction 
norm consists of discrete phenes), while ‘polymorphism’ 
is a term applicable to mostly genetically (in the classi-
cal sense, Ford, 1965) controlled variations. Polyphenic 
and polymorphic species supposedly can adapt to abrupt 
changes in environmental conditions more easily and 
quickly due to a wider general phenotypic variation com-
pared to monophenic and monomorphic species (Dobzhan-
sky, 1951; Cain & Sheppard, 1954; Simpson et al., 2011). 
For example, among the Old-World fl ycatchers, the pied 
fl ycatcher (Ficedula hypoleuca) is a polymorphic and eu-
rytopic species whose territory is several times larger than 
that of the collared fl ycatcher (F. albicollis), which is a 
monomorphic and stenotopic species (Qvarnstrom et al., 
2010). The fi ssion-dispersing ant Aphaenogaster senilis 
can quickly adjust its body temperature in accordance with 
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There are ecological races of red wood ants associated 
with different types of forests (Zakharov, 2015), which 
may vary in colour. Phenotypically homogeneous groups 
in closely located areas that differ sharply from neigh-
bouring groups were identifi ed based on differences in the 
frequencies of the colour types of pro- and mesonotum in 
populations of the northern wood ant F. aquilonia (Gilev, 
2003; Korochkina et al., 2014). A clear phenotypic differ-
entiation among populations occurs in the northwest of Eu-
ropean Russia and Fennoscandia, which probably indicates 
the path of the postglacial spread of this species (Gilev et 
al., 2015). Signifi cant differences in the frequencies of col-
our variants depending on the degree of industrial pollution 
(Belsky & Gilev, 2007; Skaldina et al., 2018) are thought to 
indicate that colour variability is adaptive. It is also known 
that in the North American Formica neorufi barbis living in 
the mountainous tundra, small dark workers forage in the 
morning, when there is little insolation, while the larger 
red specimens forage in the afternoon, when insolation is 
at higher levels (Bernstein, 1976).

This study seeks to investigate previously undescribed 
colour variation in one of the most common mound-
building ants, Formica exsecta (subgenus Coptoformica). 
There are many studies on this species (Pisarski & Banert, 
1982, Berman et al., 2007; Goryunov, 2007, 2010, 2015; 
Zakharov, 2015). The workers of F. exsecta are two-col-
oured and exhibit a diverse colouration of the head and 
thorax. This colouration may vary from completely pale 
(yellow or red) to completely black, with a variety of in-
termediate states. The pigment on the head and thorax is 
deposited in spots of varying shape and size. This species 
inhabits territories with a clear gradient in environmental 
conditions because it is a widespread trans Palearctic spe-
cies found in many natural zones, from forest-tundra in 
the north to steppes in the south. It prefers open biotopes 
throughout its range. The link between colouration and ad-
aptation to an environmental gradient in F. exsecta can be 
deduced from the results obtained by Dlussky (1967). He 
reports that the colouration of the workers of F. exsecta 
becomes paler in a north-easterly direction.

This work aims to develop a unifi ed classifi cation system 
for the description of the variation in colour of an ant’s 
body based on the analysis of colour variants in F. exsecta 
from different geographic populations. We also aimed to 
analyse combinations of the colour patterns on different 
parts of the body and assess the association of the pattern 
in melanin colouration with the size of the individuals. Ant 
populations from north-western and central European Rus-
sia were used as model systems.

MATERIALS AND METHODS
In 2016, we collected and analysed 662 specimens of F. exsecta 

from two populations at three locations. Varvarovka is located 
in central European Russia (Ryazan Region, Kadomsky District, 
near the village Varvarovka, 54°54´N, 42°24´E), the other two 
locations are in the eastern part of the Kuzokotsky Peninsula on 
the White Sea Coast (66°46´N, 33°56´E). At Varvarovka, 40–50 
specimens were collected from each of 9 nests. On the Kuzokot-

The melanisation of cuticle can be modifi ed by environ-
mental factors, demonstrating the high phenotypic plastic-
ity of this trait in some insects (Simpson et al., 2011). One 
of the fi rst studies of this kind was the work of Timofeev-
Resovskiy et al. (1965). They modifi ed the colour of the 
ladybug Epilachna chrysomelina by varying the tem-
perature, which affected the degree of pigmentation. The 
order Lepidoptera is an abundant source of examples of 
polyphenism (Brakefi eld & Frankino, 2009). Other clas-
sic examples of adaptive phenotypic plasticity include the 
butterfl ies Manduca sexta (Kingsolver et al., 2012) and 
Araschnia levana (Vilcinskas, 2016). Many insects have 
diet-induced morphs (Simpson et al., 2011). For example, 
quantitative and qualitative features of larval nutrition of 
the vespine Polistes dominula infl uence their size and per-
centage melanisation of the adult (Rusina et al., 2011). 

In general, melanin colouration in insects is highly vari-
able in the extent to which it is controlled by genes, en-
vironment and genotype-environment interactions (Stoehr 
2006; Roulin, 2016).

The heritability of colour variation in mound-building 
Formica ants (and many other ant species) is unknown. The 
well-studied differences in colouration of different families 
of red wood ants (Alpatov, 1924) do not unequivocally in-
dicate the dominance of hereditary or environmental com-
ponents in the variation. A recent investigation (Skaldina & 
Sorvari, 2020) found no associations between the diversity 
of phenotypic traits and worker kinship (assessed by the 
average relatedness (r) between the nest mates) in Formica 
rufa. In Finland, however, the wood ant Formica rufa is 
mainly monogynous, and thus the variation in a colony 
is mostly due to multiple paternity (Skaldina & Sorvari, 
2020). Most red forest ants (Formica polyctena, F. aquilo-
nia, F. lugubris ) are mostly polygynous (there are several 
females in a colony) and each female can store the sperm 
of many males (Seifert, 2007; Zakharov, 2015). This is not 
the case in Diacamma ants (Hymenoptera: Ponerinae), in 
which there is a distinct genetically based colour dimor-
phism in both males and females (Miyazaki et al., 2014). 
Thus, the determinants of variation in colouration in For-
mica ants remain to be resolved.

The most the common feature that indicates a trait is adap-
tive, may be regular geographical and/or spatial change in 
its phenotypic state or frequency in populations (for exam-
ple, Ilik et al., 2008). If there is a clear geographic trend in 
the variation of a trait (for example, darkening in northern 
populations), this indicates a trait-fi tness covariation (con-
nection of a trait to one of the two main components of 
fi tness, for example, fertility and/or vitality), since the trait 
changes are associated with changes in the most common 
climatic characteristics of the territories. For example, the 
geographical variation in morph frequency in populations 
of pied fl ycatchers is associated with the temperature when 
males are involved in territorial behaviour and is refl ected 
in the extent of brown or black colour in their breeding 
plumage (Ilyina & Ivankina, 2001; Kerimov et al., 2014; 
Grinkov et al., 2019).
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Table 1. The proportion of the different colour variants of F. exsecta at the different locations. H – head, Pn – pronotum, Mn – mesonotum, 
Pr – propodeum. The standard error of each sample is in brackets. a Combines 6 (from 2a to 2f) variants (only Pr2b is shown).

Variant Schematic diagram Photograph
Location (No. of individuals / No. of nests)

Pink Rocks (142/4) Cape (131/3) Varvarovka (389/9)

H1 0.021 (0.012) 0.038 (0.017) 0

H2 0.070 (0.022) 0.298 (0.040) 0.041 (0.010)

H3 0.909 (0.024) 0.664 (0.041) 0.864 (0.017)

H4 0 0 0.095 (0.015)

Pn1 0.106 (0.026) 0.023 (0.013) 0.080 (0.014)

Pn3 0.754 (0.036) 0.970 (0.015) 0.804 (0.020)

Pn4 0.056 (0.019) 0 0.018 (0.007)

Pn5 0.070 (0.022) 0.008 (0.008) 0.098 (0.015)

Pn6 0.014 (0.010) 0 0

Mn1 0.416 (0.041) 0.473 (0.044) 0.337 (0.024)

Mn2 0.105 (0.025) 0.199 (0.035) 0.190 (0.020)

Mn3 0.430 (0.042) 0.328 (0.041) 0.500 (0.025)

Mn4 0.014 (0.010) 0 0.015 (0.006)

Mn5 0.035 (0.016) 0 0.008 (0.004)

Pr1 0.937 (0.021) 0.954 (0.018) 0.964 (0.009)

Pr2a 0.021 (0.012) 0.023 (0.013) 0.013 (0.006)

Pr3 0.014 (0.010) 0.023 (0.013) 0.023 (0.008)

Pr4 0.028 (0.014) 0 0
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sky Peninsula, samples were collected from the Pink Rocks loca-
tion (30–40 individuals from each of 4 nests) and Cape location 
(3 nests; 40–42 individuals from each nest). The two locations 
were 1 km from each other (for more information on these loca-
tions, see (Markov et al., 2017). The sample sizes are presented 
in Table 1.

The patterns in the colour on the head and thorax (separately 
for pronotum, mesonotum and propodeum) of the collected ants 
are described. The shape of the pattern on each part was visu-
ally determined, focusing on a previously proposed scheme of 
discrete colour variants for red wood ants (Fig. 1). We marked 
the borders of the dark spots along the border of the palest area. 
Shades of colour (melanisation) were not analysed. The  length of 
the thorax was used as a measure of body size. All measurements 
were carried out using a binocular microscope Micromed MC-2 
Zoom (40 × magnifi cation). The photographs were taken with a 
Canon EOS 70D digital camera with a macro lens Ultrasonic 100 
mm with a fl ash MT-24EX 58 mm and macro rings (a total ring 
height of 52 mm).

The correlation of each type of colour with the other types and 
with the body size was done using Spearman correlation. All cal-
culations were done in Microsoft Excel 2003 and Statistica 6.0 
(StatSoft, Inс., 1984–2001).

RESULTS

The colour patterns
In F. exsecta, there are 23 variants of the head and tho-

rax colouration. The occurrence of these colour types var-
ied signifi cantly at the different localities studied (Table 
1). The Pr2 variant (Table 1), due to the rare occurrence 
of sub-variants (such as Pr2a, Pr2b, etc., not listed in the 
table), is presented as one variant. Based on combinatorics, 
it includes 7 sub-variants depending on the locations of the 
points and bands fully represented in the diagram (Fig. 2). 
Of these, 6 sub-variants were recorded in our samples of 
Pr2a.

The variability in the colouration of F. exsecta closely 
resembles that of Formica s. str., which are described by 
Gilev (2002). However, there are some differences.

The pattern of pigmentation on the head is almost com-
pletely consistent with that of red forest ants (Figs 1 and 
2), except for H2. On the head, different colour variants 
are not discrete in the strict sense. The naturally continuous 
variation is divided into classes according to the location of 
the pigmented area relative to the compound eyes: pigment 

is completely absent (H1); pigment is present, covers the 
back of the head and reaches the eyes only on the upper 
part (H2); pigment completely covers the frons and the oc-
ciput of the head, the genae are a pale colour (H3); pigment 
extends beyond the lower edges of compound eyes, small 
areas on the genае are a pale colour (4); completely black 
head (5). The most numerous is the H3 variant (normal col-
ouring of the head for most bi-coloured Formica species) 
(Table 1). The H5 variant (Fig. 2) was not present in our 
samples, however, we include it in the fi gure, by way of 
comparison with Formica s. str. (Fig. 1). In Formica s. str., 
H5 variant is quite rare. However, it is likely it will eventu-
ally be detected in F. exsecta.

Thoracic colour variants (the pronotum, mesonotum, 
propodeum) are based on the appearance of new elements 
(spots and streaks of pigment) and their subsequent merg-
ing. Each new element is recorded when a certain level of 
pigmentation is reached. All of these variants are discrete 
in the strict sense and correspond to Filippov’s (1961) ab-
errations or Vasiliev’s (1988) phen compositions.

The pattern of pigmentation on the pronotum almost 
completely coincides with that of Formica s. str. (Figs 1 
and 2). The palest type is the complete absence of pigment 
(Pn1). The next type is one small central spot (Pn2). It does 
not occur in our samples, but is included in the fi gure, by 
way of comparison with Formica s. str. The level of pig-
mentation in Pn3 is greater and there is one large central 
spot that varies in size. This is the most common variant 
and the typical pronotum colour of most two-coloured For-
mica ants. The rare infi nity-like symbolic form of the cen-
tral spot, which consists of two merging circles, is thought 
to have originated by the merging of two separate spots, 
according to Filippov (1961). Next, small side spots (Pn4) 
appear in the colour pattern. In the next variant the side 
spots merge with the central one and form a “three-petal” 
pattern (Pn5). Finally, the pigment completely covers the 
pronotum (Pn6).

The colour pattern of the mesonotum is also very simi-
lar to that of Formica s. str. (Fig. 1). The palest variant is 
un-pigmented (Mn1). The next variant has one small spot 

Fig. 1. Head and thorax colour phenotype scheme proposed for 
Formica s. str. (Gilev, 2002).

Fig. 2. Head and thorax colour phenotype scheme for F. exsecta. 
The variants H5, Pn2, and Pr2 were not recorded in the samples 
studied.



62

Putyatina et al., Eur. J. Entomol. 119: 58–68, 2022 doi: 10.14411/eje.2022.006

on the front edge of the mesonotum (Mn2). Then in Mn3 
there is a semi-circular spot on the front edge of the mes-
onotum (Mn3). Further, with increase in melanisation two 
backward-extending pigment protrusions form a W-shaped 
fi gure (Mn4), and fi nally, one large spot, which occupies 
almost the entire mesonotum (Mn5). In fact, the variants 
Mn2 and Mn3 are the same variant, as both have one cen-
tral spot and could be combined. We separate them because 
the Mn2 variant occurs with a frequency, ranging from 15 
to 30% in different families (Table 1). 

Comparison of the variations in the colour of the me-
sonotum in F. exsecta and Formica s. str. (Figs 1 and 2) 
revealed that the central spot does not become two small 
spots with decrease in the pigmentation of the cuticle in 
F. exsecta. With decrease in pigmentation, the central spot 
only decreases in size. However, the Mn2 variant indicates 
it originated from paired elements consisting of two pig-
ment strips extending posteriorly. In Formica s. str., de-
crease in pigmentation of the cuticle is associated with the 
central spot becoming two spots (Gilev, 2002). It is likely 
that such variants might occur occasionally in F. exsecta.

Finally, the most complex colour pattern is that on the 
propodeum, with several patterns, only one of which (Pr2g-
Pr3-Pr4) is similar to that of Formica s. str. (Gilev, 2002). 
The palest variant with complete absence of pigment is 
Pr1. This variant is the most common, it usually occurs in 
more than 90% of individuals. Then, in Pr2g there are a 
pair side spots, which form a merging tongue of pigment in 
(Pr3). Next, the propodeum is completely pigmented (Pr4). 
Other variants have a single central spot near the mesopro-
podeal suture (Pr2a) or a pair of back spots (Pr2b), which 
merge into a pigment strip. Thus, there are several different 
combinations (Pr2a-f, Table 1, Fig. 2). As all these variants 
are only recorded for a few individuals, they are combined 
under the Pr2 variant. The Pr2a variant did not occur in our 
samples, but it is likely it will be recorded in the future.

Based on the above reasoning, the colour phenotype 
scheme of the head and thorax in F. exsecta includes 26 
variants (Fig. 2).

Combinations of colour variants
Since the colour variants are determined by pigmenta-

tion of the cuticle, it is likely that they are combined in a 
non-random way: the palest often with other pale individu-
als, and the darkest with other dark individuals. However, 
it is not possible to exclude cases of uneven distribution 
of pigment, with only one part of the body pigmented. In 
addition, it is likely that these combinations may occur in 
different species and populations.

Different colour combinations were recorded on differ-
ent parts of the body. For example, Table 2 shows the dif-
ferent pronotum and mesonotum colouration combinations 
and Table 3 those of the mesonotum and propodeum at the 
locations studied. Tables 2–3 show that, despite the wide 
range in variation, there are no individuals with the col-
ouration of one part of the body pale and another part dark.

Tables 2–3 also show that at different locations some 
qualitative and quantitative differences are recorded in 
the colour combinations. For example, on the Kuzokotsky 
Peninsula, the Pn1 variant was only recorded in combina-
tion with the Mn1 variant, and at Varvarovka only the Mn1 
and Mn2 variants. However, it is likely that the number 
of colour variants recorded will increase with increase in 
sample size, which facilitates the detection of rarer vari-
ants.

The data were ranked based on the percentage of melani-
sation, where one corresponds to the palest colour (variant 
one, Table 1) and six the darkest (variant six, Table 1). To 
determine the relationship between the degree of melani-
sation of different parts of an ant’s body at the locations 
studied, Spearman’s rank correlation was used. Tables 2 
and 3 provide examples of the different combinations of 
colour variants of the pronotum and mesonotum, and the 
mesonotum and propodeum. Correlation coeffi cients for 
the combinations of colour options for all parts of the body 
are shown in Table 4.

In general, the correlation between the colour and colour 
intensity of different parts of the body is almost always 
weak, which indicates relatively independent variation 

Table 2. Number of colour variants recorded for the pronotum (Pn) 
and mesonotum (Mn) at the different locations.

Location Pn colour
variants

Mn colour variants
1 2 3 4 5

Pink Rocks

1 15
3 37 13 54 2 1
4 5 2 1
5 2 6 2
6 2

Cape

1 3
3 59 25 43
4
5 1
6

Varvarovka

1 29 2
3 99 69 144 1
4 1 2 4
5 2 1 27 5 3
6

Table 3. Number of colour variants recorded for the mesonotum 
(Mn) and propodeum (Pr) at the different locations.

 Location Mn colour
variants

Pr colour variants
1 2 3 4

Pink Rocks

1 59
2 14 1
3 59 1 1
4 1 1
5 1 1 3

Cape

1 61 1
2 24 1 1
3 40 1 2
4
5

Varvarovka

1 130 1
2 73 1
3 168 1 6
4 4 1 1
5 1 2



63

Putyatina et al., Eur. J. Entomol. 119: 58–68, 2022 doi: 10.14411/eje.2022.006

of the melanisation on the head, pronotum, mesonotum 
and propodeum (Table 4). However, the correlation be-
tween the number of colour variants for different parts of 
the body differs at the locations studied (Table 4): at Var-
varovka, all the variants correlate with each other, and at 
Cape, some variants are not related to one another (more 
precisely, they are connected only indirectly through cor-
relations with other variants). This high-lights the complex 
interrelationship between the colour patterns on different 
parts of the body and indicates a population specifi c varia-
tion in the pigmentation of individuals.

The interdependent changes in the colour pattern 
and body size

Workers of different sizes are pigmented differently, i.e., 
large individuals are on average less pigmented than small 
ones. A correlation between colouration and body size is 
reported by Dlussky (1967) and subsequently repeatedly 
confi rmed. Since the size of workers depends on various 
external and internal factors, this complicates the use of 
colour patterns in studies on ants (Gilev, 2002). According 
to Dlussky’s data (1967, p. 31, fi g. 15), however, species of 
red forest ants differ both in the number of colour variants 
and the relationship between colour and body size. Subse-
quently, for this species, this relationship is reported to be 
unstable as in different nests of the same species, worker 
ants with different dimensional characteristics are coloured 
differently (Pisarski & Banert, 1982; Czechowski, 1996).

To overcome such diffi culties, various methods for stand-
ardising sampling were developed, which generally came 
down to comparing workers of the same size (Dlussky et 
al., 1998; Gilev, 2002; Seifert, 2004).

The relationship between colour pattern and body size 
was determined for all the samples. For example, Fig. 3 
shows the relationship between the length of the thorax 
and the colour variant of the pro- and mesonotum. For the 
pronotum, as mentioned earlier, the Pn3 variant dominates; 
there is a pronounced tendency to monomorphism. The 
colour pattern on the mesonotum is more diverse, with the 
Mn1–Mn3 variants the most frequent. Therefore, the rela-
tionship between colour and size is more pronounced for 
the mesonotum and to a lesser extent for other parts of the 
body of an ant. Table 5 provides the Spearman correlation 
coeffi cients of the percentage of covariation between the 
number of colour variants and body size at the locations 
studied. It is clear from Fig. 3 and Table 5 that this connec-
tion may be different at different locations. At Pink Rocks 
the relationship between the number of colour variants and 
body size is clear, i.e., there are statistically signifi cant cor-
relations for head, pro- and mesonotum colour. However, 
at Cape, there is no relationship between body size and 
colour. This is likely because at this location there is little 
variation in both body size and number of colour variants 
(Fig. 3). At Varvarovka, the colouring of the thorax corre-
lates with size, but not that of the head, and the correlation 
is much weaker than at Pink Rocks (Table 5).

The intraspecifi c phenotypic differentiation
The intraspecifi c phenotypic differentiation in F. exsecta 

is described using the approach of B. Pisarski (Pisarski & 
Banert, 1982). The unit of analysis is the ant family, which 
is characterized by an average thorax length and mean col-
our score. In our case, to characterize the colouration of the 
family, instead of the average score, the proportion made 
up of the most numerous variant of the pronotum Pn3 was 
used. The relationship between the average size of ants in 
the family and the proportion of the pronotum variant Pn3 
is shown in Fig. 4.

This fi gure shows that the distribution of points is essen-
tially non-random. The ant families are grouped into four 
discretely distinct compact groups.

The fi rst two groups in the fi gure are from nests at Var-
varovka and Pink Rocks. One of these groups is character-
ized by the smallest workers (1.80–1.85 mm). The propor-
tion of the Pn3 variant in this group reaches 0.85–0.90. In 
the other group, the ants are larger (1.90–1.95 mm) and 
proportion of variant Pn3 drops to 0.7. It is noteworthy 
that there is no smooth transition between these groups; 
their characteristics change abruptly. The reason for this 
discreteness is unknown. Another nest at Pink Rocks, with 
the largest workers (about 2.13 mm) and a proportion of 
the Pn3 variant of about 0.65, forms the third group.

Table 4. Spearman correlations between the intensity of colour of 
different parts of the body of ants recorded at the different locations. 
n – number of individuals. Statistically signifi cant coeffi cients are in 
bold italic.

Trait
Location

Pink Rocks
(n = 142)

Cape
(n = 131)

Varvarovka
(n = 389)

Head – pronotum 0.462
p = 0.000000

0.235
p = 0.006852

0.385
p = 0.000000

Head – mesonotum 0.301
p = 0.000269

0.346
p = 0.000051

0.408
p = 0.000000

Head – propodeum 0.082
p = 0.329

0.082
p = 0.349

0.277
p = 0.000000

Pronotum – mesonotum 0.327
p = 0.000069

0.142
p = 0.104

0.443
p = 0.000000

Pronotum – propodeum 0.418
p = 0.000000

0.231
p = 0.0078

0.210
p = 0.000029

Mesonotum – propodeum
0.362

p = 0.000009
0.124

p = 0.159
0.198

p = 0.000088

Table 5. The association of the number of colour variants recorded for different parts of the body with the length of the thorax of F. exsecta 
at the different locations. Statistically signifi cant coeffi cients are in bold italic. Lth – length of thorax, mm.

Body part
Pink Rocks (n = 141) Cape (n = 131) Varvarovka (n = 387)

Lth rs p Lth rs p Lth rs p
Head

1.94 ± 0.014

–0.26 0.002

2.01 ± 0.010

0.01 0.939

1.88 ± 0.006

–0.02 0.766
Pronotum –0.29 0.001 0.03 0.714 –0.14 0.005
Mesonotum –0.53 0.000 –0.1 0.441 –0.14 0.007
Propodeum –0.15 0.077 –0.1 0.603 –0.13 0.009
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If we consider only these three groups, then it could be 
argued that there is a trade-off between average size and 
proportion of the Pn3 variant. As the size increases, the 
Pn3 fraction decreases and then remains approximately 
constant, not falling below 0.60. At the same time, the 
characteristics of families do not change smoothly along 
with this dependence, but there are some stable states, in 
which most families of ants are located, which manifests 
itself in the form of discrete, compact groups. It should be 
noted that this relationship may indeed be true for these 
two locations, since it is the case for most families at Var-
varovka and all families at Pink Rocks.

The fourth group, which includes all families from Cape 
and one family from Varvarovka, does not fi t this trend. 
This group is characterized by large workers (1.95–2.05 
mm) and maximum values for the proportion of Pn3 (up 
to 0.95–1.00).

It is interesting that in this case there is no difference 
between the geographically remote locations (Varvarovka 
and Pink Rocks). In addition, the observed phenotypic dif-
ferentiation is associated with different habitats at these 
two locations. As Cape is a windy sea meadow, which is 
exposed to quite extreme conditions the nests there are seg-
regated. At Varvarovka and Pink Rocks nests are located in 
a more favourable coniferous forest environment, which is 
refl ected, in particular, in a more complex (compared to a 
segregated) settlement structure. The phenotypic similar-
ity of the ants in one of the nests at Varvarovka with those 
from nests at Cape might be resolved by a more detailed 
study of the micro-habitat conditions at Varvarovka.

DISCUSSION

Different approaches and methods are used to study in-
sect colouration. One of the traditional methods is to give 

Fig. 3. The association of the different colour variants with the size of the body of F. exsecta recorded at the different locations. The size 
of the circle is proportional to the number of combinations. A, C, E – pronotum; B, D, F – mesonotum; A, B – Pink Rocks, C, D – Cape, E, 
F – Varvarovka.
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the various colour aberrations Latin names. This approach, 
in particular, was used to describe variability in longhorn 
beetles (cerambycids) (Plavilshchikov, 1936) and two-
spotted lady beetles, one of the model species in studies on 
polymorphism (Majerus et al., 1994). This approach quick-
ly proved to be unfeasible when the number of known ab-
errations started to exceed hundreds, making it highly in-
convenient and virtually impossible to apply in practice. 
The situation has not changed, although image acquisition 
and processing techniques have improved considerably 
(Miyazaki et al., 2014; Skaldina et al., 2017).

Since 2002, a method for describing variability in colour 
based on uniform colour phenotype schemes has emerged, 
with the main advantage being that the results are compa-
rable between different studies. This was based on the de-
velopment of a colour classifi cation scheme for red wood 
ants (Formica s. str.), which describes colour variants in 
terms of the differences in the degree of melanisation of 
their cuticle (Gilev, 2002; Skaldina & Sorvari, 2017).

Here, for the fi rst time we describe the variation in col-
our of F. exsecta, carried out a discreteness analysis of this 
variation and based on this analysis developed a colour 
pattern scale. 

When developing this scale, we used the same approach 
as that used for Formica s. str., which considers the possi-
bility of transitions between different colour variants with 
increase in melanisation of cuticle in individuals and is 
based on the combinatorics of the elements of the pattern. 
This approach, thus, considered the ways to merge spots. 
The colour pattern is described in terms of its transforma-
tion as the overall pigmentation of an insect increases. It 
is assumed that the individual elements of the colour pat-
tern appear as pigmentation reaches certain thresholds. 
It should be noted that this does not involve ontogenetic 
transformations, but are a method of organizing its descrip-
tion. Apparently, one of the fi rst researchers to develop 
ideas about the transformation of insect patterns was Sh-
vanvich (1949), who devoted three chapters of his capital 
work “The Course of General Entomology”, to this topic. 
This problem was further developed by Filippov (1961), 
who presents a conceptual apparatus for the analysis of ab-

errative variations in colour patterns. In its contemporary 
form, this approach is widespread in phenetics (Timofeev-
Resovsky et al., 1973; Yablokov & Larina, 1985; Grizenko 
et al., 1998; Korsun, 1994, 2000; Vasilyev, 2005; Benkovs-
kaya & Udalov, 2011).

In this approach, both the ordering of the elements of 
the colour pattern and reconstruction of some elements of 
the colour pattern of a sample is important. Thus, a gener-
alised colour phenotype scheme allows one to predict the 
entire array of possible colour variants, even if they have 
not yet been found in the populations studied. In the large 
sample of F. exsecta studied (662 individuals), we recorded 
23 colour variants, and the colour scale (Fig. 2) includes 
three more variants that are likely to be recorded in future 
studies.

Other approaches involve quantitative estimates of the 
area and degree of pigmentation. This method is suc-
cessfully used in the study of ants by Dlussky (Dlussky 
et al., 1998) and more recent studies by Skaldina & Sor-
vari (2017, 2020) on red wood ants. It should be noted that 
Skaldina fi rst describes variations in colour using a method 
similar to ours and then estimates the % degree of pigmen-
tation. In addition, she also uses a modular approach.

Klingenberg’s (2008) modularity concept is an inte-
grative concept aimed at describing the whole organism, 
which is considered to consist of a set of modules, relative-
ly independent of each other, but within which the individ-
ual parts are closely integrated. A module may respond to 
some environmental factors, while others may not. For ex-
ample, the colouration of the head and thorax of red wood 
ants can be considered as separate modules (Skaldina & 
Sorvari, 2017).

It is likely, however, that the relationship between dif-
ferent modules and within a single module can be com-
plex and ambiguous. The relationship between individual 
attributes can be non-linear. According to our data (Gilev, 
2002), the colouration of different parts of an ants’ thorax 
also varies relatively independently. In addition, there is 
a hierarchical relationship between the colouration of the 
pronotum, mesonotum and propodeum, which is not re-
vealed by simple correlation analysis. The palest variants 
of one part of the body of F. exsecta are more often record 
for generally pale individuals and vice versa. When the 
whole body is pale or dark may indicate a relatively syn-
chronous total pigmentation of different parts of the body 
during ontogenesis. Thus, a certain level of pigmentation 
of the pronotum is possibly associated with the appearance 
of a whole spectrum of colour variants of the mesonotum 
(Gilev, 2002). Such complex and ambiguous interrelations 
between separate parts of the body indicates that the col-
ouration of the most informative part of the module (not of 
the whole module) should be considered, and was imple-
mented in our study. In addition, no stable combinations 
of colour variants were recorded, which indicates the rela-
tively independent variation in colour on different parts of 
the body. Thus, the colouration on each part of the body of 
F. exsecta may, if necessary, also be considered as a sepa-
rate phenotypic trait (module).

Fig. 4. The association of the proportion of the Pn3 variant with the 
body size of F. exsecta at the different locations. Varvarovka are 
in regular type, Kuzokotsky Peninsula are in bold italic. Orange – 
Pink Rocks, green – Cape, Purple – Varvarovka.
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Furthermore, in F. exsecta, a long-known pattern 
(Dlussky, 1967), according to which large individuals are 
on average paler than small ones, was revealed. In addi-
tion, the correlation between the number of colour variants 
and body size differs signifi cantly at different locations. 
This important fi nding indicates that body size in insects 
is only one of the factors inducing differences in coloura-
tion between individuals. Thus, colouration, which varies 
relatively independently between body parts, has its own 
informational value. Therefore, we believe it can be useful 
for studying intraspecifi c phenotypic differentiation.

Pigmentation has many adaptive functions, such as (1) 
physical and immunological protection of the organism; 
(2) signalling, including camoufl age, unpalatability, rival 
quality and mate choice; and (3) physiological adaptations 
to temperature, UV radiation and desiccation (Rusina et al., 
2007; Tibbets, 2010, 2013; Badejo, 2020). The degree of 
colouration of F. exsecta recorded can be used as a tool to 
describe the transformations of a given variation. There is 
every reason to believe that in F. exsecta the colour variants 
are good indicators of adaptative strategies to the spatial 
and temporal heterogeneity of environmental conditions 
associated with the habitats occupied by both individual 
families and their populations (see Fig. 4). Current studies 
indicate that in ants, colouration is mainly associated with 
camoufl age and thermoregulation (Badejo, 2020).

The factors affecting the variation in colour require fur-
ther study. However, this study indicates that discrete (and 
semi-discrete) colour variants can be used for studying 
time-space phenotypic differentiation, adaptation to micro-
habitats and other aspects of the biology of F. exsecta. It 
should be noted that the variation in pigmentation in ants of 
the subgenus Formica s. str. are similar and form homolo-
gous series of variations. It can be expected that, as in the 
case of Formica s. str., our generalised colour scale will be 
suitable for describing the colour variants in other species 
of the subgenus Coptoformica.
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