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Abstract: Studying four species of red wood ants (Formica rufa, F. polyctena, F. aquilonia, F. lugubris), we examined nest morphometrics 
(height and diameter of anthills), spatial parameters (location of anthills of different sizes relative to each other), and the number of trails per 
colony in three regions of Ukraine and Russia: Kyiv region (877 anthills), the Urals (274 anthills) and Cis-Baikal (72 anthills). We have 
established a relationship between the number of anthills in the nest complex and the maximum parameters of the average height and diameter, 
as well as the average number of trails. Under optimal conditions, the infrastructure of the forage area of red wood ants becomes more complex 
– an increase in the average number of trails. We have shown that the morphometric parameters of anthills differ significantly in four species 
of red wood ants. In addition, it was confirmed that single anthills are on average smaller than colonial ones and have, on average, fewer trails 
per anthill. There is a pronounced spatial aggregation between the anthills of red wood ants of the same species (F. rufa, F. polyctena, Kyiv 
population) of all size classes. 
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1. Introduction 
Red wood ants, one of the best studied groups of Palearctic 
ants, are divided into two species complexes, the Formica rufa 
complex (Formica rufa Linnaeus, 1761; Formica polyctena 
Foerster, 1850) and the Formica lugubris complex (Formica  
lugubris Zettterstedt, 1838; Formica  aquilonia Yarrow, 1955; 
Formica  paralugubris Seifert, 1996; Formica  helvetica Seifert, 
2021; F. ussuriensis Seifert, 2021). Two features that red wood 
ant species have in common: 1) large nest mounds that act as 
solar collectors to warm the nest, and 2) the possession of both 
monogynous colonies that are solitary and polygynous 
colonies that can form enormous anthill complex (Dlussky, 
1975, 1980; Frouz and Finer, 2007; Kadochova and Frouz, 
2013, 2014; Gorny et al., 2015; Stukalyuk et al., 2020). Here, 
we examine the similarities and differences among four 
species of red wood ants with broad ranges across Europe and 
Asia: Formica rufa, F. polyctena, F. aquilonia, F. lugubris. 

The ability to facilitate warming of anthills in spring gives 
red wood ants an advantage over other ant species, allowing 
them to start laying eggs earlier and produce three to five 
generations of workers and one generation of reproductive 
individuals (gynes and males) per year (Zakharov, 2015). This 
also allows red wood ant colonies to grow rapidly. The largest 
anthills can consist of hundreds of thousands to 5–6 million 
workers, depending on the species (Zakharov, 2015).   

Monogyny versus polygyny is the key factor determining 
the maximum population size of an individual anthill. 
Monogynous colonies, consisting of single anthills, are 

aggressive to conspecifics from other nests (Dlussky, 1967), 
and are usually smaller in size than anthills in polygynous nest 
complexes (Punttila and Kilpeläinen, 2009). In F. polyctena, 
only 3% of the colonies were monogynous, the rest were 
polygynous (Seifert, 2018). The population of a polygynous 
anthill complex can number up to 20 thousand queens, and 
up to 17 million workers (Seifert, 2018). In general, similar 
biological features in F. aquilonia are pronounced polygyny, 
the population of individual anthills is several million 
individuals (Zakharov, 2015). Another species, F. lugubris, 
exhibits an extremely wide spectrum, from strict monogyny 
(Breen, 1976) to polygyny and the ability to form nest 
complexes (Zakharov, 2015). Colony sizes usually do not 
exceed 140 thousand individuals (Seifert, 2018). At the same 
time, monogynous colonies usually live on islands in Central 
Finland, while on the mainland most colonies are polygynous 
(Sorvari, 2018). Thus, monogynous colonies can live mainly 
in single and small-sized anthills, and polygynous ones can 
unite in colonies, consisting mostly of large anthills. 

The size of individual anthills of different species of red 
wood ants, depending on the population, will also vary 
greatly, from 0.5 m to 4 m in diameter and up to 1.8 m in 
height (Zakharov, 2015). At the same time, the size of an 
anthill is not always a linear relationship of its population. 
Thus, different species of red wood ants show different sizes 
of colonies, different numbers of queens, from predominantly 
monogyny and small-sized colonies to obligate polygyny and 
the ability to form supercolonies. 
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The latter is more characteristic of F. polyctena and F. 
aquilonia (Zakharov, 2015), although large aggregations of 
anthills in some cases can be formed by F. rufa (Zakharov, 
2015), F. lugubris (Gyllenstrand and Seppa, 2003). The studies 
about measuring the parameters of anthills (height, diameter, 
slope of the embankment) represented are well (Zakharov, 
2015; Sondej et al., 2018). Through the parameters of the 
diameter and height, taking into account the shape of the 
anthill, which is close to hemispherical, the total volume of the 
nesting domes included in the colonies (in m3) is calculated. 
This parameter can be used to recognize the volume of the 
nest complexes. Questions about comparing the sizes of 
anthills of different species of red wood ants, as well as about 
the questions about composition of anthills of different size 
classes in nest complexes, are of great scientific interest. 
Different linear sizes (diameter, height) correspond to 
colonies with different populations and different ages – large 
anthills, as a rule, are older and can live for tens or even 
hundreds of years (Zakharov, 2015). Each anthill goes 
through different stages of development – from foundation, 
growth and stabilization to degradation and depopulation. 
The advantage of colonies over solitary anthills is that the 
population of a degrading anthill in colony can move to one 
of the neighboring anthill, which are in a more prosperous 
state (Dyachenko, 2017). The very same distribution of 
anthills by size in the composition of colonies, which include 
a different number of anthills, can vary greatly. For example, 
if most of the anthills in a supercolony (nest complex) belong 
to small, it can be argued about the phase of active growth of 
this colony, accompanied by the formation of new daughter 
anthills. If the anthills are mostly large, then the supercolony 
is in a stable phase. A large number of abandoned anthills, the 
union of small anthills into several large ones may indicate the 
degradation of the supercolony of red wood ants (Zakharov, 
2015). If small anthills are closely related to the stage of their 
development and age, then in large anthills this dependence is 
less pronounced, since their sizes can vary from other factors, 
for example, characteristics of the habitat (its resource base), 
inclusion in the colony composition, and also the destruction 
of the nest by wild animals (wild boars, bears) and people 
(Dyachenko, 2017). Therefore, the size structure of the 
anthills in the colony corresponds to the indicators of the 
quantitative growth of the anthills included in its 
composition. Analyzing such data, one can recognize the 
phase of life cycle of the nest complex. Comparison of data on 
the size composition of anthills from natural habitats and 
anthropogenically affected urbanized forests can provide 
information on the current state of the colony under different 
conditions. The population of colonies is quite stable, in the 
case of constant conditions, and within 10 years the number 
of anthills can fluctuate within 8%–10% (Dyachenko, 2017), 
while the most of the increase or loss falls on small anthills 
with diameter 0.5–0.7 m (Zakharov, 2015). The presence of a 
large number of large anthills in a colony may be a sign of its 
stable existence for many years. 

Studies of nest complexes of red wood ants based on the 
use of GIS technologies (Antonov et al., 2019; Juhász et al., 
2020; Klimetzek et al., 2021) make it possible to analyze 

information on the current structure of colonies of different 
sizes. Repeated measurements make it possible to establish 
what changes occurred in the composition of the colony: 
whether the number of anthills of different class sizes 
changed, the number of trails per anthill in the colony, 
whether abandoned anthills are appeared or its number 
increased. In addition, it is possible to establish how the 
infrastructure differs in solitary anthills, as well as in nest 
complexes (colonies) of different sizes.  

Also, GIS-maps make it possible to analyze the features of 
the spatial distribution of anthills relative to each other in a 
nest complex and between different nest complexes. On a 
larger scale, using the example of the Urals (Russia), an 
analysis of the location of large nest complexes of red wood 
ants was carried out, as a result of which it was found that they 
form clusters of nest complexes. Each cluster has 15 km wide 
and 100 km long, with intercluster distances of 100–120 km 
(Gilev, 2011). 

The GIS-mapping method is applied in our work as well. 
We compared the data on the linear sizes of the nests of 4 
species of red wood ants in different parts of its range. In 
natural habitats (for example, in the taiga), red wood ants can 
form larger colonies compared to suburban forests. In 
addition, a comparison of the composition of colonies (by size 
classes of anthills and by its linear parameters – diameter and 
height) from different locations can help to identify patterns 
common for the organization of nest complexes of red wood 
ants. It associated with the hypothesis of our study on the 
relationship between the number of anthills in the nest 
complex and linear parameters of anthills. Different species of 
red wood ants form colonies of different size (different 
number of anthills) and differing in the linear dimensions of 
the anthill, therefore, their comparison with each other is also 
appropriate. This will provide key information on the 
infrastructure of colonies of different species and their 
condition in different types of habitats. 

The aim of the study is to carry out a comparative analysis 
of the morphometric parameters of anthills of 4 species of red 
wood ants (Formica rufa, F. polyctena, F. lugubris, F. 
aquilonia) in different habitats: zone of deciduous and 
coniferous forests in Ukraine and in the taiga zone of Russia. 
Our study covered populations of red wood ants from the 
western part of the range (Kyiv region, Ukraine), and the 
central and eastern part (Ural and Cis-Baikal, Russia). Two of 
the red wood ant species studied by us live in the western part 
of the range (Formica rufa, F. polyctena), while in the eastern 
part of range we studied three species (F. polyctena, F. 
lugubris, F. aquilonia). The authors assume that with the 
growth of the colony (the number of anthills in it), the average 
size of the anthill will increase, as well as the complexity of the 
infrastructure (the increase in the number of trails). In 
addition, we assume that there is no pronounced spatial 
aggregation between large anthills, but it is present between 
large and small anthills within nest complexes, which is the 
second hypothesis of the study. To test both hypotheses, we 
set the following tasks: a) to compare the average sizes (height, 
diameter) of solitary anthills and anthills in the composition 
of colonies of different sizes in different parts of the range; b) 
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similarly, but to assess the development of the infrastructure 
of the forage area, compare solitary and colonial nests in terms 
of the average number of trails per anthill; c) determine if 
there is aggregation between anthills of the same size class and 
between anthills of different sizes. 

2. Materials and methods 

2.1. Study area 
The study was conducted in June–August 2014, 2016-2019 on 
the territory of two countries – Ukraine and the Russia (Figure 
1).  

We chose the summer period for research because the 
anthills of ants have already been built after wintering, and 
activity of ants moves to the forage area. Forage area at this 
time is maximal in the size (Mabelis, 1979). In Ukraine, 
studies were carried out in July–August 2016–2019 on the 
territory of the green zone of the Kyiv region and Kyiv 
(Ukraine). In general, in Kyiv and Kyiv region (Ukraine), 887 
nests of red wood ants were identified belonging to two 
species, Formica rufa Linnaeus, 1761 (478 anthills) and F. 
polyctena Forster 1850 (409 anthills). 

Anthills of red wood ants were found in the 13 locations 
in Kyiv and Kyiv region (for more details, see the article by 
Stukalyuk et al., 2020).  

As a comparison of the parameters of anthills, we used the 
data collected by A.V. Gilev in the forests of the Urals (total 
274 anthills), and I. A. Antonov for the Cis-Baikal (Eastern 

Siberia, total 72 anthills), (Russia). In the Ural, 13 anthills of 
F. lugubris (one location, coniferous forest), 221 anthills of F. 
aquilonia (two locations: 183 anthills from a nest complex 
with 500 anthills in the vicinity of Khanty-Mansiysk, and 38 
anthills from a nest complex of 95 anthills in the vicinity of 
Sverdlovsk). In the vicinity of Kamensk-Uralsky (Sverdlovsk 
region of Russia), a complex of F. polyctena of 95 anthills was 
examined (of its 33 anthills were measured) and one, smaller 
complex of 7 anthills (all measured.) For Eastern Siberia (Cis-
Baikal), data are given on 72 anthills: the 1st location – 20 
anthills in the vicinity of the village of Hogot; the 2nd location 
– 8 anthills in the vicinity of the village of Zagatui; the 3rd 

location – 19 anthills from a nest complex of 50 anthills in the 
vicinity of Onguren; the 4th location – 10 anthills in the 
vicinity of the village of Khalgai; the 5th location – 7 anthills 
in the vicinity of the village of Uzury; the 6th location – 8 
anthills in the vicinity of the village of Elantsy. Total, in Cis-
Baikal, 60 anthills belonged to F. aquilonia, and 12 – to F. 
lugubris.  

In general, we have analyzed the morphometric 
parameters of 1233 anthills of red wood ants belonging to 4 
species: F. lugubris, F. aquilonia, F. rufa, F. polyctena. 
2.1.1. Characteristics of forests  
The forests of Kyiv (Ukraine), in which anthills were found, 
were attributed by us to three types: a) deciduous (Feofaniya, 
Lysa Hora), mixed (territories of the Goloseevsky forest in 
which anthills were found, a forest between the village of 
Khotov and the village of Novoselki, Kotsyubinske, partly a 

 
 
Figure 1. Study sites. 1 = Kyiv region, 2 = Urals, 3 = Cis-Baikal (Mercator projection WGS84). 
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forest in the vicinity of Boyarka, a forest in the vicinity of the 
village of Chayka) and coniferous forests (all other points) 
(Stukalyuk et al., 2020). Composition of coniferous forests by 
dominant tree species – pine (Pinus sylvestris), mixed – oak 
(Quercus robur), maple (Acer platanoides), pine, deciduous – 
oak, maple, hornbeam (Carpinus betulus). 

In the Urals (Russia), F. lugubris anthills surveyed in 
2016–2017 were found in the coniferous woodland of spruce 
(Picea obovata), fir (Abies sibirica), less often larch (Larix 
sibirica), with admixtures of birch (Betula pendula). A large 
complex of F. aquilonia anthills in the Khanty-Mansiysk 
Autonomous Okrug (near the village of Seliyarovo) was 
located in a pine forest with Siberian stone pine (Pinus 
sibirica) undergrowth and rare old cedars. Two smaller 
complexes of the same species were located in a pine forest in 
the Sverdlovsk region (near the town of Rezh). In 2017, two 
complexes of F. polyctena anthills were located in a birch 
forest (the same area, in the vicinity of Kamensk-Uralsky). 

In the Cis-Baikal region, the detected anthills of red wood 
ants in the vicinity of the village Khogot were found in 
subtaiga larch forests (the main species was Siberian larch 
Larix sibirica), in the vicinity of the village of Zagatui – in 
mountain-taiga larch forests with an admixture of Scots pine 
(Pinus sylvestris) and in subtaiga pine forests in the vicinity of 
the village Onguren; villages Khalgay and Uzury – in the 
mountain-taiga pine forests; in the vicinity of the Elantsy  
village - in piedmont subtaiga pine forests. 
2.2.  Measurements of the external parameters of anthills 
In all locations, a census of anthills was carried out using the 
route counting method (Dlussky, 1965). According to this 
technique, the route took into account all the anthills that are 
located in a strip of 10 m (5 m on each side) from the 
researcher. In the case of finding not solitary anthills, but nest 
complexes, the route was repeated in the nearest 10 m strip 
and so on until all the anthills included in the complex were 
taken into account. 

After the detection, the following measurements were 
carried out for each anthill: a) GPS coordinates of the location 
(latitude and longitude, data for all anthills were collected 
from the locations of Kyiv and the region). The coordinates 
were determined using a Garmin eTrex 20 device (Garmin 
Incorporated, USA); b) selection of 5–10 workers to 
determine the species – from single anthills and from nest 
complexes (the number from 2 anthills connected by trails 
was taken as such). Species identification was carried out 
according to Radchenko (2016) and Zakharov (2015), later 
the species identity was rechecked according to the characters 
given in the article by Seifert (2021); c) the diameter of the nest 
mound in two projections – the widest and the narrowest 
(criss-cross) in meters; d) the height of the nest mound in 
meters. For all detected anthills of the Kyiv population, the 
number of trails was also estimated. 
2.3. Study design 
The GPS mapping results are partially shown in Figure 2, 
where part of all the anthills of red wood ants found in the 
Kyiv population are presented. The map shows anthills of 
different sizes and their relative positions.  

All anthills detected were assigned to one of four classes, 
the boundaries of which were determined by the k-means 
method. The first class includes anthills with a diameter of up 
to 0.70 m and a height of up to 0.275 m (0–25 quartile), the 
second – with a diameter of 0.71 to 1.00 m and a height of 
0.275 m to 0.40 m (25–50 quartile). The third class includes 
anthills from 1.01 to 1.45 m in diameter and 0.41 to 0.60 m in 
height (50–75 quartile), to the fourth - anthills with a diameter 
of 1.46 m and above and with a height of 0.61 m and above 
(75–100 quartile). In addition to single anthills, we have 
identified nest complexes consisting of 2–5 anthills, 6–10 
anthills, 11–20 anthills, 21–50 anthills, as well as more than 50 
anthills (Kyiv population) in separate data sets. For the Urals, 
where two nest complexes numbered more than 50 anthills 
(95 and 500 anthills), we did not distinguish a separate 
category of nest complexes in terms of the number of anthills. 
2.4. Statistical analysis of anthill sizes 
Statistical calculations were performed using the Past v. 4.03. 
The data were checked for normality of distribution, in case 
of noncompliance with the normal distribution, 
nonparametric methods of analysis were used. Differences 
between groups (linear sizes of anthills from different 
locations, between one species and several species; height and 
diameter of anthills of different size classes) were tested using 
the Kruskal-Wallis test for equal medians (K-W). In case of 
significant differences, the Mann-Whitney test (M-W) was 
used. To clarify the correlations between the parameters, the 
Pearson correlation coefficient was calculated. Average 
diameters and heights in the figures are shown as barchart-
boxplot regime (Past v. 4.03), violin and box mode. 
2.5. Spatial statistics 
To analyze the spatial correlation between anthills of different 
sizes, we used the pair correlation function g (r), which takes 
into account only the distance between two points, which 
makes the interpretation of the results more accurate. The 
Diggle-Cressie-Loosmore-Ford test (DCLF-test) was used for 
the K-function at distances of 500 m to confirm the statistical 
significance of the nonrandom location of the anthills relative 
to each other. The spatstat package (Baddeley et al., 2015) for 
R was used. 

3. Results 
3.1.  Average size of anthills in red wood ants  
In the Urals, the largest anthills were found in species that 
form large nest complexes of 95–500 ant hills: F. aquilonia and 
F. polyctena (Figure 3A).  

There are significant differences in diameter between the 
anthills of the three ant species (K-W: p = 9.44 E-10). The 
largest are the anthills of the colonial form of F. aquilonia, 
somewhat smaller are the anthills of the colonial form of F. 
polyctena, and even smaller are the anthills of the colonial 
form of F. lugubris (Figure 3A). Colonial anthills of F. lugubris 
from Cis-Baikal have the smallest size (Figure 3A). The 
anthills of F. lugubris in Cis-Baikal are larger in diameter than 
those of the same species from the Urals (M-W: p = 0.000496, 
Bonferroni corrected p values are given here in after for M-W 
test). Anthills of the colonial form of F. aquilonia in the Urals 
are larger in diameter than anthills from colonies of F. 
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polyctena (M-W, p = 0.0186) and larger than anthills of F. 
aquilonia from Cis-Baikal (M-W, p = 5.94 E-05). At the same 
time, the anthills of F. polyctena from the Ural population are 
larger in diameter than the anthills of F. lugubris from Cis-
Baikal (M-W, p = 8.21 E-05). The F. aquilonia anthills from 
the populations of Cis-Baikal are larger in diameter than F. 
lugubris anthills (M-W, p = 0.00189). The same is observed 
when comparing F. aquilonia from the Urals and F. lugubris 
from Cis-Baikal (M-W, p = 5.41 E-06). 

In height, significant differences were also obtained 
between anthills of different species from different locations 
(Figure 3B, K-W, p = 0.00198). On average, the highest are the 
anthills of the colonial form of F. aquilonia from the Urals, 
somewhat less are the anthills of the colonial form of F. 
lugubris from the Urals, and even less are the anthills of F. 
polyctena from the Urals. The smallest anthills of F. lugubris 
are from Cis-Baikal. Pairwise comparison (M-W test) gave 
significant differences between the average height of anthills 
of the colonial form of F. aquilonia and the colonial form of 
F. lugubris from the Ural population (M-W, p = 0.0163). 

The anthills of F. rufa, F. polyctena from the location of 
Kyiv are smaller in average size (height, diameter) than the 

nests of F. aquilonia, F. polyctena from the location of the 
Urals and Cis-Baikal (Figures 3C and 3D). The average 
diameter and height of the colonial and single anthills of both 
species in the Kyiv location also significantly differ - the 
anthills of the colonial forms are larger in diameter and height 
(Figures 3C and 3D, K-W, p = 1.74E-22 for height and p = 
3.81E-32 for diameter). 

The largest anthills in terms of diameter in F. polyctena, 
these anthills are larger than single anthills of the same species 
(M-W, p = 0.0148). Anthills of the colonial form of F. rufa are 
also larger in terms of diameter than single anthills (M-W, p 
= 0.00160). The height is similar – the anthills of colonial 
forms F. polyctena, F. rufa are higher than single anthills (p = 
0.0317 for F. rufa, for F. polyctena the differences are 
insignificant). There is also a significant difference between 
the species in the size of anthills – in F. polyctena, it is larger 
and higher than in F. rufa (M-W, for diameter: p = 7.722E-20, 
for height: p = 2.905E-14). 

For the Kyiv population of F. rufa, F. polyctena, it was 
found that the size (diameter and height) of anthills 
significantly increased depending on the increase in the 
number of anthills in the complex (Figure 4A, diameter for F. 

 

Figure 2. Fragment of a map of the nest complex of red wood ants on the territory of Kyiv and Kyiv region. Anthills are marked with yellow 
circles. The symbols in the circles represent the size classes of the anthills. 
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rufa: K-W, p = 0.0001549; Figure 4B, diameter for F. 
polyctena: K-W, p = 1.698E-05; Figure 4C, height for F. rufa: 
p = 7.179E-05; Figure 4D, height for F. polyctena: K-W, p = 
0.001028). 

F. rufa anthills in complexes of 21–50 and 51–100 anthills 
are larger in diameter than single anthills of the same species 
(M-W, p = 0.005018 (single vs. 21–50), p = 0.007697 (single 
vs. 51–100). The height of F. rufa anthills from large 
complexes (51–100 anthills) is greater than in single anthills 
(M-W, p = 1.718E-05) or than anthills from small complexes 
(2–5 anthills, M-W: p = 0.0006593).  For F. polyctena, a similar 

relationship was established: in diameter between complexes 
of 21–50 anthills vs single ones (M-W, p = 0.01022), as well as 
between complexes of 51–100 anthills vs single ones (M-W, p 
= 0.002785). 

F. polyctena anthills in small complexes of 2–5 anthills are 
also smaller in diameter than anthills in complexes with 21–
50 anthills (M-W, p = 0.001975), or than anthills in complexes 
of 51–100 anthills (M-W, p = 0.0009202). 

Significant differences were also found for the height 
between single and colonial anthills. In F. rufa, single anthills 
are less high than anthills from complexes of 51–100 anthills 

 
Figure 3. Average diameter and height (in meters, m) of nests of red wood ants from different locations: Diameter (3A) and height (3B) of 
Formica lugubris, F. aquilonia, F. polyctena anthills, included in nest complexes (c). Ur - Ural, Irk - Irkutsk (Cis-Baikal, Russia). Diameter 
(3C) and height (3D) of F. rufa, F. polyctena anthills, Kyiv and Kyiv region (Ukraine), c - colonial forms (nest complexes), s - single anthills. 
Legend in Figures 2–5. "Whiskers" vertical lines within color-filled areas include Whisker length (one sigma), mean (horizontal line across 
the box) and standard error of mean, color-filled boxes up and down from the vertical line indicate the variability of the mean, quartile 
method - interpolation; in violins filled regions are colored. 
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(M-W, p = 1.718E-05). The same applies to anthills from 
complexes of 2–5 anthills vs. 51–100 anthills (M-W, p = 
0.0006593). For F. polyctena, similar results were obtained: 
single anthills are smaller in height than anthills from 
complexes of 21–50 anthills (M-W, p = 0.009301), anthills 
from small complexes of 2–5 anthills are smaller than anthills 
from complexes of 21–50 anthills (M-W, p = 0.007486). 

Nest complexes from different locations are differed in the 
composition of anthills of size classes (Tables 1 and 2). 

Among the colonial form of F. aquilonia, anthills of 4 size 
classes predominate, belonging to the largest anthills (Ural 
location). Among single anthills of the same species from Cis-
Baikal, the main part belongs to the 3rd size class. F. polyctena, 
F. lugubris from the Urals location demonstrate similar results 
– the predominance of the largest anthills of the 4th size class. 

For F. rufa in the Kyiv location, the prevalence of small 
anthills of 1–2 classes is characteristic, however, with an 

increase in the number of anthills in the nest complex, large 
anthills of 4th classes appear.  

For F. polyctena, in large complexes with 51–100 anthills, 
the number of anthills of the 4th size class can be about one 
fourth of the total number of anthills. In the same complexes, 
anthills of 3rd classes prevail in terms of the number. Single 
anthills are generally in 1st and 2nd classes. 
3.2. Average number of trails for single and colonial 
anthills of red wood ants  
Interesting data were obtained when comparing the average 
number of trails in single anthills and complexes consisting of 
different numbers of anthills. For F. rufa, it was found that 
solitary anthills, on average, have fewer trails than colonial 
ones (Figure 5A).  

This is confirmed by the results of the Kruskal-Wallis test 
(K-W, p = 1.301E-13). Single anthills have fewer trails, on 

 
Figure 4. Average diameter (4A, 4B) and height (4C, 4D) of F. rufa and F. polyctena anthills depending on the status: single, 2-5 anthills, 6-
10 anthills, 11-20 anthills, 21-50 anthills, 51-100 anthills in the nest complex (colony). Kyiv andregion, Ukraine. 
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average, than anthills in complexes of 6–10 anthills (M-W, p 
= 3.074E-06), and then in a complexes of 21–50 anthills (M-
W, p = 8.277E-13), and then in the largest complexes of more 
than 51 anthills (M-W, p = 0.002967). An increase in the 
average number of trails per anthill was recorded in 
complexes of the following sizes: from 6–10 more vs. 2–5 
anthills (M-W, p = 0.007023), and a complex of 21–50 anthills 
vs. 2–5 anthills (M-W, p = 3.18E-07), and in complexes with 
21-50 anthills more than in the largest complexes of 51-100 
anthills (M-W, p = 0.001871) (Figure 5A). Thus, the largest in 
the average number of trails per anthill in F. rufa are 
complexes of 21–50 nests. 

A similar pattern is observed in F. polyctena (Figure 5B). 
The results of the Kruskal-Wallis test showed significant 
differences in the average number of trails between the 
compared groups: (K-W, p = 8.019E-08). Solitary anthills in 
F. polyctena also have, on average, a smaller number of trails 
compared to colonial ones, but this is reliable only for 
comparing single anthills and a complex of 21–50 anthills (M-
W, p = 6.468E-06). On the other hand, there are differences in 
the average number of trails per anthill between complexes of 
different sizes: colonies of 21–50 anthills have more trails than 
those of 2–5 anthills (M-W, p = 7.752E-07), or than 6–10 
anthills (M-W, p = 0.01615). In addition, in colonies of 25–50 
anthills, the number of trails is on average per one anthill 
more than in colonies of 51–100 anthills (M-W, p = 1.657E-
05). 

Table 2. The number of single and colonial anthills of different 
size classes in the Kyiv location (Ukraine). 
Diameter and 
status of anthill 

1st size class, 
number of anthills 

2nd size 
class 

3rd size 
class 

4th size 
class 

F. rufa, single 81 47 11 0 
F. rufa, colony 2 
to 5 anthills 81 49 23 5 

F. rufa, 6 to 10 15 14 6 3 
F. rufa, 11 to 20 10 11 4 2 
F. rufa, 21 to 50 18 20 11 6 
F. rufa, 51 to 100 22 16 18 5 

Height 1st size class, 
number of anthills 

2nd size 
class 

3rd size 
class 

4th size 
class 

F. rufa, single 73 51 15 0 
F. rufa, 2 to 5 69 61 24 4 
F. rufa, 6 to 10 17 13 5 3 
F. rufa, 11 to 20 8 10 9 0 
F. rufa, 21 to 50 29 8 18 0 
F. rufa, 51 to 100 16 17 22 6 

Diameter 1st size class, 
number of anthills 

2nd size 
class 

3rd size 
class 

4th size 
class 

F. polyctena, 
single 12 29 15 4 

F. polyctena, 2 to 
5 25 20 15 9 

F. polyctena, 6 to 
10 3 2 0 2 

F. polyctena, 21 
to 50 18 21 34 30 

F. polyctena, 51 
to 100 27 36 68 38 

Height 1st size class, 
number of anthills 

2nd size 
class 

3rd size 
class 

4th size 
class 

F. polyctena, 
single 13 27 17 3 

F. polyctena, 2 to 
5 24 21 18 6 

F. polyctena, 6 to 
10 1 4 1 1 

F. polyctena, 21 
to 50 18 26 36 23 

F. polyctena, 51 
to 100 24 69 64 12 

 
Based on this, it can be assumed that, at least in the Kyiv 

population, for both species of red wood ants, the optimal size 
of the nest complex in terms of the number of anthills is 21–
50. 

A high Pearson correlation was found between the mean 
diameter and the average number of trails; in F. rufa it is 
0.7221 (p < 0.0003) for all anthills, and in F. polyctena it is even 
higher: 0.75814 (p < 0.0001, also for all anthills). For the 
height, no reliable connections with the number of trails have 
been established. Calculations were carried out for the entire 
data set of height, average (between two measurements) 
diameter, and the number of trails. 

The number of trails increases for F. rufa anthills of 
different size classes. Moreover, this applies to both diameter 

Table 1. The number of anthills of different size classes in the 
composition of colonies in the locations of the Urals and Cis-
Baikal. 

Diameter and 
status of anthills 

1st size class, 
number of anthills 

2nd 
size 
class 

3rd size 
class 

4th size 
class 

F. lugubris, 
colony, Ural 0 3 5 5 

F. polyctena, 
colony, Ural 2 11 14 51 

F. aquilonia, 
colony, Ural 5 15 31 132 

F. aquilonia, 
colony, Cis-Baikal 2 7 14 37 

F. lugubris, 
colony, Cis-Baikal 2 2 4 4 

Height 1st size class, 
number of anthills 

2nd 
size 
class 

3rd size 
class 

4th size 
class 

F. lugubris, 
colony, Ural 0 0 5 8 

F. polyctena, 
colony, Ural 2 13 30 33 

F. aquilonia, 
colony, Ural 4 19 41 119 

F. aquilonia, 
colony, Cis-Baikal 5 10 23 22 

F. lugubris, 
colony, Cis-Baikal 5 3 4 0 
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(Figure 6A, K-W, p = 5.632E-41) and heights (Figure 6B, K-
W, p = 3.901E-24) .  

For the height, it was found that anthills of 1st size class 
have fewer trails than anthills of 2nd class (M-W, p = 7.169E-
09), as well as anthills of 3rd class (M-W, p = 2.372E-19), and 
anthills of 4th class (M-W, p = 6.89E-05). The 2nd class of 
anthills have fewer trails than 3rd class of anthills (M-W, p = 
1.489E-08) and then 4th class of anthills (p = 0.007955). No 
such relationship was found between large anthills of classes 
3 and 4. For the diameter of anthills in F. rufa, the same 
pattern is observed – the number of trails increases with the 
size of the anthill. The 1st class of anthills with fewer trails 

than 2nd class of anthills (M-W, p = 1.961E-22), as well as 3rd 
class of anthills (M-W, p = 1.609E-24) and 4th class of anthills 
(M-W, p = 2.039E-11). The 2nd class of anthills have fewer 
trails than 3rd class of anthills (M-W, p = 1.976E-09) and 4th 
class of anthills (M-W, p = 0.0005677). 

The picture is similar for F. polyctena. Differences between 
the number of trails and morphometric parameters of the 
anthill are significant both for diameter (Figure 6C, K-W, p = 
5.943E-48) and height (Figure 6D, K-W, p = 2.151E-35). 
According to the height parameter, anthills of 1st class have 
fewer trails than anthills 2nd class (M-W, p = 2.86E-12), 3rd 
class (M-W, p = 1.162E-21), 4th class (M-W, p = 1.132E-15). 

 

Figure 5. Average number of trails depending on anthill status in F. rufa (5A) and F. polyctena (5B) (single or colonial, from 2 to 51 and 
more anthills), Kyiv and region, Ukraine. 
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The 2nd class of anthills have fewer trails than 3rd class of 
anthills (M-W, p = 5.999E-12). The 4th class of anthills have 
a greater number of trails than 3rd class of anthills (M-W, p = 
9.851E-05). According to the diameter parameter in F. 
polyctena, anthills of 1st class have a smaller number of trails 
than anthills of 2nd class (M-W, p = 4.649E-11), 3rd class (M-
W, p = 3.117E-23), and 4th classes (M-W, p = 3.211E-20). The 
2nd class of anthills have fewer trails than 3rd class of anthills 
(M-W, p = 1.42E-19). The number of trails for anthills of the 
4th class is more than at the anthills of the 3rd (M-W, p = 
1.147E-10). 

Thus, along with an increase in the morphometric 
parameters of the anthills, the ramification of the 
infrastructure also increases – that is, an increase in the 
number of trails occurs. This is equally true for both F. rufa 
and F. polyctena. 

3.3.  Spatial structure of anthills of different size classes 
in F. rufa and F. polyctena 
The results of the analysis function of the correlation of pairs 
g (r) indicate clustering of anthills of all sizes, especially at 
distances of up to ~ 30 m in F. polyctena and 100 m in F. rufa 
(Figures 7A and 7B).  

The Diggle-Cressie-Loosmore-Ford test (DCLF-test) also 
confirms that nonrandom nest aggregation in these species is 
statistically significant at p = 0.01. 

4. Discussion 
As a rule, the size of an anthill can be related to the level of 
illumination – large nests of red wood ants are usually in the 
shade. Red wood ants (species Formica rufa) in conditions of 
lack of lighting can built anthills in tree crowns (in hollows, 
on oak, Stukalyuk, 2017). The anthill is built and populated 

 
 
Figure 6. Average number of trails depending on the size class of the anthill F. rufa taking into account the diameter (6A) and height (6B), 
F. polyctena - also taking into account the diameter (6C) and height (6D), Kyiv and region, Ukraine. 
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on the oak tree in spring, and in autumn the ants descend 
from the tree to wintering anthills. 

Equally, the distance to the nearest tree also increases if 
there is sufficient lighting to warm up the nest (Sondej et al., 
2018). Moreover, due to their greater stability (including in 
terms of the presence of autonomous thermoregulation, see 
Stukalyuk et al., 2020), large anthills of red wood ants are less 
likely to migrate from place to place (Burns et al., 2020). An 
interesting feature is that not only large anthills, but also large 
nest complexes, as shown in the example of F. lugubris, prefer 

shaded areas (Chen and Robinson, 2014). In the clearing, with 
a sharp change in temperature and light conditions, the 
anthills of F. aquilonia are smaller than those located nearby, 
under the forest canopy (Sorvari and Hakkarainen, 2005). In 
all likelihood, this is due to the destruction of the habitat for 
ants as a result of logging. Felling destroys the system of trails, 
landmarks of ants, the number of available trees with aphid 
colonies decreases, or these trees are completely absent. 

Large anthills, starting with a diameter of 0.65–0.80 m, are 
more resistant to the impact of the anthropogenic factor even 

 
 

Figure 7. Estimates of pair correlation function g(r) plotted against distance r for anthills of F. rufa (7A) and F.polyctena (7B).  
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under conditions of intensive recreation and work of the coal 
mining industry (Blinova et al., 2019). The same should be 
expected from the complexes that we found in the forests of 
Kyiv and the region, which include anthills of the 3rd and 4th 
classes. In addition, under unfavorable conditions, small 
anthills are able to combine into one large one (Zakharov, 
2015). 

It should be noted that the largest anthills appear in 
optimal biotopes, which, when the local population degrades, 
act as refugia. Moreover, such biotopes can occupy only a little 
more than 11% of the total area of the complex (Zakharov and 
Sablin-Yavorsky, 1998). Therefore, for the survival of 
populations of red wood ants, large anthills are of obligate 
importance. One of the largest anthills (9.5 m in diameter and 
2.15 m in height) was found in Belgium (Dlussky, 1967). 

The data obtained by us on the average height and 
diameter for all studied F. polyctena anthills for the Kyiv 
population did not differ from the data of other authors [0.47 
m height, 1.1 m diameter for 5-year stands of Scotch pine, 
Domisch et al. (2005) vs. 0.42 m height and 1.1 m diameter 
according to our data]. At the same time, in untouched forests 
in Finland, according to these authors, anthills are somewhat 
larger –0.77 m in height and 1.45 m in diameter. In the Ural 
population, according to our data, the size of F. polyctena 
anthills is 0.61 m in height and 1.79 m in diameter, i.e. less in 
height and larger in diameter. According to Punttila and 
Kilpelainen (2009), also for Finland, the highest anthills 
measured were F. polyctena (0.73 m), followed by F. aquilonia 
(0.53 m), F. rufa (0.49 m), F. lugubris (0.45 m). In terms of 
diameter (according to the authors - width), F. polyctena was 
in the lead (1.33 m), followed by F. aquilonia and F. rufa (1.0 
m each), the minimum anthill diameter in F. lugubris (0.81 
m). For F. rufa, this is more than the average values of the 
anthills of the Kyiv population, both in height and in diameter 
(0.31 m in height and 0.76 m in diameter), as well as for F. 
polyctena. The Ural population of F. aquilonia, on average, 
consists of larger anthills in comparison with the Finnish one: 
1.94 m in diameter and 0.73 m in height. Indicators for this 
species from the population in Eastern Siberia (Cis-Baikal) are 
practically the same as in Finnish: 0.67 m height and 1.17 m 
diameter. 

When comparing the parameters of the anthills of colonies 
F. aquilonia, F. lugubris from the Moscow region (Russia) 
Zakharov (2003) obtained opposite results. On the basis of 
measurements during 1967–1999, 155 anthills of F. lugubris 
and 460 anthills of F. aquilonia, it was found that F. aquilonia 
is noticeably inferior to the second species in terms of 
diameter and height. On average, the diameter of F. aquilonia 
anthills was 0.88 m, while in F. lugubris it was 1.22 m. F. 
lugubris in the Moscow region surpasses F. aquilonia in all the 
parameters studied. F. lugubris has noticeably larger anthills 
and a greater number of trails. In general, F. aquilonia is more 
mobile species, its integration within the colony is lower, and 
it more often separates daugter anthills. F. lugubris is more 
integrated; therefore, it colonies are larger, and daugter 
anthills are isolated less frequently. 

All of the above differences in the size of anthills of 4 
species of red wood ants can be caused by different vegetation, 

seasonal and microclimatic conditions between Finland, 
Ukraine and Russia (Moscow region, Ural and Cis-Baikal). 

In addition, Zakharov (2003) points out the relationship 
between the number of single anthills and the stage of 
development of a colony (or nest complex) using the example 
of these two species of red wood ants. For F. aquilonia, it was 
found that in all states of the nest complex (development, 
stabilization, degradation), the proportion of single anthills is 
higher than that of F. lugubris. Moreover, the worse the state 
of the nest complex, the more single anthills appear. In our 
study, for the Kyiv population, a greater number of single 
anthills was recorded in F. rufa (139 vs. 339 anthills included 
in the colonies) compared to F. polyctena (61 single nests vs. 
348 nests included in the colonies). For the Urals and Cis-
Baikal, almost all anthills belonged to colonies; there were 
only a few single anthills. 

The composition of anthills of different sizes within a 
population is also fairly well understood. So, for Germany, 
according to the results of measurements of 5157 anthills, it 
was found that small anthills of F. polyctena with a diameter 
of up to 0.5 m at different locations can be from 33% to 53%, 
anthills up to 1 m –  23%–32%, anthills are larger, up to 1.5 m 
–  from 14% to 25%, up to 2 m – from 1% to 9%, up to 2.5 m 
– 1%–4%, over 2.5 m – from 1% to 8%. In terms of height, the 
situation is also similar – small anthills (41–60%) prevail, with 
a height of 0.11–0.50 m (Berberich et al., 2020). Dyachenko 
(2017) provides the following data on the distribution of 
anthills by diameter for Belovezhskaya Pushcha (Belarus). 
The smallest part of the surveyed anthills of F. polyctena were 
anthills of the 1st size class (9%), the 2nd class accounted for 
12.5% of the anthills, the 3rd class – 25%, the rest belonged to 
the 4th size class (more than 1.5 m in diameter). For F. rufa, 
1st class accounted for 25% of anthills, 2nd – 18%, 3rd – 22%, 
the rest – 4th class. These data, especially for F. polyctena, are 
closer to those obtained by us, especially in comparison with 
nest complexes starting from 25–50 anthills and more. 
According to our data, most of the F. polyctena anthills of the 
Ural population were in the 4th size class in diameter, since 
they all belonged to a nest complex of 100 anthills, this is also 
true for the Ural population of F. aquilonia, which is also a 
part of large nest complexes from 500 and 95 anthills (Table 
1). For the red wood ants’ population of Kyiv, this statement 
is true only for nest complexes starting from 25–50 anthills 
(the number of anthills of 4 size classes in terms of diameter 
are almost 2 times larger than anthills of 3 size classes, Table 
2) and from 50 to 100 anthills (approximately the same ratio 
anthills 3 and 4 size classes). For F. rufa, such a clear pattern 
is not observed –  the number of anthills of 3 size classes was 
almost two times less than the smaller anthills in complexes of 
25–50 anthills, or approximately equal to them (Table 2). 
Thus, the enlargement of anthills with an increase in the 
complex is more clearly manifested in F. polyctena, F. 
aquilonia than in F. rufa. The number of surveyed F. lugubris 
anthills is too small for adequate analysis. 

The number of anthills of different size classes also 
indicates the stage of the life cycle of the colony as a whole. In 
the case of the Kyiv population, most of the anthills of 1-2 size 
classes indicate the phase of active dispersal and growth of 
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colonies of both species (F. polyctena, F. rufa). Small anthills 
(up to 0.7 m in diameter) were founded recently and their age 
does not exceed several years. The growth of such anthills in 
the surrounding forests of Kyiv and Kyiv region can be 
favored by the low number of wild boars, which are the main 
destroyers of anthills. For the Ural population (F. polyctena, 
F. aquilonia, F. lugubris) and the population from Cis-Baikal 
(F. aquilonia, F. lugubris), most of the anthills are in a stable 
state (correspond to the 3rd and 4th size classes, Table 1). 

The linear dimensions of the anthills can be the basis for 
calculating the population of workers in the anthill 
(Dyachenko, 2017; Zakharov, 2015). The population of 
workers in the anthills of F. rufa of the 1st class is 120 
thousand workers, of the 2nd – 338 thousand, of the 3rd – 774 
thousand, and of the 4th – up to 1.9 million in anthills with a 
diameter of 2 m. In F. polyctena, these indicators are even 
higher – for anthills of the 1st size class this is 140 thousand 
workers, the second – 737 thousand, the third – 2.1 million, 
the fourth – from 2.7 million to 5.1 million (for anthills with 
a diameter of more than 2.6 m) (Dyachenko, 2017). Therefore, 
with the same anthills size, the population of workers in F. 
polyctena anthills is more numerous than in F. rufa. Anthills 
of red wood ants with a diameter of 1.0–1.2 m are in optimal 
conditions of the life cycle, i.e. they are the most stable and 
viable (Dyachenko, 2017). Therefore, if a complex contains a 
large number of anthills of the 3rd class corresponding to a 
given size, it can be assumed that this complex is at the stage 
of development and growth. 

The number of trails (in Zakharov's terminology – 
columns) is usually directly proportional to the diameter of 
the nest mound. Each of the columns is supported by an 
autonomous subpopulation of workers, the interaction 
between the columns takes place within the nest mound. With 
an increase in the anthill from 0.4 m to 2.6 m near the anthill, 
on average, the number of columns (and, accordingly, trails) 
will increase from 1 to 8. Likewise, the number of individuals 
in the columns visiting the trails increases (Dyachenko, 2017). 
For example, the F. polyctena anthill with a nest mound 
diameter of 1.4 m has on average 6 trails, with a diameter of 
0.8 m – 4 trails in Belovezhskaya Pushcha. In F. rufa, anthills 
of the same size as F. polyctena have a smaller number of trails 
–  for 0.8 m these are 3 trails, for 1.2 m there are 4 trails vs. 5 
in F. polyctena (Dyachenko, 2017). This is also confirmed by 
our data – the number of trails increases in large anthills, the 
number of trails in colonial anthills is always greater than in 
single ones. In addition, the more anthills in the complex 
(especially the size of 25–50 nests), the greater the number of 
trails on average falls on the anthill. The pattern we discovered 
about the most optimal size of the complex is not accidental. 
In large complexes, consisting of hundreds or more anthills, 
the central anthills are often surrounded on all sides by the 
territories of subsidiary (or neighboring) anthills, which 
prevents their growth and promotes degradation. Therefore, 
over time, a situation may arise when the central part of the 
colony becomes empty and is recolonized by ants (Zakharov, 
2015). 

Thus, in our study, it was shown for the first time that an 
increase in the number of anthills in the complex contributes 

to an increase in their basic characteristics (diameter, height). 
In addition, the infrastructure becomes more complex – the 
number of trails increases. The most optimal in terms of the 
average size of anthills and the number of trails are complexes 
of 25–50 nests. This is more evident in F. polyctena. 

The size of anthills is a complex characteristic reflecting 
the influence of very different factors: climatic (Lange, 1959), 
biotopic (Zakharov, 2015), and the size of population living in 
them (Zakharov et al., 2013a). 

In general, anthills grow in favorable conditions, and in 
unfavorable conditions they stop growing. At the same time, 
upon reaching a certain number, as well as the size of the 
protected area, the ant colony begins to allocate daughter 
anthills, that is, to form complexes. Therefore, the differences 
in size between single anthills and anthills in complexes may 
simply be a consequence of the fact that single ones have not 
yet reached the size of the mother anthills. In addition, the 
daughter anthills grow more intensively with the support of 
strong mother anthills. 

It is another matter if a large nest complex was formed as 
a result of mass fragmentation due to some kind of destructive 
impact. Then the average size of these anthills may be smaller 
than that of single ones. However, this state is unstable. It 
happens that the complex disintegrates, the network of trails 
disappears, the daughter anthills are drawn back into the 
mother anthills (in any case, they disappear), and the complex 
passes to existence in the form of huge single anthills, the sizes 
of which can significantly exceed the sizes of anthills in the 
complexes (Zakharov, 2003, 2015), for F. ligubris this form is 
characteristic. 

The way the complexes are formed leads to the 
nonrandom placement of anthills of different sizes. Mother 
anthills can be located in any way, depending on the action of 
various environmental factors and the previous history of the 
complex. 

Daughter anthills, on the other hand, are grouped near the 
mother anthills, creating clusters of anthills of different sizes 
(Zakharov, 2015). Daughter anthills are always formed on 
trails, actually intercepting part of the trail network and 
territory at the mother's anthills. It is with this that the already 
mentioned degradation of the central part of the complex is 
connected. The maximum distance of daughter anthills was 
recorded in F. aquilonia – 200 m from the mother anthill 
(Zakharov et al., 2013b). Usually, the daughter anthills are 
closer to mother anthills. Large anthills of F. aquilonia, F. 
lugubris, in the conditions of Southern Norway, can be 
confined to the presence of a food resource – birch trees with 
colonies of aphids, at a distance of no more than 5 m (Hill et 
al., 2018). This arrangement of nests near forage trees does not 
differ in F. rufa and F. polyctena (Sondej et al., 2018). 
4.1. Conclusion 
In our work, it is shown that an increase in the number of 
anthills in a colony contributes to the complication of its 
infrastructure – the average number of trails increases. 
Colonies of F. rufa, F. polyctena from 21–50 nests size from 
the Kyiv population on average have more trails per anthill 
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than larger colonies. This may be a sign of a more developed 
forage area infrastructure at this stage of the colony's life cycle. 

Along with an increase in the number of anthills in the 
colony, the size of the anthills also increases. This indicates an 
increase in the size of the colony, and as a result, an increase 
in the total worker population in the colony with an increase 
in the number of anthills. The prevailing number of small 
anthills of the 1st and 2nd size classes in the Kyiv population 
of F. rufa, F. polyctena indicates its active growth and 
dispersal, while the Ural population of F. aquilonia, F. 
polyctena, F. lugubris and population of F. aquilonia, F. 
lugubris from Cis-Baikal are in a stable state. Analyzing the 
results obtained, it should be noted that the very specificity of 
the measured parameters of the anthills affects the results of 
statistical processing. The diameter parameter has a wider 
range of values  (up to 9.5 m, if we take the literature data, 

Dlussky, 1967) than the height parameter (up to 2.15 m in 
total, based on the literature data, Dlussky, 1967). Quite often 
it happens that at the same height, an anthill can have a 
different diameter. Obviously, the height of the nest is less 
variable than the diameter. 
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