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Genetic identification of Formica rufa group species and their putative hybrids in 
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Abstract

Wood ants of the Formica rufa group in northern Europe were studied by using allozyme variation with emphasis on 
species differences and hybridization. A total of 40 populations and 14,403 workers from 1394 nests were analyzed. Res-
olution of allozymes was not good enough for classifying individuals or even nest samples into species but proved useful 
for clustering populations and indicating potential areas of hybridization. Earlier morphological studies have shown that 
it is difficult to separate northern Formica aquilonia and Formica polyctena from each other. The present genetic results 
indicate that nearly all F. polyctena in Finland are admixed and their distribution is restricted to the southern parts of the 
country where hybrids of the two species have been found in earlier studies. In the northernmost populations close to and 
north of the arctic circle, the results also indicate hybridization between F. aquilonia and Formica lugubris. The results 
provide background information for studies assessing patterns of genome-wide selection in hybridizing Formica ants and 
understanding the effects of climate change on the geographical distribution and hybridization of species.
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Introduction
The mound-building wood ants of the Formica rufa Lin-
naeus, 1761 group are ecologically dominant species in 
northern European forests with a big impact on the eco-
systems (e.g., Stockan & Robinson 2016). A large Formica 
mound can be commonly inhabited by 105 - 106 individuals 
(Rosengren & al. 1987) and data collected during national 
forest inventories suggest densities of several mounds 
per hectare in Finnish forests (Punttila & Kilpeläinen 
2009), but the density can be locally ten times higher in 
forests with polydomous colonies (Seifert 2021).

In addition to their ecological significance, the For-
mica rufa group ants have become important for studies 
of speciation. Several closely related species are currently 
recognized in northern Europe (Seifert 2021). Genomic 
data show that the species are relatively young, to the 
extent that there is incomplete lineage sorting of mtDNA 
(mitochondrial DNA) haplotypes in some species pairs 
(Goropashnaya & al. 2004). Hybridization between sev-
eral pairs of species has been suggested by morphological 
studies (Seifert 1991, Czechowski 1993, Sorvari 2006, 
Seifert 2021), by apparent horizontal transfer of mtDNA 

(Goropashnaya & al. 2004, Seifert & Goropashnaya 
2004), by population allele frequency patterns (Seifert 
& al. 2010), and by comparing mtDNA haplotypes and 
nuclear microsatellite genotypes (Korczyńska & al. 2010, 
Kulmuni & al. 2010). In spite of apparent reticulate evo-
lution with introgression, there are morphological and 
genetic differences between the species (Seifert 2021).

One particularly interesting pair of species is Formica 
aquilonia Yarrow, 1955 and Formica polyctena Foer-
ster, 1850 as there are indications of strong selection 
affecting the genomes in their hybrids (Kulmuni & Pamilo 
2014). Both species are characterized by supercoloniality 
as they form large polygynous (multiple queens within a 
nest) and polydomous (nest mounds connected by trails) 
colonies. Even though the two species seem to hybridize 
when in sympatry, they are not the closest relatives within 
the Formica rufa group. Based on mtDNA sequences, F. 
polyctena is phylogenetically close to Formica rufa, and 
F. aquilonia to Formica lugubris Zetterstedt, 1838 
(Goropashnaya & al. 2004). Both F. rufa and F. lugubris 
have mainly monogynous, or only weakly polygynous 
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colonies in northern Europe (Pamilo & al. 1994). This 
suggests that supercoloniality has evolved separately in the 
two lineages or that the ancient supergene giving rise to 
supercoloniality (Brelsford & al. 2020) segregates differ-
ently in these taxa. Formica aquilonia has been suggested 
to have a boreo-alpine distribution in northern Eurasia 
(Gösswald & al. 1965, Stockan & Robinson 2016). The 
distribution of Formica polyctena is more southern but 
the distribution areas of the two species overlap in many 
places (Stockan & Robinson 2016). In northern Europe, 
F. aquilonia is the most abundant species of the F. rufa 
group, but the distribution and abundance of F. polyctena 
is less clear (Collingwood 1979, Punttila & Kilpeläi-
nen 2009, Sorvari 2021).

Introgression between Formica aquilonia and Formica 
polyctena in southwestern Finland was shown by Kul-
muni & al. (2010) by using both morphological and genetic 
data, and genetic studies further revealed geographical 
differences in the level of introgression (Beresford & al. 
2017). Interestingly, the sexes are differently affected by 
hybridization and there are significant genetic differences 
between the sexes (Pamilo 1993, Kulmuni & al. 2010), 
apparently because selection on introgressed genes seems 
to be acting in different directions in them (Kulmuni & Pa-
milo 2014). Recent results of Beresford & al. (2017) and 
Kulmuni & al. (2020), however, indicate that the costs and 
benefits of introgression may change over time and likely 
depend on the environmental conditions. Martin-Roy & 
al. (2021) showed that F. polyctena is more heat-tolerant 
and F. aquilonia more cold-tolerant. In hybrids, putative 
F. aquilonia alleles were more abundant on cold years and 
F. polyctena alleles were more abundant on warm years 
suggesting balancing selection may help to keep both al-
leles within hybrid populations. Together, these previous 
data suggest outcomes of hybridization are dynamic and 
distribution of both hybrids and Formica rufa group spe-
cies may change over time and with warming climate. It is 
plausible that F. polyctena is expanding its range north-
wards, but such a range shift may easily remain undetected 
when the species are morphologically and ecologically 
close to each other. The aim of this study is to map the ge-
ographical distribution and signs of introgression of the F. 
rufa group species in northern Europe by using genotype 
data. To date, this is the largest systematic study utilizing 
genotype data in F. rufa group. Previous genetic studies 
have focused on small geographic regions (Kulmuni & 
al. 2010, Seifert & al. 2010, Beresford & al. 2017), and 
studies covering large geographical regions have not used 
genetics. Furthermore, our aim is to provide a baseline for 
the extent of hybridization for future reference since sam-
ples for this study come from the late 1980s. This will help 
in assessing impacts of climate change on the distribution 
of these forest keystone species.

Material and methods
The ants for this study were collected in the late 1980s 
from 40 localities in Finland and northern Sweden (Fig. 1, 
Tab. 1). Worker ants for population samples were taken 

from nest mounds, normally within an area ranging from 
5 to 25 square kilometers. Sampling of neighbouring nests 
was avoided, but it is likely that many mounds sampled 
from a single locality belonged to the same supercolony. 
Ants from central Europe and Ireland were used as ref-
erence. In Denmark, Germany, and Switzerland, sam-
ples were pooled from larger areas; consequently, these 
samples represented a geographical region rather than a 
local population. The data from Irish and Swiss Formica 
aquilonia and Formica lugubris and from Swiss Formica 
paralugubris Seifert, 1996 have been used earlier by 
Pamilo & al. (1992) and from F. aquilonia in the Finnish 
Site 36 by Pamilo & al. (2005).

Fig. 1: The sampling locations 1 - 40 in northern Europe. 
Green indicates Formica aquilonia, blue Formica lugubris, 
black indicates a locality with both F. aquilonia and F. lu-
gubris present, red indicates Formica rufa, yellow Formica 
polyctena, and violet Formica aquilonia × F. polyctena hybrid. 
Black with grey shading indicates a site with two or three 
species present in some other combinations (Tab. 1). Formica 
aquilonia × F. polyctena hybrid is also found in location 40. 
The location names are given in Table S2, and number of nests 
and their morphological assignment per locality is reported in  
Table 1.
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Tab. 1: Number of nests of each morphologically identified species sampled in the localities shown in the map of Figure 1.

Location F. aquilonia F. lugubris F. rufa F. polyctena F. aquilonia × F. polyctena

1 37 13

2 34

3 24 5

4 7

5 26 12

6 28

7 22

8 	 19

9 10 6

10 14

11 14 9

12 40

13 13

14 38 7

15 10 6

16 23 10

17 42

18 36

19 29

20 21

21 9 6

22 28

23 31

24 31

25 22

26 17

27 29

28 29 7

29 8 8

30 22 6

31 36

32 29

33 23

34 56 13 6

35 38

36 33

37 18

38 24

39 20

40 20 25 14
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The species were identified at the time of collection 
using 5 - 10 worker ants per nest. Identification was based 
on the hairs at the back of the head and on the mesosoma 
as described by Collingwood (1979), which was the 
available key in the late 1980s. More precise identification 
criteria have been developed later (Stockan & al. 2016, 
Seifert 2021), but they proved hard to apply for old ma-
terial that had been stored for over 35 years. Most samples 
were identified readily but some proved difficult. A prac-
tical problem is whether one aims to classify individuals, 
colonies, or populations. Individual variation exists in the 
morphological characters used. Possible hybridization 
increases the problem by producing intermediate pheno-
types and by increasing morphological variation within 
colonies and populations. In this study, nest samples were 
classified, and a note was made when a sample was con-
sidered intermediate between two species, either between 
Formica aquilonia and Formica polyctena or between F. 
aquilonia and Formica lugubris.

Workers were collected from the mound surface and 
brought to the laboratory alive. Mostly, ten workers were 
genotyped from each mound. Overall, 14,403 workers from 
1394 nests were genotyped.

Genotyping was done by using enzyme electrophoresis 
and scoring six loci (Gpi, Me, Pep, Pgm, Est, and Pgk) as 
described by Pamilo (1993). The genotype data was used 
to estimate genetic relatedness (r) of nest mates (Queller 
& Goodnight 1989), fixation index or the excess of ho-
mozygotes (F), and genetic distance between populations 
by Jost’s (2008) distance D. The distances were used to 
cluster the populations with UPGMA (unweighted pair-
group method with arithmetic mean) using MEGA version 
X (Kumar & al. 2018) and to explore their relationships 
with principal coordinates analysis (PCO) using Genalex 
version 6.5 (Peakall & Smouse 2006, 2012). The UPGMA 
dendrograms were drawn with iTOL version 5 (Letunic 
& Bork 2021).

Results

Six species were identified morphologically 
with majority being Formica aquilonia

Six species were morphologically identified, but as 
there were very few nests of Formica pratensis Retzius, 
1783 from any one location, this species was left out from 
the analyses. Population samples were denoted by first two 
letters of the species name and the number of the locality, 
as shown in Figure 1 (a country code was used instead 
of a number for the Central European samples). A large 
majority (72%) of all nest samples from northern Europe 
(Finland and northern Sweden) were identified as Formica 
aquilonia, a total of 861 nest mounds from 32 localities 
(Tab. 1). The fraction of nests belonging to Formica lugu-
bris was 14% (154 nests), and they were collected from 
various locations in Finland and Sweden, largely from 
the northern sampling sites. The nests of Formica rufa 
in Finland were restricted to the southern sites, and the 
total number sampled was 62 (5%). For genetic analyses, 

we used only localities where at least five nests were sam-
pled, leading to 15 populations of F. lugubris and four of 
F. rufa (Tab. 1). In Finland, only one population (Site 37) 
was here considered to represent Formica polyctena. In 
addition, two populations (Sites 39 and 40) were morpho-
logically close to F. aquilonia but came from the known 
hybridization area (Beresford & al. 2017) and as such 
were considered to represent hybrids between F. aquilonia 
and F. polyctena. These were denoted as hyb39 and hyb40.

We noted variation in the hairiness of samples iden-
tified as Formica aquilonia. In addition to the known 
hybridization area (Sites 39, 40), it was difficult to decide 
whether some individuals at Sites 25, 30, and 34 should be 
identified as F. aquilonia or Formica polyctena. In all these 
populations, a vast majority of individuals were considered 
to represent F. aquilonia with the morphological criteria 
used (mainly on the basis of a few hairs projecting from the 
occipital corners of the head). While it was difficult to dis-
tinguish some F. aquilonia individuals from F. polyctena 
because they had very few short hairs in the mesosoma and 
at the back of the head, at some other sites the individu-
als were more hairy than typical F. aquilonia and it was 
difficult to decide whether they represent F. aquilonia or 
Formica lugubris. Individuals morphologically interme-
diate between these two species were found at several of 
the northern populations (Sites 1, 3, 5, 9, 16, 17, and 22). 
For this reason, a small number of nests was left out from 
the genetic analyses. In general, the nests were classified 
based on the majority of individuals in the sample.

No species-specific alleles were found from the 
allozyme loci used

Two to six loci in each population were polymorphic 
with two to nine alleles per locus (Tab. S1, Appendix, 
as digital supplementary material to this article, at the 
journal’s web pages). We had to pool together two alleles 
(Me100 and Me95) that were earlier used to analyze family 
data (Pamilo 1993) because they could not be reliably 
scored from the population data. The total number of 
alleles was 30, some of them were rare. There were no 
clearly diagnostic alleles separating the species, and the 
common alleles were largely the same in each species. The 
mean expected heterozygosity over loci in the Finnish and 
Swedish populations ranged from 0.13 to 0.40, the mean 
per species ranging from 0.20 to 0.32 (Tabs. 2 and S2). 
Clear exceptions were formed by populations of Formica 
lugubris from Ireland and Switzerland with no or very 
little genetic variation (Tab. S1).

The mean estimate of genetic relatedness among worker 
nest mates was smallest in Formica aquilonia (r = 0.24). 
The estimates in Formica lugubris and Formica rufa 
were r > 0.50, while the single Finnish sample of Formica 
polyctena had r = 0.40 (Tab. 2). However, the genotype 
frequencies in the species other than F. polyctena showed 
an excess of homozygotes compared with the Hardy- 
Weinberg expectations (Tab. 2), and this elevates the re-
latedness estimates (Fig. 2, Spearman rank correlation 
between r and F in F. aquilonia was r = 0.33, P < 0.05). 
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Assuming a simple model where the homozygote excess 
results from isolation by distance, the relatedness would 
be r = 0.10 in F. aquilonia, 0.58 in F. rufa, and 0.47 in F. 
lugubris under Hardy-Weinberg frequencies (i.e., when F 
= 0; see Pamilo 1984).

Allozyme loci classified populations into species 
and agreed with morphology

Clustering of individual genotypes or genotypes from 
single nests by various methods did not produce any clear 
genetic clusters because the morphologically defined spe-
cies and different populations largely shared same alleles. 
We therefore proceeded by using populations as units in 
our cluster analyses.

We calculated pairwise Jost distances between the 
populations based on their allele frequencies. The UPGMA 
dendrogram drawn from this distance matrix showed 
some population clusters that corresponded with the 
morphological species identification (Fig. 3), although the 
dendrogram did not suggest a clear-cut separation of the 
species. The populations of Formica aquilonia formed 
three major clusters. Cluster A1 included all the F. aq-
uilonia populations north of or close to the arctic circle 
(Sites 1 - 20) and three populations south of that area 
(Sites 22, 25, and 28). In addition, cluster A1 included a 
northern population of Formica lugubris from Site 8 (no 
F. aquilonia was collected from that site). The cluster A2 
included most F. aquilonia populations from southern 

Finland as well as F. aquilonia and Formica paralugubris 
from Switzerland and two populations of F. lugubris (lu5 
and lu16). The third cluster with F. aquilonia populations, 
H, included also the two populations from the putative 
F. aquilonia × polyctena hybridization area (hyb39 and 
hyb40), as well as the population from Ireland.

Most Finnish and Swedish populations of Formica 
lugubris formed a single cluster L1 in the dendrogram 
(Fig. 3). The exceptions were the three populations clus-
tering with Formica aquilonia as explained above. Fur-
thermore, the geographically distant populations of F. 
lugubris from Switzerland and Ireland were most different 
from all other populations and clustered together (L2), 
largely because they showed no or only very little genetic  
variation.

Tab. 2: Population genetic estimates (mean and the smallest and largest estimates) in the Finnish and Swedish populations,  
n = the number of populations.

Species n Relatedness Heterozygosity Inbreeding

Min Mean Max Min Mean Max Min Mean Max

F. aquilonia 34 -0.02 0.24 0.43 0.23 0.32 0.39 0.00 0.11 0.27

F. lugubris 15 0.35 0.54 0.70 0.15 0.27 0.40 -0.04 0.11 0.31

F. rufa 4 0.56 0.65 0.72 0.13 0.24 0.30 0.01 0.16 0.32

F. polyctena 1 0.40 0.20 -0.11
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Fig. 2: A plot of the estimated fixation index F (measuring the 
excess of homozygosity) for the sampling locations and the 
estimated genetic relatedness of worker nest mates r in the 
Finnish and Swedish locations.
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The populations of Formica polyctena and Formica 
rufa formed two small clusters. Cluster P had populations 
of F. polyctena from Finland, Denmark, Germany, and 
Switzerland as well as F. rufa from Switzerland and the 
sample ru28 from central Finland. Cluster R had four pop-
ulations of F. rufa (one in Germany and three in Finland).

Sensitivity of the clustering results was explored by 
omitting one locus at a time and redoing the UPGMA anal-
ysis (Fig S1). These new data sets led to some changes in 
the dendrogram, especially in places where the branching 
points were close to each other. Even though the details 
in clustering changed, the results showed that our main 
conclusions do not depend on a single locus. When loci are 
omitted from the data, the main features that we base our 
conclusions on remain: (a) There is some differentiation 
between the southern and northern populations of For-
mica aquilonia, (b) Finnish Formica polyctena po37 and 
the putative hybrid populations hyb39 and hyb40 do not 
cluster closely with F. aquilonia (i.e., clusters A1 and A2), 
and (c) the populations of Formica lugubris that clustered 
in either A1 or A2 (lu5, lu8, lu16) tend to still cluster with 
F. aquilonia.

The results from PCO agreed well with those obtained 
by UPGMA. This was expected as both analyses were 
based on the same distance matrix. However, the PCO 
results complemented the UPGMA results in an interest-
ing way by presenting the relationships of the populations 
two-dimensionally. The first axis, which explained 39% 
of variation and separated the populations of Formica 
lugubris (both clusters L1 and L2) from all the others 

by placing them furthest to the left (Fig. 4). However, 
the populations lu5, lu8, and lu16 remained closer to or 
among the Formica aquilonia populations, similarly as in 
UPGMA. The second axis, which explained 24% of varia-
tion, ordered the remaining populations in such a way that 
the populations of Formica polyctena and Formica rufa 
(both clusters P and R) were separated from those of F. 
aquilonia (including also Formica paralugubris and the 
putative F. aquilonia × polyctena hybrids). Among the F. 
aquilonia populations, the samples of the cluster H were 
placed furthest to the right and the cluster A2 furthest 
up (Fig. 4). The populations of the cluster A1 were located 
centrally in the coordinate space.

Discussion

Clustering at the level of populations identifies 
species and potential admixtures

Even though the resolution of allozyme markers is 
not good at the level of individuals or colonies, they seem 
useful at the level of populations, and the obtained clus-
ters agree to a large degree with the morphological iden-
tification. It should be reminded that the estimates of 
allele frequencies within populations of Formica rufa 
and Formica lugubris have uncertainties because of small 
numbers of nests and apparent monogyny of their colonies. 
The estimates of genetic relatedness agree with the earlier 
findings that the colonies of Formica lugubris and F. rufa 
in northern Europe are largely monogynous (Pamilo & al.  
1994).
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The allozyme loci used here have no clearly diagnostic 
alleles separating the species, and the common alleles are 
largely shared by all species. Closest to being diagnostic 
are the alleles Pep70, Pgm90, and Pgm140 that are found in 
Formica polyctena and Formica rufa at moderate frequen-
cies but are practically absent in the other species. These 
alleles are found in different geographical areas in both 
clusters P and R (Tab. 3). The fact that F. polyctena and F. 
rufa share same alleles is consistent with earlier findings 
of genetically verified hybrid populations (Seifert & al. 
2010) and incomplete lineage sorting of mtDNA haplo-
types in these two species (Goropashnaya & al. 2004). 
However, the gene pools of F. polyctena and F. rufa have 
been found to be differentiated even when living in sym-
patry (Gyllenstrand & al. 2004). We had only few and 
small samples from these species. In Finland, F. rufa has 
a southern distribution, and only one Finnish population 
in the current study is classified as F. polyctena. The fact 
that the Finnish populations of these two species cluster 
together with central European populations of F. rufa 
and F. polyctena in both UPGMA (though in two separate 
clusters P and R) and PCO reflects the species-specific 
alleles separating them from the other species (see above). 
The populations genetically most distant from the others 
are Formica lugubris from Switzerland and Ireland. The 
differentiation is mainly caused by lack of or very low 
level of allelic variation at most loci and the fixation of the 
allele Gpi70 (Pamilo & al. 1992). Formica lugubris has a 
disjunct boreo-alpine distribution in Europe, and mtDNA 
haplotype sequences suggest that the Irish population 
may have originated from Central Europe (Mäki-Petäys 
& Breen 2007).

Formica polyctena occurs only in southern 
Finland and is admixed with Formica aquilonia

One aim of the study was to explore the occurrence 
of F. polyctena in Finland and its possible hybridization 
with F. aquilonia. Morphologically, we classify only one 
population in Southern Finland as F. polyctena, and it 
clusters together with the central European F. polyctena 
populations. It has a typical F. polyctena allele Pgm90 
with a frequency (0.15) higher than in any F. aquilonia 

population, and it lacks the alleles Gpi70 and Est120 that 
are commonly found in F. aquilonia. The genetic charac-
teristics thus agree with the morphological identification. 
We identified only two clear F. aquilonia × F. polyctena 
populations (hyb39 and hyb40). These were already known 
from a previous study (Beresford & al. 2017), and they 
fall in a separate cluster H in the dendrogram together 
with three other populations from south-eastern Finland 
(aq27, aq32, aq36), and these populations are also located 
furthest to the right in the PCO (Fig. 4). This points to the 
possibility of introgression from F. polyctena to F. aqui-
lonia in southern Finland, even though the populations 
aq27, aq32, and aq36 do not belong to those with clearly 
intermediate morphological types. The putative hybrid 
cluster H shares with F. aquilonia several alleles that are 
rare in F. polyctena (Gpi70, Pgm70, Est120, and Pgk70). It also 
has an allele (Pgm140) that is rare or absent in F. aquilonia 
but is found in F. polyctena (Tab. 3). As F. aquilonia is 
clearly much more common than F. polyctena in Finland 
(e.g., Punttila & Kilpeläinen 2009, Sorvari 2021), any 
backcrossing would make hybrids genetically more like F. 
aquilonia. We should also bear in mind that clustering a 
population in a group of putative hybrids does not nec-
essarily mean that all the individuals or colonies in that 
population would be hybrids. Furthermore, the fact that 
the Irish population of F. aquilonia is included in cluster 
H need not suggest a hybrid status but rather reflects the 
effects of genetic drift in the small and isolated population 
(Vanhala & al. 2014).

Our results suggest that the distribution of Formica 
polyctena in Finland is restricted to the southern parts 
where it also has hybridized with Formica aquilonia. This 
agrees with the conclusions from morphological analyses 
by Seifert (2021) and a previous genetic study that found 
four putative F. polyctena populations in Southern Finland 
(Beresford & al. 2017). Recently, a national forest inven-
tory suggested that a small fraction (2%) of Formica rufa 
group mounds in Finnish forests belong to F. polyctena 
and that this fraction increases slightly towards north 
(Punttila & Kilpeläinen 2009). Furthermore, Sorvari 
(2021) concluded from a large nationwide survey, that F. 
polyctena is quite common in southern and central Fin-

Tab. 3: Mean frequencies of some alleles within the clusters marked in the dendrogram constructed with the unweighted pair-
group method with arithmetic mean (Fig. 3).

Cluster Alleles and their frequencies within the genetic clusters

Gpi70 Me85 Pep70 Pep80 Pgm70 Pgm90 Pgm120 Pgm140 Est70 Est120 Pgk70

A1 0.17 0.03 0.00 0.55 0.19 0.00 0.02 0.01 0.02 0.21 0.26

A2 0.42 0.02 0.00 0.34 0.18 0.01 0.02 0.00 0.07 0.23 0.17

H 0.23 0.00 0.00 0.12 0.19 0.02 0.15 0.07 0.01 0.22 0.24

P 0.04 0.00 0.04 0.49 0.02 0.14 0.01 0.13 0.06 0.04 0.06

R 0.01 0.02 0.23 0.34 0.01 0.37 0.00 0.28 0.13 0.02 0.04

L2 0.29 0.10 0.00 0.83 0.04 0.00 0.01 0.00 0.00 0.08 0.36

L1 1.00 0.02 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.02 0.37
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land up to the level of our Sampling Site 24 (about latitude 
64° N, the ratio of samples identified as F. aquilonia to 
those of F. polyctena was 4:1 in his material) and that it is 
also found north of the arctic circle even close to our Sam-
pling Site 8 (north of 68° N). Note that also Hölldobler 
(1960) reported F. polyctena in Finland slightly north of 
the distribution area indicated in the present study (close 
to our Sampling Sites 30 and 32, latitude 62° N). These pre-
vious studies were based on morphological identification.

There are alternative hypotheses for the different re-
ports concerning the distribution of Formica polyctena. 
First, our samples were collected > 15 years before those of 
Punttila & Kilpeläinen (2009) and about 30 years ear-
lier than Sorvari’s (2021), and it is possible that F. polyc-
tena with mainly southern distribution has benefitted from 
global warming and expanded its range northwards during 
those years. If its populations were small and scattered in 
the 1980s, they may have escaped our sampling. Second, 
hybridization between F. polyctena and Formica aquilonia 
may lead to difficulties in their identification and different 
interpretations on their distribution. After Yarrow (1955) 
described F. aquilonia as a new species, Betrem (1964) 
examined Karl Hölldobler’s (1944) old material from 
Finland and Karelia (east of Finland) and concluded that 
most samples belonged to the newly described species 
F. aquilonia. He also noted that F. aquilonia in Finland 
is often less hairy than elsewhere and it can therefore 
be hard to distinguish from F. polyctena. Collingwood 
(1979) also mentioned that comparative hairlessness of 
F. aquilonia in many populations in Finland makes for 
confusion with the rather similar F. polyctena. Sorvari 
(2006) made morphological measurements and showed a 
bimodal distribution of hairiness in Finnish F. polyctena. 
He suggested that there is either large morphological 
variation within F. polyctena or the hairy type represents 
hybridization with F. aquilonia. Gene flow between species 
was also speculated by Pamilo & al. (1979) as that could 
explain patterns of both morphological and genetic varia-
tion, and introgression has been shown in genetic studies 
(Kulmuni & al. 2010, Beresford & al. 2017, Portinha & 
al. 2021). The samples here classified as F. aquilonia show 
variation in hairiness, but the genetic results of the pres-
ent study do not indicate any wider recent hybridization 
between F. aquilonia and F. polyctena outside southern-
most Finland. This agrees with the conclusions of Baroni 
Urbani & Collingwood (1977) and Seifert (2021) that 
F. polyctena is found only in the southernmost parts of the 
country (corresponding roughly to our sampling localities 
34 - 40). However, if there has been ancient hybridization 
when colonizing northern Europe after last glaciation, 
most populations could be genetically admixed. In order 
to clarify the discrepancies between the current study and 
previous large-scale morphological studies and to test the 
hypothesis that F. polyctena has spread northwards with 
warming climate, genomic studies with recent samples 
are needed. Furthermore, climate change is predicted 
to bring previously isolated populations into contact and 
result in increased rates of hybridization (Pongracz & al. 

2017, Scheffers & al. 2016). Introgression from warm-
adapted F. polyctena into cold-adapted F. aquilonia could 
be beneficial with warming climate.

Genetic differentiation in Formica aquilonia is inter-
esting as the southern and northern populations tend to 
fall in two separate clusters (Figs. 3 and 4), even though 
the level of differentiation is low. One possible explanation 
could be introgression into F. aquilonia from different 
species in the north and south (putatively from Formica 
polyctena in southern and Formica lugubris in northern 
populations), but no specific alleles suggest large-scale 
interspecific gene flow. It is thus likely that the slight geo-
graphic differentiation of the F. aquilonia populations is 
mainly caused by isolation by distance. Genomic studies, 
using both mtDNA and nuclear DNA, could reveal signs of 
possible historical introgression (see Portinha & al. 2021).

Morphological and allozyme data suggest For-
mica aquilonia and Formica lugubris hybridize 
in northern Finland

In addition to hybridization between F. aquilonia and 
F. polyctena, several populations have individuals mor-
phologically intermediate between F. aquilonia and F. 
lugubris, hinting to hybridization between these two 
species, especially in the northern populations. Such in-
termediate individuals were found, for example, at Site 5, 
and the samples classified morphologically as F. lugubris 
(lu5) tend to genotypically cluster among or close to the 
F. aquilonia populations (Figs. 3 and 4). Other sites from 
which F. lugubris genotypically clusters among F. aquilo-
nia populations are the Sites 8 and 16. The samples clas-
sified as F. lugubris at these sites have high estimates of 
genetic relatedness (r = 0.56 and 0.50, respectively) hinting 
to monogyny of the colonies as is the general pattern in F. 
lugubris. Site 16 has some individuals marked as atypical 
F. lugubris (i.e., less hairy than normal) in three out of 
10 nests, suggesting possible hybridization history with 
F. aquilonia. Interestingly, no F. aquilonia was sampled 
at Site 8, and the F. lugubris individuals at this site are 
very hairy with no morphological indication of hybridi-
zation, yet the allozyme data clusters them together with 
F. aquilonia populations. Overall, the morphologically 
intermediate samples and the patterns of genetic clus-
tering indicate that the populations of F. aquilonia and F. 
lugubris may have some history of past hybridization in 
northernmost Europe.

Conclusions
One problem in classifying the samples is whether 

one aims to classify individuals, colonies (nests), or pop-
ulations. As mentioned above, the resolution of our ge-
netic markers does not allow meaningful clustering of 
individuals, in many cases not even the nest samples. 
Morphological variation among individuals within a nest 
or among the nests within a population can represent nor-
mal variation or indicate varying levels of introgression. 
A genetic analysis focusing on small number of markers 
and populations may thus leave small amounts of intro-
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gression undetected. If Formica polyctena is widespread 
in Finland, we would expect clearer signs of its presence in 
the genetic analyses. The current data thus indicates that 
the distribution of F. polyctena at the time of our sampling 
was restricted to southern Finland where it has hybridized 
with Formica aquilonia. The results also strongly indicate 
frequent hybridization between F. aquilonia and Formica 
lugubris in northernmost Europe. Distributional ranges 
of many insects have shifted northwards in the northern 
hemisphere with the on-going climate change, and the 
process often involves hybridization (Parmesan & al. 
1999, Larson & al. 2019). Our data collected in the 1980s 
can serve as a reference when evaluating possible range 
shifts of the Formica rufa group species. Genome-wide 
data are needed to clarify the patterns of speciation, phy-
logeography, and hybridization history in this group of 
closely related Formica ants.

Acknowledgements
The work has been financed by grants from the Academy 
of Finland. JK was supported by AoF Fellowship No. 
328961. Technical help by several people in the laboratory 
is acknowledged with gratitude, and the manuscript was 
improved by comments of the reviewers.

Data accessibility
The list of populations and the population allele frequen-
cies used in this study are available in Tables S1 and S2 
as digital supplementary material to this article, at the 
journal’s web pages.

References
Baroni Urbani, C. & Collingwood, C.A. 1977: The zooge-

ography of ants (Hymenoptera, Formicidae) in Northern 
Europe. – Acta Zoologica Fennica 15: 1-34.

Beresford, J., Elias, M., Pluckrose, L., Sundström, L., 
Butlin, R.K., Pamilo, P. & Kulmuni, J. 2017: Widespread 
hybridization within mound-building wood ants in Southern 
Finland results in cytonuclear mismatches and potential 
for sex-specific hybrid breakdown. – Molecular Ecology 26: 
4013-4026.

Betrem, J.G. 1964: Einige Bemerkungen über Formica-Material 
aus Nordostkarelien. – Waldhygiene 5: 215-216.

Brelsford, A., Purcell, J., Avril, A., Tran Van, P., Zhang, J., 
Brütsch, T., Sundström, L., Helanterä, H. & Chapuisat, 
M. 2020: An ancient and eroded social supergene is wide-
spread across Formica ants. – Current Biology 30: 304-311.

Collingwood, C.A. 1979: The Formicidae (Hymenoptera) of 
Fennoscandia and Denmark. – Fauna Entomologica Scan-
dinavica Vol 8. Scandinavian Science Press, Klampenborg, 
Denmark, 156 pp.

Czechowski, W. 1993: Hybrids in red wood ants (Hymenoptera, 
Formicidae). – Annales Zoologici (Warszawa) 44: 43-53.

Goropashnaya, A.V., Fedorov, V.B. & Pamilo, P. 2004: Recent 
speciation in the Formica rufa group ants (Hymenoptera, 
Formicidae): inference from mitochondrial DNA phylogeny. 
– Molecular Phylogenetics and Evolution 32: 198-206.

Gösswald, K., Kneitz, G. & Schirmer, G. 1965: Die geog-
raphische Verbreitung der hügelbauenden Formica-Arten 
(Hym., Formicidae) in Europa. – Zoologische Jahrbücher 
Systematik 92: 369-404.

Gyllenstrand, N., Seppä, P. & Pamilo, P. 2004: Genetic dif-
ferentiation in sympatric wood ants, Formica rufa and F. 
polyctena. – Insectes Sociaux 51: 139-145.

Hölldobler, B. 1960: Über die Ameisenfauna in Finnland-Lap-
pland. – Waldhygiene 1: 229-238.

Hölldobler, K. 1944: Weitere Mitteilungen über die Ameisen-
fauna Nordostkareliens: 3. Zur Biologie der Formica-Arten. 
– Zeitschrift für Angewandte Entomologie 30: 623-644.

Jost, L. 2008: GST and its relatives do not measure differenti-
ation. – Molecular Ecology 17: 4015-4026.

Korczyńska, J., Gajewska, M., Pilot, M., Czechowski, W. 
& Radchenko, A. 2010: Genetic polymorphism in “mixed” 
colonies of wood ants (Hymenoptera: Formicidae) in south-
ern Finland and its possible origin. – European Journal of 
Entomology 107: 157-167.

Kulmuni, J., Nouhaud, P., Pluckrose, L., Satokangas, I., 
Dhaygude, K. & Butlin, R.K. 2020: Instability of natural 
selection at candidate barrier loci underlying speciation in 
wood ants. – Molecular Ecology 29: 3988-3999.

Kulmuni, J. & Pamilo, P. 2014: Introgression in hybrid ants 
is favored in females but selected against in males. – Pro-
ceedings of the National Academy of Sciences of the United 
States of America 111: 12805-12810.

Kulmuni, J., Seifert, B. & Pamilo, P. 2010: Segregation dis-
tortion causes large-scale differences between male and 
female genomes in hybrid ants. – Proceedings of the National 
Academy of Sciences of the United States of America 107: 
7371-7376.

Kumar, S., Stecher, G., Li, M., Knyaz, C. & Tamura, K. 2018: 
MEGA X: Molecular evolutionary genetics analysis across 
computing platforms. – Molecular Biology and Evolution 
35: 1547-1549.

Larson, E.L., Tinghitella, R.M. & Taylor, S.A. 2019: Insect 
hybridization and climate change. – Frontiers in Ecology and 
Evolution 7: art. 348.

Letunic, I. & Bork, B. 2021: Interactive Tree Of Life (iTOL) v5: 
an online tool for phylogenetic tree display and annotation. 
– Nucleic Acids Research 49: W293-W296.

Martin-Roy, R., Nygård, E., Nouhaud, P. & Kulmuni, J. 2021: 
Differences in thermal tolerance between parental species 
could fuel thermal adaptation in hybrid wood ants. – The 
American Naturalist 198: 278-294.

Mäki-Petäys, H. & Breen, J. 2007: Genetic vulnerability of a 
remnant ant population. – Conservation Genetics 8: 427-435.

Pamilo, P. 1984: Genotypic correlation and regression in 
social groups: multiple alleles, multiple loci and subdivided 
populations. – Genetics 107: 307-320.

Pamilo, P. 1993: Polyandry and allele frequency differences 
between the sexes in the ant Formica aquilonia. – Heredity 
70: 472-480.

Pamilo, P., Vepsäläinen, K., Rosengren, R., Varvio-Aho, S. 
& Pisarski, B. 1979: Population genetics of Formica ants II. 
Genic differentiation between species. – Annales Entomo-
logici Fennici 45: 65-76.

Pamilo, P., Chautems, D. & Cherix, D. 1992: Genetic differen-
tiation of disjunct populations of the ants Formica aquilonia 
and Formica lugubris in Europe. – Insectes Sociaux 39: 15-29.

Pamilo, P., Sundström, L., Fortelius, W. & Rosengren, R. 
1994: Diploid males and colony-level selection in Formica 
ants. – Ethology Ecology & Evolution 6: 221-235.

Pamilo, P., Zhu, D., Fortelius, W., Rosengren, R., Seppä, P. & 
Sundström, L. 2005: Genetic patchwork of network-build-
ing wood ant populations. – Annales Zoologici Fennici 42: 
179-187.



102

Parmesan, C., Ryrholm, N., Stefanescu, C., Hill, J.K., 
Thomas, C.D., Descimon, H., Huntley, B., Kaila, L., Kull-
berg, J., Tammaru, T., Tennent, J., Thomas, J. & Warren, 
M. 1999: Poleward shifts in geographical ranges of butterfly 
species associated with regional warming. – Nature 399: 
579-583.

Peakall, R. & Smouse, P.E. 2006: GENALEX 6: Genetic anal-
ysis in Excel. Population genetic software for teaching and 
research. – Molecular Ecology Notes 6: 288-295.

Peakall, R. & Smouse, P.E. 2012: GenAlEx 6.5: Genetic 
analysis in Excel. Population genetic software for teaching 
and research – an update. – Bioinformatics 28: 2537-2539.

Pongratz, J.D., Paetkau, D., Branican, M. & Richardson, E. 
2017: Recent hybridization between a polar bear and grizzly 
bears in the Canadian Arctic. – Arctic 70: 151-180.

Portinha, B., Avril, A., Bernasconi, C., Helanterä, H., 
Monaghan, J., Seifert, B., Sousa, V.C., Kulmuni, J. & 
Nouhaud, P. 2021: Whole-genome analysis of multiple wood 
ant population pairs supports similar speciation histories, 
but different degrees of gene flow, across their European 
range. – BioRxiv; doi: 10.1101/2021.03.10.434741.

Punttila, P. & Kilpeläinen, J. 2009: Distribution of 
mound-building ant species (Formica spp. Hymenoptera) 
in Finland: preliminary results of a national survey. – Annales 
Zoologici Fennici 46: 1-15.

Queller, D.C. & Goodnight, K.F. 1989: Estimating relatedness 
using genetic markers. – Evolution 43: 258-275.

Rosengren, R., Fortelius, W., Lindström, K. & Luther, A. 
1987: Phenology and causation of nest heating and thermo-
regulation in red wood ants of the Formica rufa group studied 
in coniferous forest habitats in southern Finland. – Annales 
Zoologici Fennici 24: 147-155.

Scheffers, B.R., De Meester, L., Bridge, T.C.L., Hoffmann, 
A.A., Pandolfi, J.M., Corlett, R.T., Butchart, S.H.M., 
Pearce-Kelly, P., Kovacs, K.M., Dudgeon, D., Pacifici, 
M., Rondinini, C., Foden, W.B., Martin, T.G., Mora, C., 
Bickford, D. & Watson, J.E.M. 2016: The broad footprint 
of climate change from genes to biomes to people. – Science 
354: aaf7671-1-aaf7671-11.

Seifert, B. 1991: The phenotypes of the Formica rufa com-
plex in East Germany. – Abhandlungen und Berichte des 
Naturkundemuseums Görlitz 65: 1-27.

Seifert, B. 2021: A taxonomic revision of the Palaearctic mem-
bers of the Formica rufa group (Hymenoptera: Formicidae) 
– the famous mound-building red wood ants. – Myrmeco-
logical News 31: 133-179.

Seifert, B. & Goropashnaya, A.V. 2004: Ideal phenotypes and 
mismatching haplotypes: errors of mtDNA treeing in ants 
(Hymenoptera, Formicidae) detected by standardized mor-
phometry. – Organisms Diversity and Evolution 4: 295-305.

Seifert, B., Kulmuni, J. & Pamilo, P. 2010: Independent 
hybrid populations of Formica polyctena × rufa wood ants 
(Hymenoptera: Formicidae) abound under conditions of 
forest fragmentation. – Evolutionary Ecology 24: 1219-1237.

Sorvari, J. 2006: Two distinct morphs in the wood ant Formica 
polyctena in Finland: a result of hybridization? – Entomo-
logica Fennica 17: 1-7.

Sorvari, J. 2021: Distribution of Finnish mound-building 
Formica-ants (Hymenoptera: Formicidae) based on using a 
citizen-science approach. – European Journal of Entomology 
118: 57-62.

Stockan, J.A. & Robinson, E.J.H. (Eds.) 2016: Wood ant 
ecology and conservation. – Cambridge University Press, 
Cambridge, UK, 304 pp.

Stockan, J.A., Robinson, E.J.H., Trager, J.C., Yao, I. & Sei-
fert, B. 2016: Introducing wood ants: evolution, phylogeny, 
identification and distribution. In: Stockan, J.A. & Robinson, 
E.J.H. (Eds.): Wood ant ecology and conservation. – Cam-
bridge University Press, Cambridge, UK, pp. 1-36.

Vanhala, T., Watts, K., A’Hara, S. & Cottrell, J. 2014: 
Population genetics of Formica aquilonia wood ants in 
Scotland: the effects of long-term forest fragmentation and 
recent reforestation. – Conservation Genetics 15: 853-868.

Yarrow, I.H.H. 1955: The British ants allied to Formica rufa L. 
(Hym., Formicidae). – Transactions of the Society for British 
Entomology 12: 1-48.


