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varying from barely visible to highly conspicuous varia-
tions, accompany this division of labour.

It has been known for a long time for ants (Hymeno-
ptera: Formicidae) that non-genetic factors trigger a cas-
cade of hormonal reactions, regulating caste specifi ca-
tion and associated phenotypic diversity (Hölldobler & 
Wilson, 1990). However, more recent studies confi rm the 
decisive role of genetics in some species (Ross & Keller, 
1998; Hughes et al., 2003; Bargum et al., 2004; Jaffe et al., 
2007; Smith et al., 2008a, b), but not in others (Leniaud et 
al., 2015). Finally, the division of labour and phenotypic 
variability in ants vary along a continuum ranging from 
environmental caste determination (ECD) to genetic caste 
determination (GCD) (Schwander et al., 2010; Libbrecht et 
al., 2013). There are numerous studies on the genotype-by-
environment interaction related to the phenotypic diversity 
in the size and shape of ants (Wilson, 1953; Davidson, 
1978; Porter & Tschinkel, 1985; Chapuisat & Keller, 2002; 
Hughes et al., 2003; Schwander et al., 2005; Smith et al., 
2008a; Leniaud et al., 2015). However, the role of genetic 
versus environmental factors in determining ant coloura-
tion is not clear.
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Abstract. Phenotypic diversity depends on genotype diversity, but the degree of genotype-by-environment interaction is species-
specifi c. Red wood ants (Formica s. str) are keystone species in boreal forests and very variable phenotypically. These variations 
are used for species identifi cation and proposed as ecological indicators of anthropogenic disturbances. However, their origin is 
unknown. Here we aimed to provide a preliminary answer to this question and outline the direction for future research. We deter-
mined the interrelation between nest mate worker relatedness (kinship) and the diversity of colour morphs, degree of melanisation 
and size of the red wood ant, Formica rufa. In Finnish populations of this species polyandry, which involves multiple mating by 
queens is the principal determinant of the relatedness between workers. We hypothesised, that if phenotypic diversity is a result 
of genetic diversity, then polyandrous colonies should produce more phenotypically diverse workers. A total of 336 individuals 
belonging to 20 colonies were used for this study. We collected ants from coniferous and broadleaf forests in Finland, fi xed them 
in 96% alcohol, then digitally photographed, genotyped and analysed the phenotypic variation. The average colony nest mate 
worker relatedness was used as an estimate of the level of polyandry (more than one if r < 0.6). Our results revealed no associa-
tions between the diversity of the phenotypic traits measured and worker kinship in F. rufa. As a further step to reveal the degree 
of genotype-by-environment interaction in determining the colour traits of the red wood ant we suggest more sophisticated genetic 
studies indicating the heritability of phenotypic traits between patrilinies and testing of environmental factors such as temperature, 
humidity, UV-radiation, food and pollution.

INTRODUCTION 

Phenotypic diversity is ubiquitous. Insects vary in size, 
shape and colouration, so even within a single species ex-
treme variations may exist (Wetterer, 1999). Genes control 
an entire phenotype or a single morph, producing varia-
tion in polymorphism (Forsman, 2016). Likewise, identi-
cal genotypes can develop into distinct morphs, which is 
called polyphenism (Simpson et al., 2011). Consequently, 
phenotypically diverse and polymorphic species differ in 
the degree of their genotype-by-environment interactions. 

It was previously assumed, that polyphenism produced 
castes of social insects, one of the most striking examples 
of variability among animals (Hölldobler & Wilson, 1990; 
Simpson et al., 2012). A caste comprises all the individu-
als, engaged in a certain type of operation. Males originate 
from haploid eggs and females from diploid eggs. Females 
have the potential to develop into reproductive individu-
als (queens) or non-reproductive individuals, workers. 
Workers undergo further specialisation and develop into 
morphological or behavioural castes, performing differ-
ent tasks, such as brood nursing, grooming, nest building, 
defending the colony and foraging. Phenotypic variations, 
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average nest mate worker relatedness and complexity of the fam-
ily structure in this species. 

Sample size and study area 
Red wood ant, F. rufa, workers (n = 336) were collected by 

random sampling in May 2012 in the vicinity of the south western 
Finnish city of Turku (60.42°, 22.27°). From 10 to 30 individu-
als (mean ± SD: 16.8 ± 4.2 individuals per nest) were collected 
from the tops of nest mounds (n = 20). All the colonies typically 
occupied separate forest stands and were checked for monodomy 
using visual observations and behavioural tests. All nests studied 
were monodomous. The ant mounds were found in either patches 
of coniferous forest, where the dominating species of trees were 
Norway spruce (Picea abies) and Scots pine (Pinus sylvestris), or 
in broadleaf oak (Quercus robur) forest. 

Morphometrics and colour pattern analyses 
We separated the heads and thoraxes and photographed them 

independently on a millimetre paper background using an Olym-
pus SZ40 digital stereo microscope and DeltaPix Invenio 3S 3 
Mpixel CMOS camera with a magnifi cation of X 40 for the head 
and X 25 for the thorax. The photographs were further processed 
with Delta Pix Viewer LE, Adobe Photoshop CS5 and ImageJ 
software. The maximum width of the head above the eyes was 
used as an estimate of an individual’s body size (Sorvari & 
Hakkarainen, 2009). The thorax length was taken as an additional 
morphometric parameter. These measurements were done using 
ImageJ software, with the scale set to 1 mm.

Colour variations (morphs) and the degree of cuticular mela-
nisation (MD) were assessed as described by Skaldina & Sorvari 
(2017a). By using a threshold approach, we revealed nine types 
of morphs in terms of the head and eight in terms of the prono-
tum. We measured the degree of melanisation (MD) on standard-
ised rectangle areas on the face, and the oval area on the dorsal 
part of the pronotum. In the ImageJ computer program, the MD 
was scaled from grey to absolute grey with values of 0 (totally 
white) to 255 (totally black). We used the diversity in phenotypic 
variation in the colour morphs, the degree of melanisation and the 
size of F. rufa (Fig. 1) to assess their possible interrelations, as 
well as the relatedness between workers, and complexity of the 
structure of the family.

Genetic analyses 
Of the workers sampled, eight to ten individuals of different 

sizes and colour morphs from each nest were genotyped. DNA 
was extracted using the salt extraction method of Aljanabi & 

In phenotypically variable species of ants such as red 
wood ants (Formica s. str) colour provides essential infor-
mation for identifying species (Stockan et al., 2016) and 
has been proposed as an ecological and environmental in-
dicator for evaluating deforestation (Skaldina & Sorvari, 
2017b) and heavy metal pollution (Skaldina et al., 2018). 
Other phenotypic characteristics, such as size, hairiness 
and the symmetry of the petiole node in red wood ants 
might also be useful traits for monitoring habitat degrada-
tion ( Fedoseeva, 2011). The colouration on the head and 
pronotum of Formica rufa L. is polymorphic, which in-
dicates it is possible to detect a level of modularity and 
size-dependence in some colour traits (Skaldina & Sorvari, 
2017a). However, evidence for a genotype-by-environ-
ment interaction determining colouration within the red 
wood ant group is still scarce.

As an initial step in developing this research we here 
investigate whether relatedness (kinship, r) between red 
wood ant workers affects their phenotypic characteristics, 
such as, colour morph, degree of melanisation and size. 
Generally, in insects, there is evidence for genetic precon-
ditioning for both colour morph (Kunte et al., 2014) and 
cuticular melanisation (Roff & Fairbairn, 2013). In addi-
tion, in some species there is a genetic correlation between 
colour pattern and body size (Ahnesjö & Forsman, 2003). 
We predict that if some genetic factors have a strong ef-
fect on red wood ant phenotypes, then closely related in-
dividuals might share similar phenotypic traits and those 
with a low degree of kinship might demonstrate higher 
phenotypic diversity because of their genetic diversity. We 
chose to test this using the red wood ant, Formica rufa, 
as Finnish populations of this species are mainly monogy-
nous (each colony typically has one reproductive queen) 
and vary from monandrous to polyandrous (Rosengren et 
al., 1993). Monandrous queen workers are highly related 
to their full sisters, which have the same genes, however 
in polyandrous colonies relatedness is lower (Pamilo et al., 
2016). Thus, polyandry principally regulates the average 
nest mate worker relatedness and complexity of family 
structure in this species. Revealing possible interrelations 
between the complexity of family structure: simple (higher 
r) or complex (lower r) and phenotypic diversity (regard-
ing colouration) will shed light on the species systematics 
and determine the direction of future research.

MATERIALS AND METHODS
Study species

In ant societies, the primary ways of increasing genotype diver-
sity are polygyny, which involves multiple queens, and polyan-
dry which involves multiple mating by queens (Keller & Reeve, 
1994; Heinze, 2008). In natural habitats in Central and Northern 
Europe, red wood ant, F. rufa, mainly have monodomous and 
monogynous social structures. However, this species can shift to 
polydomy and polygyny in isolated and fragmented landscapes 
in some parts of Europe (Dekoninck et al., 2015). This shift usu-
ally occurs in patches that differ in their management, vegetation 
characteristics or degree of isolation (Gyllenstrand et al., 2004). 
In Finland, F. rufa is mainly monogynous, varying from monan-
drous to polyandrous. Thus, polyandry principally regulates the Fig. 1. Distribution of nest mate relatedness across nests (N = 20) 

of Formica rufa, in Southwest Finland.
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Martinez (1997) with small modifi cations (volumes were ad-
justed for the ant samples). All samples were genotyped with 10 
markers divided into 2 multiplexes (MPs). MP1 consisted of the 
following markers: FE-42, FE-7, FE-19, FE-38 (Gyllenstrand et 
al., 2002), FL-21 and FL-12 (Chapuisat, 1996). MP2 consisted 
of the following markers: FE-17, FE-8 FE-13 and FE-37 (Gyl-
lenstrand et al., 2002).

Amplifi cation was carried out in two 10-μl reactions consisting 
of ca. 40 ng of DNA, 0.05 to 0.4 μM of each primer and 1X a Qia-
gen multiplex PCR master mix (Qiagen Inc. Valencia, CA, USA). 
The PCR profi le used followed the manufacturer’s standard pro-
tocol with annealing temperatures of 58°C for both MPs. The 
amplifi cations were performed on C1000 TouchTM (BIO-RAD) 
and S1000TM (BIO-RAD) thermal cyclers. For electrophoresis, 
the PCR products were pooled (1 μl of MP1, 2 μl of MP2) and 
diluted with 100 μl of sterile water. 2 μl of the pooled and diluted 
PCR product was combined with GS600LIZ Size Standard (Ap-
plied Biosystems) and HiDi-formamide (Applied Biosystems). 

The samples were denatured at 95°C for fi ve minutes and the size 
of the fragments was determined by capillary electrophoresis on 
an ABI PrismTM 3130xl genetic analysis instrument.

The genotypes were scored using GENEMARKER version 
2.2.0 (SoftGenetics) and following visual inspection, exported 
to a spreadsheet program for downstream analyses. The average 
relatedness (r) between the nest mate workers and allele frequen-
cies were estimated using the GenAlEx 6.5 macro for Microsoft 
Excel (Peakall & Smouse, 2012). In this study the colony was cat-
egorized as polyandrous if r ˂ 0.6. Generally, in red wood ants if 
r = 0.75 then the workers are considered to be full sisters (Pamilo 
et al., 2016). The value r ˂  0.6 corresponds to an effective number 
of mating’s of 1.43 (Pamilo, 1993). Therefore, it was selected as 
a threshold. 

Statistics
We used SAS 9.4 statistical software (SAS Institute Inc.) for 

statistical analyses. Two types of predictor variables were used 
in the analyses: (i) continuous, which was the average nest mate 
worker relatedness, (ii) categorical, which was the structure of 
the family (simple when there was one father, and complex when 
there was more than one). Linear Mixed Model (LMM) analyses 
was performed with the nest as a random factor when we analysed 
the effect of worker kinship on continuous phenotypic traits. In-
dividuals that originated from the same nest might share similar 
environmental conditions, therefore we included nest as a random 
factor in the model. Generalized Linear Model (GLM, the proce-
dure GENMOD) was used for counts (Poisson distribution with 
Log link: GLMPOISSON). We also calculated the intracolony colour 
morph diversity (Shannon) and evenness indices. The Shannon 
diversity index was calculated using EstimateS 9.1 (Colwell, 
2013) software and the evenness index with Microsoft Excel. 
Due to the relative low number of replicates (N = 20) we car-
ried out simple post-hoc power analyses of the comparisons be-
tween simple (monandry) and complex (polyandry) family types 
using web-based power calculator for two-samples and two-sided 
equality data (available at powerandsamplesize.com/calculators).

Fig. 2. Phenotypic diversity of red wood ants F. rufa in terms of 
the size, the head and pronotum colour morph differentiation and 
degree of melanisation as described in detail in Skaldina & Sorvari 
(2017a).

Table 1. Colony-level data for the colonies of Formica rufa studied: average colony worker-worker relatedness (r), family type suggested 
by r (1 – monandry, 2 – polyandry), head width with coeffi cient of variation (Hw, mm, CV) and thorax length with coeffi cient of variation 
(Thl, mm, CV), number of head and pronotum (Pn) colour morphs with the number of workers studied in brackets, the Shannon diversity, 
and evenness indices of the head and pronotum colour morphs.

Nest r Family
type

Hw  
 

Thl  
 

Morph N  
 

MD  
 

Diversity  
 

Evenness
mm CV mm CV Head Pn Frons Pn Head Pn Head Pn

1 0.363 2 1.96 0.13 2.70 0.10 4 (18) 4 (18) 195.41 194.47 0.76 1.13 0.55 0.82
2 0.720 1 1.96 0.15 2.68 0.11 6 (19) 6 (18) 197.93 188.91 1.00 0.70 0.56 0.39
3 0.624 1 1.90 0.14 2.54 0.13 5 (23) 5 (23) 196.18 188.11 1.24 0.84 0.90 0.52
4 0.436 2 1.51 0.13 2.12 0.11 2 (28) 4 (26) 194.12 199.66 0.67 2.04 0.97 1.47
5 0.548 2 1.78 0.12 2.43 0.12 3 (19) 3 (18) 193.82 194.96 0.82 1.12 0.75 1.02
6 0.724 1 2.06 0.07 2.73 0.07 3 (17) 2 (17) 193.53 190.24 0.85 1.57 0.77 2.27
7 0.631 1 1.91 0.11 2.61 0.11 4 (13) 4 (13) 196.09 194.67 1.07 1.41 0.77 1.02
8 0.567 2 1.92 0.09 2.48 0.08 5 (14) 2 (13) 193.18 194.82 1.13 1.47 0.70 2.12
9 0.431 2 1.94 0.10 2.60 0.09 3 (12) 3 (11) 194.95 190.03 0.89 1.66 0.81 1.51

10 0.433 2 2.06 0.06 2.67 0.08 2 (12) 2 (9) 198.13 191.33 0.45 3.24 0.65 4.68
11 0.790 1 2.02 0.05 2.63 0.05 3 (14) 3 (14) 194.77 186.81 0.90 1.25 0.82 1.14
12 0.850 1 2.02 0.06 2.65 0.07 2 (13) 2 (13) 197.51 192.61 0.67 0.95 0.96 1.37
13 0.594 2 1.96 0.06 2.56 0.05 4 (13) 3 (12) 195.29 195.17 1.07 1.36 0.77 1.23
14 0.440 2 1.99 0.10 2.80 0.11 6 (14) 4 (14) 194.59 191.37 1.67 0.79 0.93 0.57
15 0.602 1 1.92 0.13 2.63 0.08 4 (15) 2 (15) 194.36 193.14 0.95 3.71 0.69 5.35
16 0.508 2 1.75 0.10 2.21 0.08 4 (22) 3 (22) 199.14 190.13 0.66 1.22 0.48 1.11
17 0.389 2 1.94 0.09 2.51 0.09 3 (14) 4 (14) 195.94 192.33 0.90 2.25 0.82 1.62
18 0.444 2 1.96 0.07 2.67 0.05 3 (18) 3 (18) 194.33 194.40 0.94 2.36 0.85 2.15
19 0.490 2 1.67 0.14 2.11 0.13 5 (20) 5 (20) 195.91 191.80 1.26 1.40 0.78 0.87
20 0.660 1 1.88 0.09  2.50 0.10  5 (16) 4 (16)  197.30 195.56  1.46 0.91  0.91 0.66
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RESULTS

We found variations in nest mate worker kinship (re-
latedness), distribution of head-pronotum colour morphs, 
degree of melanisation and worker body size in all the 
F. rufa colonies studied (Table 1). The worker-to-worker 
nest mate relatedness estimates varied from 0.363 to 0.850 
(mean ± SD: 0.562 ± 0.138; Fig. 2). The mean relatedness 
estimate of the population deviated signifi cantly from 0.75 
(one-sample t-test, df = 19, t = –6.07, P < 0.0001) indicat-
ing that there was substantial variation in the complexity of 
the structure of the family in the colonies. Eight colonies 

were categorised with a high degree of kinship between the 
workers (r ˃ 0.6; presumably one father and simple fam-
ily structure) and 12 were categorised with a low level of 
kinship (r ˂ 0.6; two or more fathers and complex family 
structure).

Several colour morphs (Mean ± SD: head: 3.8 ± 1.23; 
pronotum: 3.4 ± 1.14) were present within a colony, with 
the highest number of six colour morphs per colony for both 
head and pronotum. While the number of colonies studied 
was relatively low, the frequency of head colour morphs in 
colonies with simple and complex family structures were 
very similar; however, the frequency of different pronotum 
colour morphs was more variable between the family types 
(Fig. 3). Within a colony, the total number of head colour 
morphs positively correlated with the number of pronotum 
colour morphs (r = 0.58, P = 0.007). Individual head size 
(nest mean Hw) and variation in worker head size (coeffi -
cient of variation value of colony) were not associated with 
the head colour morph frequencies (GLMPOISSON, nest mean 
Hw: df = 1, χ2 = 2.64, P = 0.104; Hw coeffi cient of varia-
tion: df = 1, χ2 = 0.01, P = 0.905). Similarly, thorax length 
(nest mean Thl) and variation in thorax length within a nest 
(Thl coeffi cient of variation) were not associated with the 
pronotum colour morph frequencies (GLMPOISSON, Thl nest 
mean Thl: df = 1, χ2 = 0.49, P = 0.49; Thl coeffi cient of 
variation: df = 1, χ2 = 0.95, P = 0.33).

Linear mixed model analyses revealed no associations 
between nest mate relatedness or complexity of family 
structure with (a) the richness of the head/thorax colour 
morph, diversity and evenness; (b) degree of melanisation 
of head/thorax; (c) head/thorax size (Table 2). Power val-
ues varied among the tests between the two types of family 
structure (Table 2). Weak power was associated with the 
most non-signifi cant results and high power values with 
the lowest P-values.

DISCUSSION

In the sample of F. rufa studied we found considerable 
colony-level variations in relatedness (worker kinship), 
colour polyphenism, degree of melanisation and individual 
body size. Some colonies were less colour-polymorphic 
than the others, containing only two to three head and 
pronotum colour morphs per colony, while in others there 
were up to six morphs, varying from the palest to dark-

Fig. 3. Colour morph frequencies of the head (A) and pronotum (B) 
in colonies classifi ed as monandrous and polyandrous based on 
their intranest worker-to-worker relatedness. Numbers above bars 
are the number of colonies.

Table 2. The associations of the average nest mate worker-worker relatedness (r) and family structure (simple when there is one father, 
complex when there are more than one) with colour morph richness, diversity and evenness, melanisation (MD) and size of the Formica 
rufa colonies studied in SW Finland. Observed power is added in brackets after the results of between-colony type analyses.

Trait r Family structure
Head colour morph richness F1, 18 = 0.40, P = 0.85 F1, 18 = 0.33, P = 0.57 (0.14)
Head colour morph diversity F1, 18 = 0.06, P = 0.82 F1, 18 = 0.38, P = 0.55 (0.15)
Head colour morph evenness F1, 18 = 0.47, P = 0.50 F1, 18 = 0.43, P = 0.52 (0.16)
Pronotum colour morph richness F1, 18 = 0.27, P = 0.61 F1, 18 = 0.10, P = 0.76 (0.08)
Pronotum colour morph diversity F1, 18 = 2.30, P = 0.15 F1, 18 = 0.46, P = 0.51 (0.17)
Pronotum colour morph evenness F1, 18 = 0.23, P = 0.64 F1, 18 < 0.01, P = 0.99 (0.05)
MD of the frons (MDf) F1, 18.6 = 0.91, P = 0.35 F1, 18.2 = 0.53, P = 0.48 (0.19)
MD of pronotum (MDpn) F1, 19 = 2.68, P = 0.12 F1, 18.9 = 3.16, P = 0.09 (0.95)
Head width F1, 19.3 = 2.04, P = 0.17 F1, 18.9 = 2.32, P = 0.14 (0.55)
Thorax length F1, 19.2 = 1.03, P = 0.32 F1, 18.7 = 2.54, P = 0.13 (0.56)
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est. The levels of melanisation and size of F. rufa workers 
also varied between ants from all monodomous colonies. 
The high within-species phenotypic variability in F. rufa 
revealed in this study is consistent with previous studies 
on red wood ants and indicates a high degree of pheno-
typic diversity within and between species (Czechowski & 
Douwes, 1996; Stockan et al., 2016). Analyses of this di-
versity can be even more complicated due to the tendency 
of species of red wood ant to hybridize (e.g., Sorvari 2006; 
Korczyńska et al., 2010).

The colour morphs of F. rufa, described for the Finn-
ish population, are based on relatively discrete variations 
in size and shape of dark melanin-based patterns on the 
head and pronotum of worker ants (Skaldina & Sorvari, 
2017a). Even though, this type of phenotypic variability 
is well recognisable and can be detected in other species 
and castes of red wood ants, it differs from the type of in-
sect colour polymorphism that is supposed to be true (bal-
anced) polymorphism (Simpson et al., 2011). Usually it is 
produced by a combination of various classes of pigments 
and structural mechanisms and is strongly associated with 
life history traits and is genetically preprogramed. For ex-
ample, such genetically predetermined colour polymor-
phism (sex dimorphism) is reported in the ant Diacamma 
sp. (Formicidae: Ponerinae) (Miyazaki et al., 2014). As 
stressed by Forsman (2016), a clear distinction between 
continuous variation in colouration and various types of 
polymorphism is not always possible, as intermediate or 
transitional forms can appear. Therefore, we consider the 
melanin-based colour morphs of F. rufa workers as mod-
erately polymorphic. In the case of true polymorphism, 
a single or several genes regulate the expression of the 
colour morph. These colour morphs frequently represent 
alternative strategies in different individuals, varying in 
life history traits, physiology and behaviour (Forsman et 
al., 2008). Therefore, polyandrous mothers might produce 
more colour morph diverse offspring, as, for instance, is 
reported for the pygmy grasshoppers Tetrix subulata and 
T. undulata (Forsman et al., 2007). In a previous study 
(Skaldina & Sorvari, 2017a), we describe a comprehensive 
method for accessing and scoring these phenotypic diversi-
ties in ecological research. Here we reveal that there is no 
evidence for an interrelation between phenotypic diversity 
and the complexity of the structure of the family in F. rufa. 
Therefore, we consider the variability in the colouration of 
F. rufa to be a result of polyphenism.

Polyphenism might benefi t species in several ways. 
First, at the population level, negative effects associated 
with competition are less common in phenotypically di-
verse groups compared to monomorphic ones (Caesar et 
al., 2010). Second, species with variable traits are more 
successful at utilizing resources and tolerant of stress than 
monomorphic ones (Forsman et al., 2008). Overall, the rel-
ative fi tness of individuals can differ, depending on morph, 
even if this is not true (balanced) polymorphism (Forsman, 
2016). Therefore, the large phenotypic variability recorded 
in red wood ants might contribute to their overall fi tness 
and success in different habitats.

Melanisation can also benefi t ants at the level of assem-
blages (Bishop et al., 2016), however, the expression of 
melanin is in many cases species-specifi c (Stoehr, 2006). 
Ants use melanin pigments not only as signifi cant com-
ponents in their cuticles, which are necessary for harden-
ing and darkening, but also important for thermoregulation 
and immunity. The key enzyme for melanin production is 
phenoloxidase, which is present in the cuticle of insects, 
their mid gut and in their haemolymph (Sugumaran, 2002). 
Therefore, melanin assists in the physiology of thermoreg-
ulation (Trullas et al., 2007; Abe et al., 2013), water bal-
ance (True, 2003) and immunity (Armitagae & Siva-Jothy, 
2005; de Souza et al., 2011). Production, maintenance and 
display of melanised colour traits, either ornamental or not, 
is in many cases pleiotropically regulated and co-varies 
with the body condition, however an environmental com-
ponent to melanisation is more signifi cant for invertebrate 
than vertebrate animals (Roulin, 2016). 

In addition, we failed to fi nd any differences in variation 
in size between colonies of the red wood ant F. rufa with 
low and high levels of kinship. Similar results are reported 
for the desert ant Cataglyphis cursor, in which an increase 
in genetic diversity does not result in more polymorphic 
workers and head width does not differ between patrilines 
(Fournier et al., 2008). Recent reports indicate that F. rufa 
workers exhibit considerable plasticity in the allometric 
scaling of relative organ size and cellular-level processes 
underlying organ construction (Perl & Niven, 2016). These 
fi ndings have led to an assumption that red wood ants are 
highly malleable at the organ and cellular levels and there-
fore quickly adapt to prevailing environmental conditions. 
Previously it was shown that colouration in red wood ants 
depends on size (Skaldina & Sorvari, 2017a). However, the 
current results reveal that at the colonial level of organisa-
tion, variation in size has no effect on colour variation.

The population studied consisted of a relatively low 
number of nests (N = 20), thus there is a possibility that 
the conclusions are not robust. We carried out simple post-
hoc power analyses of the between group comparisons and 
the results of the power analyses were variable but show 
that the P-value covary with power. In fact, the P-value 
strongly predicted power values (power fi t r2 = 0.96). Post 
hoc power analysis is strongly criticised and the strong 
dependence on the P-value is one of the main arguments 
against post hoc power analysis (e.g., Jiroutek & Turner 
2018; Zhang et al., 2019). Our hypothesis was that if the 
traits studied, especially colour morphs are heritable, the 
single father families should have a lower number of col-
our morphs than the multiple father families. However, we 
detected similar frequencies of head colour morphs (Fig. 
3A). The morph frequencies of pronotum were visually 
different between the types of families (Fig. 3B), but do not 
show the pattern in which the multiple-father families had 
generally higher numbers of morphs per family (colony). 
Anyhow, larger sample sizes would have made the inter-
pretation of our results more robust.
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CONCLUSIONS

If genetic factors affect various phenotypic traits, then 
closely related individuals might be typically more similar 
than those with a low degree of kinship. However, neither 
of the phenotypic traits studied were associated with the 
average nest mate worker relatedness and differed between 
colonies with simple and complex family structures. The 
current results indicate that environmental driving forces 
might be more signifi cant in determining colouration in red 
wood ants. However, more sophisticated genetic studies 
indicating the heritability of phenotypic traits between pat-
rilinies are suggested for the future with the aim to reveal 
the role of a genetic component in the determination of ant 
colouration. Comparative studies of the diverse phenotypic 
traits of organisms with one or more patrilines would pro-
vide an opportunity to study the genetic component and in 
this way genotype-by-environment interactions involved 
in phenotype construction (Hughes et al., 2003). Studies 
on the determination of colouration using molecular genet-
ic techniques, especially in non-model organisms, would 
signifi cantly contribute to evolutionary ecology and reveal 
genetic or environmental pressures on colouration (Protas 
& Patel, 2008). In addition, testing the effect of various en-
vironmental factors, such as temperature, humidity, feed-
ing regime and pollution, might contribute to our under-
standing the role of genotype-by-environment interactions 
in the phenotypic diversity of red wood ants.
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