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The search for ecological indicators of population well-being in natural and managed ecosystems is a
crucial aspect of effective biomonitoring, conservation and nature protection. In long-term monitoring
programs environmental stress has a measurable effect on naturally selected traits, such as body shape or
size. However, changes in colouration provide information about early warning responses. The red wood
ant Formica aquilonia is ecologically and territorially dominant among wood ant species in European
boreal coniferous forest, and possesses variable red-brownish melanin-based cuticular colouration. F.
aquilonia gynes, which are unfertilized queens, exhibit colour variability on the head, propodeum and
abdomen, yet only head colour features allow setting clearly visible and symmetrical (left/right) classes
of morphs. We studied phenotypic colour variability, melanisation and fluctuating asymmetry of colour
patterns in faces of F. aquilonia gynes from natural (forest interiors) and disturbed (clear-cut zones and
forest edges) habitats in Finland. We defined five variable, clearly visible and symmetrical (left/right)
colour morphs of gynes’ faces. Individuals of totally dark morph were present only in disturbed habitats.
General analyses of melanisation degree showed, that gynes from disturbed habitats were significantly
darker compared to those from forest interiors. Individuals from the same nest tend to have a similar
degree of melanisation. The mean darkness of face was highest among individuals from forest-edge
nests and the lowest from forest interior nests. In all habitat types the darkness of face increased with an
increase in head width. Increase of cuticular melanisation in F. aquilonia gynes in disturbed habitats could
be explained with the theory of thermal melanism and stress-induced immune defence. Although some
amount of fluctuating asymmetry among left/right symmetrical colour variations on faces of F. aquilonia
gynes was found, it was affected neither by habitat type nor by head width. Melanisation degree of red
wood ants have a potency to be used as ecological indicator for the level of disturbance in managed
coniferous forests and fluctuating asymmetry of colour variations in ants might be studied furtherly in
cases of more severe environmental concerns.
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1. Introduction largely converted from old-growth to timber-production forests

with simplified stand structure and species composition (Laurance,

Habitat destruction is the leading cause of species extinction
and the main “biodiversity hotspot” habitats are already dispropor-
tionately reduced (Pimm and Raven, 2000). The biggest causes of
habitat destruction are: agriculture, mining, trawling, urban sprawl
and clear-cut logging. In boreal forests, habitat loss has histori-
cally been low and these habitats have been less severely reduced
than others, e.g., Mediterranean, broadleaf, mixed, tropical and sub-
tropical forests. Nevertheless, due to active forest management
for timber and pulp production, coniferous boreal forests have
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2010). Clear-cutting causes multiple and variable effects on ani-
mal communities and different taxa respond to it in various ways.
In comparison between the degree of tree removal (clear-cutting,
seed tree, shelterwood, patch cutting, group and single tree selec-
tion) and various types of natural disturbance (landslide, wildfire,
insects, wind, disease) clear-cutting is equal to the most severe nat-
ural threat—landslide (Kimmins, 2004). For certain animal species
it leads to habitat fragmentation and loss (Fahrig, 1999), because
some specific habitats cannot be maintained alongside timber pro-
duction. Biodiversity-oriented management can help to preserve
not only red-listed boreal forest species, but also to maintain strong
and healthy ecosystems (Tikkanen et al., 2006).
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Biomonitoring is an essential part of sustainable environment
management and the search for biological/ecological indicators and
biomarkers, which promote better understanding for ecosystem
well being is highly demanded. Ecological indicators as a sub-
set of environmental indicators provide insight into the state and
dynamics of biological systems (National Research Council, 2000).
Biomarkers are crucial tools for revealing early warning signals of
environmental change before the onset of irreversible damage at
the population level (Amiard-Triquet et al., 2013). Ants represent
proper indicator group to monitor environmental changes from
individual-based to population-based levels, besides they possess
important functional role in ecosystems, they also have small size,
high individual sensitiveness to climate and microclimate change
and long life-span of the colonies (Folgarait, 1998; Kaspari and
Majer 2000; Christ, 2009). They are opportunistic objects to be
reliable environmental, ecological and biodiversity indicators in
cold biomes of the northern hemisphere (Ellison, 2012). In Euro-
pean boreal and temperate coniferous forests, red wood ants of
the Formica rufa group are territorial and ecological dominants of
the terrestrial environments. The ecological effect of these insects
is extended over several trophic levels and they can be consid-
ered environmental engineer species due to their ability to change
soil properties, e.g. nutrient and pH levels and maintain constant
temperature inside the nest, about 10°C higher then ambient tem-
perature (Frouz and Jilkova, 2008).

The most abundant and common ant in boreal forests in Finland
is the highly polygynous (multiple queens) and polydomous (mul-
tiple nests) species Formica aquilonia (Yarrow, 1955) (Punttila and
Kilpeldinen, 2009). The species is classed as Near Threatened by the
International Union for Conservation of Nature (IUCN, 2015). Clear-
cutting can cause severe effects on forest-dwelling populations of
F. aquilonia. It leads to a) reduction of nest mound size, b) decrease
in sexual offspring production and bias in sex ratio, ¢) production
of smaller workers with lower body energy reserves, d) increased
rate of nest abandonment, and e) increase in the aggressiveness
between neighbouring colonies causing decline in polydomous
relationships among colonies (Sorvari and Hakkarainen, 2004,
2005, 2007a,b,c, 2009). Consequently, these changes diminish the
ecological significance of this species in the forest ecosystem and
weaken the ecosystem itself. The current degree of studies on
survival strategies, adaptive capacity of F. aquilonia and neces-
sary conservation actions for this species in terms of the present
economic development of taiga remains insufficient. Thus, further
studies of its adaptability and variability under different levels of
disturbance and the search for reliable biomarkers of its well being
in natural and disturbed habitats is highly in demand.

Like other red wood ants, F. aquilonia possesses diversity of
red-brownish melanin-based conspicuous cuticular colouration.
Studies of the colouration traits of this ant species can contribute
to new ecological indicators and biomarkers of environmental
change. Both genetic and environmental cues are involved in an
organism development to fit its phenotype to selective conditions
(Leimar, 2009). Consequently, phenotypic variability and polymor-
phism are good sources for morphological traits that are sensitive
to environmental stress and useful for both short- and long-term
biomonitoring programs. Concerning inter-individual variation in
the degree of melanin-based coloration in ants it is worth consider-
ing that melanin is endogenously produced, hence this variability
often possesses a non-negligible component. Condition-dependent
or environmentally induced component of colour expression is
more pronounced in invertebrates than vertebrates (Roulin, 2016).
For this reason, melanin coloration could be used as a pheno-
typic plasticity marker of stress as invertebrate individuals living in
stressful environments may develop a darker coloration compara-
bly to those from benign habitats. Variability of size, pilosity, petiole
shape, mandible dentition and colouration of F. aquilonia workers

were shown to be good predictors for: analysis of spatial popula-
tion structure, distinguishing of the period in the life of settlement
(growth and dispersal, stabilization, depopulation and defragmen-
tation), studies of species reaction on different kinds of disturbance
(Gilev, 2003; Fedoseeva, 2011; Korochkina et al., 2014; Gilev et al.,
2015).

Most studies on phenotypic variations of F. aquilonia were con-
ducted on workers, and there are few studies about queens that are
the main factor for genetic diversity of the ant’s family. Unfertilized
young queens (gynes) could be useful for such studies for several
reasons: a) same conditions of rearing within the same nest; b)
same age; ¢) originating from the particular nest and not migrating
from the other nests. It is shown that the sensitivity of body size
variations of F. aquilonia queens to environmental change may vary
over time since the disturbance; the body size seems to respond
soon after disturbance by increase in head width (Haatanen and
Sorvari, unpublished) but later the body size seems not to respond
to the disturbance anymore (Haatanen and Sorvari, 2013).

Concerning insects, environmental stress may affect naturally
selected traits, such as body size or shape (e.g., Sorvari and
Hakkarainen, 2009), but usually the effects are remote and can be
revealed in long-term monitoring programs (Fedoseeva, 2011). On
the other hand, changes in colouration and melanisation provide
rapid information about various environmental stresses, such as
nutritional imbalance (Talloen et al., 2004; Lee et al., 2008) and
thermal stress (Kemp et al., 2006), UV radiation (Debecker et al.,
2015), pathogens (Wilson et al., 2001).

Insects’ colouration as an environmentally sensitive trait, can
be studied from three points of view: a) colouration variability and
polymorphism as a consequence of phenotypic plasticity (Whitman
and Agraval, 2009; Tibbetts et al., 2011); b) melanisation as a reflec-
tion of the physiological state, processes and adaptations (Trullas
et al., 2007; Karl et al., 2010); ¢) symmetrical and asymmetri-
cal traits as different adaptations and signals, and also fluctuating
asymmetry as a measure of developmental stability (Jennions,
1998; Barabas and Hancock, 1999).

Both changes in melanisation and increase in fluctuating asym-
metry can show the species reaction to changed conditions.
Cuticular melanisation is a well known kind of phenotypic respond
to such factors as amount and quality of food resources, fluctuations
in population density, temperature and UV radiation, level of pre-
dation and parasites (Wilson et al., 2001; True, 2003; Talloen et al.,
2004; Kemp et al., 2006; Rajpurohit et al., 2008; de Souza et al.,
2011; Debecker et al., 2015). Insect cuticle is rather more a flexible
biological system than inert substance, and it is an important inter-
face between physiological processes inside an individual’s body
and environmental conditions (Neville, 1975; Andersen, 1979).
Melanin pigments are significant components of an insect’s cuti-
cle (Fuzeau-Braesch, 1972). On the one hand, they are involved in
conspicuous cuticular colouration and traits formation, and on the
other hand, they play crucial roles in many physiological processes,
such as thermoregulation and desiccation resistance. In addition,
they are highly responsible for immune defence: encapsulation
rate and melanisation of haemolymph (Vilmos and Kurucz, 1998;
Tsakas and Marmaras, 2010). Interestingly, in vertebrates it was
found that the degree of melanisation has been associated with
fluctuating asymmetry as a female melanin-ornament signals off-
spring fluctuating asymmetry in the barn owl (Roulin et al., 2003).

Fluctuating asymmetry (FA) is an important indicator of the
level of stress in the environment as signs of developmental
instability become elevated well before severe effects on fit-
ness components appear (Mgller, 1998). Moreover, anthropogenic
stressors generate lager effects on FA in comparison to naturally
occurring stressors (Beasley et al., 2013). In addition, FA is consid-
ered a good predictor for finding reliable signs of developmental
instability in ants (Kaspari and Majer, 2000).
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The aim of the study is to reveal environmentally sensitive traits
in cuticular colouration of F. aquilonia red wood ant gynes and
search for the suitable ecological indicators of environmental stress
in managed coniferous forests.

2. Materials and methods
2.1. Study area and study sample

The total of 128 pre-mating queens (gynes) of F. aquilonia ants
(mean 4 SD: 5.6 & 3.2 individuals per nest) were collected before
nuptial flight manually from inside or surface of 23 nests around
the city of Jyvdskyld (WGS84 coordinates 62.24°N, 25.62°E) in May
2001 and stored in 96% alcohol. In total 11 nests were sampled
from natural, bilberry (Vaccinium myrtillus L.) growth forest inte-
riors, where Norway spruce (Picea abies L.) over 70 years old was
a dominant tree species. In addition, 12 nests were sampled from
disturbed habitats, clear-cuts (5 nests) and their edges (7 nests)
that had been logged 1-2 years before the sampling. Nests in forest
edges were less than 15 m away from the clear-cut, i.e., inside the
forest. The material was collected from eight different forest stands
and six clear-cut stands (1-2 nests each stand).

2.2. Photographing

The head capsules of the gynes were dried and then fixed on the
object-plate with the underside of the head (gula) down. All the
photos of ant heads were taken using a digital stereo microscope
Olympus SZ40 and DeltaPix Invenio 3S 3 Mpixel CMOS camera with
magnification 35x, exposure 45 and illuminance 2800 Ix. In total,
128 photos of F. aquilonia queen heads were taken. For processing
the images, we used Adobe Photoshop CS5 and Image] (Schneider
etal., 2012) softwares. For assessment of melanisation degree (MD)
we converted photos into grey scale (Fig. 1A). For easier evaluation
of colour variations and fluctuating asymmetry (FA) we converted
the greyscale photos into negatives (Fig. 1B). This made pigmenta-
tion area more clearly visible and distinct.

2.3. Colour variation, melanisation degree and fluctuating
asymmetry

We used the maximum head width above the eyes (Sorvari
and Hakkarainen, 2009) as an assessment parameter of body size
of F. aquilonia gynes. The width of the head was analysed using
image analysis software (Image]). We provided categorization of
face colour variations (morphs) using a descriptive methods of
population-morphology approach (Gilev, 2003; Yablokov, 1976,
1986). Workers of F. aquilonia exhibit a black spot of variable
shape and size on thorax (Gilev, 2002, 2015). However, in stud-
ied gynes, there was no variability in the shape of the black spot
(mesonotum + scutellum), only slight variation in darkness of the
red pigment in pronotum and propodeum was present.

In total analysis of melanisation degree (MD) has been made for
117 faces (11 photos were excluded due to insufficient quality for
this kind of analysis—existence of cracks on the heads surfaces).
On the face of a gyne two certain areas (rectangles) were picked
up: upper part melanisation (UPM) and lower part melanisation
(LPM) (Fig. 1A). These parts reflected specific features of colour
morph variability of F. aquilonia gynes, and matched the border
between darker and lighter parts. On each of these areas melani-
sation degree was measured (six times per individual) as the mean
grey scale darkness of the pixels, i.e., 0-255 in Image]. Prior to the
statistical analyses the scale was calibrated so that zero represented
0-completely white and 255-completely dark (Sorvari et al., 2008;
Fedorka et al., 2013). The intra class correlation coefficient as a

repeatability of the measurements was very high in both UPM and
LPM (0.99 and 1.00, respectively).

For the evaluation of FA of colour patterns on the right and left
sides of the face we analysed 70 faces, and 58 were excluded due
to assessment inability or high melanisation rank. Among those
70 gynes 33 were from forest interiors, 12-from forest edges and
25-from clear-cut zones. According to classification of symmet-
rical objects (Graham et al.,, 2010) colour variations on faces of
gynes were described as inconsistent symmetry (with no consis-
tent topology, no homologous landmarks, and no matching points).
Therefore, we used a modified method of continuous symmetry
measure (CSM) (Zabrodsky et al., 1995; Milner et al., 2005). For
each part (left/right) of the head we measured the length of 3 lines,
conducted at a certain angle: 30°, 45° and 60° from middle of the
lowest ocelli until the end of the black-pigmented area (Fig. 1B).
For the level of FA we calculated the length difference (left-right)
for each pair of lines for each individual. The length of the lines was
measured in pixels and then converted into mm. To distinguish
true asymmetry from measurement error (Swaddle et al., 1994;
Tomkins and Kotiaho, 2001; Swaddle, 2003) the measurements
were provided 6 times for each axis, and then the mean values
were taken. The angles were set manually on a pixel field, thus the
angle of each line contained some deviation (sd) around the angle
targeted. However, the deviations of each angle (30°, 45° and 60°)
between the left and right side did not differ between disturbed
habitats and forest interiors (P-values =0.69-0.99).

2.4. Statistics

The repeatability analyses for melanisation parameters were
carried out using reliability tests in SPSS 21 statistical software.
The statistical analyses were carried out using SAS 9.4 statistical
software (SAS Institute Inc.). Frequency of different colour morphs
was compared using likelihood ratio chi square test. The differences
in darkness and fluctuating asymmetry were analysed using linear
mixed models. Head width of individuals was used as a covariate
in the models. In addition, since several individuals from the same
nests were studied, the nest of origin was included as a random
factor in the models.

3. Results
3.1. Colour morphs

The analysis revealed colour variability on faces, propodeum
and abdomen of F. aquilonia gynes, while distinct shapes or clearly
visible colour morphs were found only on faces. We consider this
type of colour variability to be more of continuous origin, differing
from true polymorphism, which it is always discrete, discontin-
uous and strongly bimodal or polymodal (Gray and McKinnon,
2007). Despite, several traits of continuous variability can be
distinguished as alternative, discrete, quantitative signs—phenes
(Yablokov, 1976), there should be a significant proof of appear-
ance of various alleles of a single gene to consider a trait to be a
real phene (Yablokov, 1986). However recent studies concerning
heritability of colour in Formica rufa workers revealed red wood
colouration to be more environmentally dependent than geneti-
cally predicted (Skaldina and Sorvari, unpublished). Thereafter we
use term “morph” rather than “phene”. Specificity of colour vari-
ations, changes in amount and direction of pigment spread in F.
aquilonia gynes’s faces are rather directed than stochastic, thus it
is possible to set some threshold ranks and define classes of cate-
gorisation.

The categorisation revealed variable, clearly visible, symmetri-
cal (left/right) colour morphs with thresholds of pigment spread
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Fig 1. A. Assessment of melanisation degree (MD) on the rectangle areas: UPM (the matching points are the lowest frontal ocelli, inner margins of compound eyes and upper
edge of antennas insertions) and LPM (the matching points are the lowest points of compound eyes, visible margins of the cheeks and lower edge of antennas insertions). B.

Assessment of fluctuating asymmetry (FA): lines, conducted at 30°, 45°, 60°.

NON-MELANISTIC MELANISTIC

MORPH ORIGINAL GREYSCALE NEGATIVE GREYSCALE NEGATIVE

Fig. 2. Classes of non-melanistic (A) and melanistic (B) morphs on the F. aquilonia
gynes faces in accordance with shapes of pigment spread and border between dark
and light parts. [ threshold rank - the border is visibly clear, the line is curved and
touches eyes in the middle part; II threshold rank - the border is visibly clear, the
line is more straight than curved, it touches eyes in the lower part; Il threshold rank
- the border is visibly clear, the line with small convexities, it touches eyes in the
lower part; IV threshold rank - the border is visibly clear, convexities are big and
spread on cheeks; V threshold rank - the border isn’t visibly clear, line couldn’t be
identified.

on the gynes faces (Fig. 2A). When we converted photos into nega-
tives, it was possible to distinguish distinct colour variations even
on highly melanised individuals, while on unprocessed photos they
were not clearly visible (Fig. 2B). Gynes with totally dark cuticular
colouration and absence of a clear visible border between pig-
mented areas were set to the group of morph V. The difference
between dark morph V and melanistic individuals from all classes
of morphs (I-IV) was visible only on the negative photos (Fig. 2B).

The frequency of the morph distribution was significantly differ-
ent between forest habitats and disturbed habitats (likelihood ratio
chi square test: df=4, G2=23.71, P<0.0001; Fig. 3). This difference
was caused by the absence of morph Vin forest habitat nests. When
the frequencies were compared without type V the morph frequen-
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Fig. 3. Frequencies of five groups (I-V) of colour morphs of F. aquilonia gynes’ faces
in natural and disturbed habitats.

Morphs

cies did not differ any more (df =3, G2 =0.99, P=0.80). Interestingly,
the colour morph frequencies were significantly different between
the clear-cuts and forest edges (both included into disturbed habi-
tats; df=4, G2=15.53, P=0.004). Again, when the colour morph V
was removed, the frequency distribution was no longer significant
(df=3,G%*=7.34,P=0.06).

3.2. Melanisation

The habitat type and head width of the gynes were associated
with the MD of LPM of the gyne’s face (habitat type: F; 1.1 =11.90,
P=0.0024; head width: F; 955=9.36, P=0.0029). The gynes were
darker in disturbed habitats (clear-cuts and clear-cut edges) than
in forests (mean + 95% CL, disturbed habitats: 174.3 +10.2, forests:
149.7£10.7). The MD of the UPM of the face was also associ-
ated with the habitat type (habitat type: Fj 214=9.27, P=0.0061).
Although gynes from disturbed habitats were darker (disturbed
habitats: 190.4 + 4.4, forests: 181.0 +4.7) the MD in the UPM of face
was not significantly dependent on size (head width: F; g74=0.76,
P=0.39).
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Fig. 5. Mean darkness of F. aquilonia gynes’ faces in clear-cuts, edges and forest
interiors. Filled symbols: LPM, open symbols: UPM. The darkness values are scaled
grey value from Image] software.

Gynes from the same nest tend to have a similar MD of LPM
(Fig.4). When clear-cuts and edges were treated as a separate habi-
tat type the habitat type affected the MD of LPM and UPM but so that
the edges and forests differed significantly whereas the clear-cuts
did not differ from the other habitat types; however, the mean dark-
ness clear-cut individuals was intermediate to those from edges
and forests (Tukey’s test, edge vs. clear-cut: P py = 0.57, Pypy = 0.24,
edge versus forest: Py py =0.0061, Pypy = 0.004, clear-cut vs. forest:
Prpm =0.13, PUPM =0.12; Flg 5)

The MD of the LPM of the face increased with an increase in head
width (Fig. 6). The association between head width and the LPM was
similar between the habitat types (interaction term habitat x head
width: Fq948=0.14, P=0.71). In both natural and disturbed habi-
tats, the association between head width and MD of the UPM of
the face was also similar (interaction term habitat x head width:
F1967=3.22,P=0.076).
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Fig. 6. Association between MD of LPM and head width of F. aquilonia gynes in nat-
ural and disturbed habitats. The darkness values are scaled grey value from Image]
software.

3.3. Fluctuating asymmetry

The analysis revealed some degree of fluctuating asymmetry
(FA) of continuous symmetrical colour variations between the
right and left sides of F. aquilonia gynes’ faces (mean+SD: 30°:
0.047 £0.028; 45°: 0.046 +0.055; 60°: 0.033 +0.043). However,
the amount of FA in face colour variations did not differ between
disturbed habitats and forests (30°: F;6=0.01, P=0.94; 45°:
F166=0.71,P=0.71; 60°: F; gg = 1.36, P=0.25). In addition, the head
width did not affect the amount of FA (30°: F; 6 =0.52, P=0.47;
45°: F166=0.85, P=0.36; 60°: Fy65=1.45, P=0.23). The effect of
head width on the amount of FA was similarly non-significant
between disturbed habitats and forests (interaction term habi-
tat x head width, 30°: F; 65 =0.09,P=0.76; 45°: F; g5 =0.23,P=0.63;
60°: F1,65 =0.32,P= 057)

In addition, linear mixed model analysis revealed no signif-
icant associations between melanisation measurements and FA
measurements; UPM, 30°: F; 506=0.32, P=0.57; 45°: F1 496 =2.68,
P=0.11; 60°: F; 494=1.81,P=0.19; LPM, 30°: F; 495 =3.45,P=0.07;
45°: F1'48.9 =3.21,P=0.08; 60°: F1'48.8 =1.71,P=0.20.

4. Discussion

In F. aquilonia gynes from Finnish population colour morphs
are revealed on the faces, while on the other body parts vari-
ability is just continuous or not present at all. These results may
exhibit the reflection of an adaptation capacity of this species,
since melanin-based colour polymorphism is considered a marker
of genetic adaptations (Gray and McKinnon, 2007), and polymor-
phic species are known to be more resilient to environmental stress
comparably to monomorphic ones (Whitman and Agraval, 2009;
Roulin, 2014). Melanin production has a significant genetic com-
ponent as genes involved into melanogenesis can pleiotropically
regulate other traits such as resistance to stress (Ducrest et al.,
2008). Consequently, discovered phenotypic polymorphism on the
gynes faces enables search of ecological indicators on these body
parts.

Natural and disturbed habitats differed significantly in morphs
distribution, but when highly melanised individuals of the V morph
group were excluded, no differences were found. Furthermore,
clear-cuts and forest edges, as disturbed habitats, differed by the
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frequency of the darkest morph V. Such distribution of morphs
may represent natural variability of the species. At the same time,
highly melanised phenotypes might show the species response to
changed environmental conditions. As genetic relatedness among
gynes is generally very low in this species, thus it is highly prob-
able, that they are not sisters (Sundstrom et al., 2005). Therefore,
the tendency for similar degree of melanisation in individuals from
the same nest gives additional support for the prediction of envi-
ronmental melanisation. Taking into account pleiotropic basis of
melanin-based colouration it is also possible that ants possess-
ing genes encoding for a dark colour may be selected in stressful
habitats because the same genes also encode for other phenotypes
useful to resist stress.

In studied F. aquilonia gynes both upper and lower parts of the
melanin-based colour morphs were associated with the habitat
type, and in clear-cuts and forest edges the enhanced melanisa-
tion degree revealed. It is known, that melanin formation in insect
cuticle can be innate, associated with the molt, or spontaneously
induced in imago by various environmental factors (Sugumaran,
2002; Lee et al., 2008; de Souza et al., 2011; Roulin, 2014; Debecker
et al., 2015). In addition, larval stressors are able to bridge meta-
morphosis and have the carryover effects in adults (Pechenik, 2006;
Debecker etal., 2015). As the studied gynes were collected one year
after the clear-cutting, they might have faced environmental stress
during larval and pupal stages. As an environmental stress, clear-
cutting causes numeric changings to the forest-dwelling ants. For
instance, it exposes ant nests to direct sunlight and wind, produces
more unstable and generally drier nest inside microclimate and
lower temperatures relative to ambient (Sorvari and Hakkarainen,
2009; Sorvari et al.,, 2016). Large nests of F. aquilonia are able
to maintain stable temperature, whereas in small ones the tem-
perature may vary more due to the lack of capacity for internal
temperature regulation (Rosengren et al., 1987). Thus, for the ants
there might be a strong need for physiological adaptations at the
organismal level.

Highly melanised insects are capable for better thermoregula-
tion (True, 2003) and in some cases tolerate desiccation more easily
(Rajpurohit et al., 2008). It is also possible, that increased cutic-
ular melanisation interrelated with enhanced immune response.
Melanisation-encapsulation rate is an innate immune response in
insects, which in these organisms shows no memory, but is rapid,
lasting up to a few days and offering powerful resistance to micro-
bial infections (Gillespie et al., 1997; Vilmos and Kurucz, 1998).
Gynes of F. aquilonia from clear-cut areas possess an enhanced
encapsulation reaction indicating decreased susceptibility to dis-
eases and parasites (Sorvari et al., 2008).

Ourresults revealed that the most heavily melanised gynes were
from forest edges. Forest edges might provide some benefits for
the ants, even when the anthills are located near disturbed habi-
tats. In clear-cuts the probability of sexual offspring production and
nest survival is higher among nests in a forest edge zone (distance
to the forest edge <9.2 m) compared to the clear-cut centre zone
(Sorvari, 2013). In addition, inside undisturbed ecosystems forest
edges were the best habitat types, providing the rich food resources
for the Canadian ant Formica podzolica (Deslippe and Savolainen,
1994, 1995). Ambient conditions may favour increase in melanisa-
tion. Melanins are costly to produce (Talloen et al., 2004; Roulin,
2016), and high-quality protein diet produces heavily melanised
cuticles in insects (Lee et al., 2008). In an experimental study with
the fire ant Solenopsis invicta it had been shown, that poor, insect
free, diet induced nonmelanized cuticle (Williams et al., 1987).
Finally, presence of more heavily melanised ants in disturbed habi-
tats can be explained with two non-mutually exclusive scenarios.
At the one hand, melanins are produced endogenously and thus
their expression varies among individuals and strongly depends
on the ambient. At the other hand, being regulated by pleiotropic

mechanisms, melanins can signal about presence of some other
traits useful for stress resilience. To summarize, degree of melani-
sation, measured on the faces (an indicator body parts) can testify
the species adaptability to changed environmental conditions, con-
tributing to better thermoregulation, desiccation resistance and
better immune response. Either it can be induced by the enhanced
nutrition, but further observations are highly needed.

Symmetry is closely interconnected with developmental stabil-
ity — the ability to control development under given environmental
conditions and fluctuating asymmetry shows deviations, caused by
environmental stresses or genetic problems (or both of them in
the same time) from a regular phenotype and thus reveals infor-
mation on developmental instability (Megller, 1998). No significant
differences in FA of face colouration in F. aquilonia in natural and
disturbed habitats were revealed. In addition, we did not find asso-
ciations between FA parameters and melanisation degrees. Itis well
known, that developmental instability could be induced by genetic
factors (inbreeding, homozygosity, hybridization, mutation) and/or
environmental factors (temperature, food, pollutants, population
density, sound, light, parasites) (Mgller, 1998). In our study under
the given level of disturbance in Finnish managed coniferous forests
(single cause—clear-cutting) no signs of developmental instability
of colouration traits were revealed. At the same time, revealing FA
of left/right colouration variations may be useful for further studies
of adaptation capacity of red wood ants under more severe or com-
bined natural and anthropogenic disturbances, such as landslides,
wild fires, heavy metal and organic pollutants contamination.

It is well known, that size could mask or alter potential rela-
tionships between colouration, asymmetry and the dependent
variables, thus taking account of size is always necessary (Swaddle,
2003). In the studied samples, no interconnection between body
size and asymmetry of colour variations exists. At the same time
both in natural and disturbed habitats, gynes have a tendency to
higher melanisation with the size increment. Among ant queens,
large body size has been associated with better survival capacity,
better immune defence, and higher reproductive success (Wiernasz
and Cole, 2003; Sorvari et al., 2008; Enzmann et al., 2014). In
some conditions, melanisation is also well known to be beneficial,
when selection on cuticle darkness indirectly favours the pathogen
resistance (Fedorka et al., 2013). Revealing a more precise inter-
connection between size and melanisation of red wood ants in
managed forests requires further studies.

In contemporary environmental management a variety of
bioindicators, biomonitors and biomarkers are used (Markert
et al., 2003). Biomarkers of defence show a variety of defence
mechanisms, allowing the survival of organisms in a degraded envi-
ronment and biomarkers of damage reveal more or less severe
biological impairments (Amiard-Triquet et al., 2013). Ecological
indicators include whole set of organisms being used to access the
condition of the environment (Dale and Beyeler, 2001). Although in
addition to measurement attributes, on which biomarkers are usu-
ally concentrated, they also require ecological validation (McCarty
et al., 2002).

Habitat loss has greater effect on population persistence than
habitat fragmentation (change in habitat configuration) and pop-
ulation survival may show a threshold response to habitat loss
(Fahrig, 1999). Revealing early signs of the degradation processes
in wild species populations under different levels of disturbance
is an important task for nature protection and conservation. Infor-
mative and conspicuous ecological indicators, such as melanisation
degree and possibly fluctuating asymmetry of colour morphs, can
contribute into revealing early signs of this threshold response to
different levels of disturbance and allow swift action for species
protection and conservation.



450 0. Skaldina, J. Sorvari / Ecological Indicators 72 (2017) 444-451

5. Conclusions

Our results indicate that colouration of forest-dwelling red
wood ants gynes could be a good source for the search for ecological
indicators, and further on—biomarkers of population well-being in
natural and transformed habitats under different levels of distur-
bance. Highly melanised individuals, especially the morph V, might
be considered as indicators of environmental change. Some addi-
tional studies are necessary to test, whether melanisation degree
of the face of F. aquilonia gynes and workers could be used as a
biomarker of defence. Measurable fluctuating asymmetry in face
colour patterns as a colouration trait has a potential to serve as
a biomarker of damage in severely disturbed habitats. Red wood
ants of the Formica rufa group inhabit northern coniferous and
temperate forests in Eurasia and North America, thus provide a
possible biomarker tool in a wide geographic area. However, while
our results are promising, the usefulness of different species within
the species group and studies provided on workers needs further
efforts.
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