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Abstract: 	 Bergmann’s rule, the tendency for sizes in birds and mammals to positively correlate with latitude, is con-
sidered one of the well-known biogeographical generalisations. However, the factors behind the manifes-
tation of such clines are not entirely clear. We collected the ground beetle Carabus granulatus L. in large 
regions of Russia and abroad. The sample of beetles consisted of 8550 individuals, which we measured 
using five dimensional traits. The values of the features changed abruptly from region to region in the 
northward direction, and their variability did not always correlate. The most stable values were observed 
in pronotum length and width. Morphometric features were similar in Bulgaria, Poland, Slovakia and 
Belarus. Towards Russia, this similarity disappeared. It can also be speculated that species with large 
geographic ranges are likely to experience considerable heterogeneity in the factors that influence body 
size, and that key factors that determine body size may not always operate along a latitudinal (or other 
geographic) cline but be spatially associated with patches within the species’ range.
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Introduction
Body size is often considered a ‘master trait’ be-
cause it correlates with many other traits related to 
several key mechanisms (Woodward et al. 2005, 
White et al. 2007). Body size can determine maxi-
mal population densities (Currie 1993, White et al. 
2007), movement capacities (Hillaert et al. 2018, 
Logghe et al. 2024), fecundity (Berger  et al. 2008; 
Benítez et al. 2021) and thermal limits (Klockmann 
et al. 2017). 

Body size in insects shows considerable in-
traspecific variation. In temperate regions or at high 
altitudes, insect survival decreases drastically at low 
temperatures, particularly at the end of autumn and 
during winter (Kleyer et al. 2008, Amarasekare & 
Sifuentes 2012). Thus, natural selection favours 
shorter development times to reduce the risk of pre-
reproductive death, but this comes at the cost of a 
smaller body size (Thornhill & Alcock 1983, Din-
gle et al. 1990, Abrams et al. 1996, Sukhodolskaya 
et al. 2020, Ramírez-Delgado & Cueva del Castillo 
2022). 

Conversely, in regions with lower latitudes and 
altitudes, where temperature variations are minimal 
and plant growth is abundant, resulting in an am-
plitude of food for herbivorous insects (Yom-Tov & 
Geffen 2006, Amarasekare & Sifuentes 2012, Suk-
hodolskaya & Saveliev 2017), larger body sizes are 
selectively favoured through both natural and sexual 
selection in univoltine insect species (Kozlowski 
et al. 2004, Horne et al. 2015, Benítez et al. 2020, 
Ramírez-Delgado & Cueva del Castillo 2022).

Bergmann’s rule is probably the best-known 
rule in zoogeography, which explains the variation 
of body size in geographical gradients. It states that 
‘In warm-blooded animals, races from warm regions 
are smaller than races from cold regions’ (Mayr 
1963). The ‘thermal’ interpretation of Bergmann’s 
rule has been questioned by several researchers. 
Scholander (1955) argued that heat dissipation and 
conservation are not as efficient as other mecha-
nisms such as vascular control and fur insulation. 
Others have suggested that body size is better cor-
related with basal metabolic rate, cost of transport, 
dominance in a community, success in mating, size 
and type of food, and competition (McNab 1971, 
Wilson 1975, Calder 1984, Schmidt-Nielsen 1984, 
Dayan et al. 1989). James (1970) suggested that 
body size variation is related to a combination of 
climatic factors, mainly moisture and temperature, 
and that small body size is associated with hot and 
humid conditions, and larger size with cooler and 
drier conditions.

Mechanisms underlying the latitudinal vari-
ation in body size in ectotherms remain unsolved. 
Even for representatives of such a large class as in-
sects, there is no consensus on the levers that affect 
the variability of body sizes in geographic gradients. 
In this report, we present our results on the geo-
graphic variability of ground beetles. Ground bee-
tles constitute a large and species-rich family that 
has been extensively studied from both biological 
and ecological perspectives. They have been used as 
a model object in some publications on size variabil-
ity in geographic gradients. Therefore, the sawtooth 
curve of body size variation was shown (Sukhodol-
skaya et al. 2020, Luzyanin et al. 2022).

The aim of this study was to estimate the body 
size variation in the ground beetle Carabus granula-
tus L. in the large-scale experiment, including sam-
pling beetles throughout Eurasia.

Materials and Methods
Sampling regions
Material from the Republic of Tatarstan was col-
lected during the period 2010-2023. Specimens 
from other regions were kindly provided by our 
colleagues from the Republic of Udmurtia, Mariy 
El, Kemerovo Oblast, Kaluga Oblast, Belarus, Bul-
garia, Slovakia, and Poland. The collection sites of 
the beetles are shown in Table 1.

Object of study
C. granulatus is a large beetle that measures 18-
26 mm in length, with a bronze or copper upper 
surface, often with a green sheen, and sometimes 
bronze-black. The femora are sometimes red. The 
pronotum is uniformly densely punctate. The anten-
nae are long, reaching halfway along the elytra in 
males. The elytra are sinuate before the apex with 
elytral eripleura abruptly near the upper edge of 
sinuation and have a sharp sculpture consisting of 
ridges and chains of tubercles. The pits on the elytra 
are small and barely noticeable (Hurka 1996, Isaev 
et al. 2004).

This species is hygrophilous and eurytopic with 
a transpalaearctic distribution throughout the Eura-
sian continent from the lowlands to the mountains. 
It inhabits riparian ecosystems or moist floodplain 
meadows with dense vegetation. In the northern 
taiga the species is found only in meadows, while in 
floodplain forests its occurrences are rare (Sharova 
& Filippov 2004). In more southern regions, this 
moisture-preferential species is observed in moist to 
wet forests, especially floodplains (Fedorenko 1988, 
Turin et al. 2003). In general, it is a spring breeder 
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with an obligatory adult diapause (Turin et al. 2003). 
It hibernates, often gathering in groups, under the 
loose bark of trees. Both adults and larvae are preda-
tors. The larva moults three times before pupation 
and, in the laboratory, beetles have been success-
fully reared from eggs in 53 days.

Research Technique
After sampling the beetles and determining their 
species and sex, all individuals were photographed, 
and their parameters were measured using a custom 
programme under Python 2.7, using the libraries 
NumPy and OpenCV. We measured the length and 
width of the elytra and pronotum, and the distance 
between the eyes. The programme is necessary to 
achieve greater measurement accuracy, automate 
the process, and reduce subjectivity (Mukhametna-
biev 2018). The beetle measurement scheme is pre-
sented in Fig. 1.

Statistical analysis
The relationship of morphometric characteristics 
(elytra length, elytra width, pronotum length, pro-
notum width, distance between eyes) to regions (RT, 
Kemerovo, Udmurtia, Mari El, Belarus, Kaluga, 
Bulgaria, Slovakia) and the influence of land use 
(urban, suburban, natural) was investigated using 
multivariate analysis (Redundant Analysis of Dif-
ferences (RDA)). Statistical significance was deter-
mined using the Monte Carlo permutation test (499 
iterations) in the Canoco5 program (Ter Braak & 
Šmilauer 2012).

We tested the normality of the data distribu-
tion using the Shapiro-Wilk test in Python 3.12. 
Differences in morphometric characteristics (elytra 

Table 1. Countries with sample size and study areas.

№ Country
Latitude
(decimal 

presentation)

Longitude
(decimal 

presentation)
Number of plots Sample size

1 Bulgaria 42.8N 22.9E 1 94
2 Slovakia 47.8N 17.6E 3 143
3 Poland 52.7N 22.9E 4 160
4 Kaluga Oblast / Russian 54.0N 36.0E 8 4528
5 Belarus 55.2N 30.2E 1 132
6 Kemerovo Oblast / Russian 55.3N 86.1E 3 208
7 Tatarstan Republic / Russian 55.7N 49.1E 12 2418
8 Mariy El Republic / Russian 56.6N 47.1E 2 215
9 Udmurtia Republic / Russian 56.8N 53.2E 1 142
10 Kostroma Oblast / Russian 57.4N 40.5E 1 510

Fig. 1. Illustration of measurements: 1-2 – elytra length, 
3-4 – elytra width, 5-6 – pronotum length, 7-8 – prono-
tum width, 9-10 – distance between the eyes. Author of 
the original photo: https://coleoptera.org.uk/image/cara-
bus-granulatus-1
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length, elytra width, pronotum length, pronotum 
width, distance between eyes) between regions (RT, 
Kemerovo, Udmurtia, Mari El, Belarus, Kaluga, 
Bulgaria, Slovakia) were tested using the Kruskal-
Wallis test.

Results
Using redundancy analysis (SD = 1.3 on the first 
ordination axis), we examined the relationship be-
tween morphometric characteristics (elytra length 
and width, pronotum length and width, and interoc-
ular distance) and geographic regions (Tatarstan, 
Kemerovo Region, Udmurtia, Mariy El, Belarus, 
Kaluga Region, Bulgaria, Slovakia, Poland, and 
Rostov Region), as well as the influence of land use 
types (urban, suburban, natural). The cumulative ex-
plained variability of species data was 15.62% on 
the first ordination axis and 19.15% on the second. 
When accounting for land use influence, variability 
increased to 80.33% on the first axis and to 98.50% 
on the second cumulative axis. We confirmed a sta-
tistically significant effect of land use type on mor-
phometric traits for natural (p = 0.007), urban (p = 
0.0282), and suburban (p = 0.0084) environments. 

In the ordination graph (Fig. 2) we see that the 
morphometric characters elytra length, pronotum 
length, pronotum width, distance between eyes, and 

elytra width are similar in the regions of Slovakia, 
Bulgaria, Belarus, and Poland. Environmental vari-
ables (urban, suburban) had the greatest impact on 
morphometric characteristics in the areas of Tatar-
stan, Kaluga region, Mariy El, Udmurtia and Kos-
troma region. Natural environmental variables affect 
all morphometric characters equally. The Kemerovo 
region is the most isolated, indicating the difference 
of morphometric characters compared to other re-
gions.

Based on the violation of normality of the data 
distribution for all morphometric characters (elytra 
length, elytra width, pronotum length, pronotum 
width, distance between eyes) (Shapiro-Wilk test 

Fig. 2. RDA analysis of morphometric features in the re-
gions and the influence of environmental variables.

Fig. 3. Difference in elytra length between regions. Expla-
nations: 1 = Bulgaria, 2 = Slovakia, 3 = Poland, 4 = Kaluga, 
5 = Belarus, 6 = Kemerovo, 7 = Tatarstan, 8 = Mariy El , 9 
= Udmurtia, 10 = Kostroma.

Fig. 4. Difference in elytra width between regions. Ex-
planations: 1 = Bulgaria, 2 = Slovakia, 3 = Poland, 4 = 
Kaluga, 5 = Belarus, 6 = Kemerovo, 7 = Tatarstan, 8 = 
Mariy El, 9 = Udmurtia, 10 = Kostroma.
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(sw), p = 0.000001), we used the nonparametric 
Kruskal-Wallis test to analyse the differences in 
morphometric characters based on regions (RT, 
Kemerovo, Udmurtia, Mariy El, Belarus, Kaluga, 
Bulgaria, Slovakia, Poland, Kostroma region). The 
result is a statistically significant difference in the 
morphometric characters of the elytra length (Fig. 
3), elytra width (Fig. 4) (p = 0.00005), pronotum 
length  (p = 0.00001) (Fig. 5), pronotum width (p 
= 0.000002) (Fig. 6) and the distance between eyes 
(p = 0.00001) (Fig. 7). Using the Tukey test, we 
noted differences between specific regions in mor-
phometric characters. From the results, we can see 
that differences were almost always between all re-

gions for all morphometric characters. The results 
for the morphometric character elytra length are in 
Table 2, for elytra width – in Table 3, for pronotum 
length – in Table 4 and for pronotum width – in 
Table 5.

The magnitude of variation differs among the 
measured morphological traits. Thus, the length of 
the elytra, starting from the southernmost region 
(Bulgaria), gradually decreased and became signifi-
cantly smaller in the middle of the studied territory. 
Then, the values of the elytra length changed abrupt-
ly from region to region.

The width of the elytra behaved approximately 
the same, with the smallest values in Kaluga, and 
then that parameter also began to change abruptly 
from region to region.

In terms of the length of the pronotum, the pic-
ture was different: that parameter remained at the 
same level throughout the latitudinal gradient, and 
the width of the pronotum began to change abruptly 
closer to the northern latitudes.

The distance between the eyes changed abrupt-
ly from region to region.

It should be noted that, based on the results 
obtained, it cannot be stated that in some region 
the beetles were clearly smaller. In terms of elytra 
length, the beetles in the centre of the range were 
smaller, and in terms of elytra width, the beetles 
from the northern Udmurtia were also smaller. The 
measurements of the pronotum showed the most sta-
ble values in the latitudinal gradient, apparently due 
to the general evolutionary conservatism of that fea-
ture. Significant differences in sizes between regions 
indicated a wide ecological plasticity of that feature. 

Fig. 5. Difference in pronotum length between regions. 
Explanations: 1 = Bulgaria, 2 = Slovakia, 3 = Poland, 4 
= Kaluga, 5 = Belarus, 6 = Kemerovo, 7 = Tatarstan, 8 = 
Mariy El, 9 = Udmurtia, 10 = Kostroma.

Fig. 6. Difference in pronotum width between regions. 
Explanations: 1 = Bulgaria, 2 = Slovakia, 3 = Poland, 4 
= Kaluga, 5 = Belarus, 6 = Kemerovo, 7 = Tatarstan, 8 = 
Mariy El, 9 = Udmurtia, 10 = Kostroma.

Fig. 7. Difference in distance between eyes between re-
gions. Explanations: 1 = Bulgaria, 2 = Slovakia, 3 = Po-
land, 4 = Kaluga, 5 = Belarus, 6 = Kemerovo, 7 = Ta-
tarstan, 8 = Mariy El, 9 = Udmurtia, 10 = Kostroma.
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Table 2. Results of Tukey test for morphometric character elytra length.

2 3 4 5 6 7 8 9 10  
0.00001 0.45770 0.00001 0.00001 0.00001 0.88175 0.00001 0.33698 0.00001 1

  0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 2
    0.00001 0.00001 0.00001 0.00001 0.00001 1.00000 0.00001 3
      0.11017 0.56183 0.00001 0.94917 0.00001 0.30802 4
        0.01202 0.00001 0.05432 0.00001 0.00634 5
          0.00001 0.99994 0.00001 1.00000 6
            0.00001 0.00001 0.00001 7
              0.00001 1.00000 8
                0.00001 9

Explanations: 1 = Bulgaria, 2 = Slovakia, 3 = Poland, 4 = Kaluga, 5 = Belarus, 6 = Kemerovo region, 7 = RT, 8 = Mari 
El, 9 = Udmurtia, 10 = Kostroma region.

Table 3. Results of Tukey test for morphometric character elytra width.

2 3 4 5 6 7 8 9 10  
0.00027 0.01326 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 1

  0.97498 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 2
    0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 3
      0.00001 0.09588 0.00001 0.00001 0.00001 0.23893 4
        0.00001 0.00001 0.00001 0.00021 0.00001 5
          0.00001 0.00001 0.00001 0.00277 6
            0.00001 0.78894 0.00001 7
              0.00001 0.00001 8
                0.00001 9

Explanations: 1 = Bulgaria, 2 = Slovakia, 3 = Poland, 4 = Kaluga, 5 = Belarus, 6 = Kemerovo region, 7 = RT, 8 = Mari 
El, 9 = Udmurtia, 10 = Kostroma region.

Table 4. Results of Tukey test for morphometric character pronotum length.

2 3 4 5 6 7 8 9 10  
0.00001 0.00646 0.00001 0.00217 0.00001 0.00001 0.00021 0.06043 0.02587 1

  0.08694 0.99643 0.34569 0.99911 0.93650 0.29040 0.01484 0.00008 2
    0.00002 0.99998 0.00225 0.00001 0.99931 0.99968 0.96929 3
      0.00168 1.00000 0.83089 0.00005 0.00001 0.00001 4
        0.03217 0.00028 1.00000 0.98468 0.79102 5
          0.99997 0.01300 0.00019 0.00001 6
            0.00002 0.00001 0.00001 7
              0.92161 0.38801 8
                1 9

Explanations: 1 = Bulgaria, 2 = Slovakia, 3 = Poland, 4 = Kaluga, 5 = Belarus, 6 = Kemerovo region, 7 = RT, 8 = Mari 
El, 9 = Udmurtia, 10 = Kostroma region.

It is believed that it is determined by the search ac-
tivity for food; therefore, such differences are not so 
much related to some microevolutionary shifts but 
are determined by the phenotypic component. Final-
ly, the distance between the eyes, which reflects the 

illumination conditions of the biotope, showed little 
variation along the latitudinal gradient. We attribute 
this to the fact that the samples from each region 
represented a mixture of individuals collected from 
different types of biotopes.
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Discussion
A number of studies have focused on body size vari-
ability of ground beetles along geographic gradients. 
But given that studies of this kind require a fairly 
large sample collected in the relevant regions, our 
study continues the work of researchers that started 
many years ago. The size variation curve in ground 
beetles of the genus Pterostichus was shown to be 
sawtooth (Luzyanin et al. 2022) with an increase 
in the length of the elytra and the width of the pro-
notum, and with a decrease in the head parameters 
along the latitudinal gradient. As for the species of 
the genus Carabus, there are significantly fewer 
works.

In this regard, our results partially correlate 
with the work of Sukhodolskaya & Saveliev (2014), 
where the length of the elytra in C. granulatus did 
not change in the latitudinal gradient. However, 
there were only three regions in that analysis. Other 

studies of the Carabus genus showed similar results 
with a decrease in the length of the elytra toward 
higher latitudes (Sukhodolskaya & Saveliev 2016). 
The results of the size variation of ground beetles 
of the genus Carabus in the altitudinal gradient are 
especially indicative. Studies were carried out on 
two distanced mountain ridges. In both cases, in two 
species of Carabus, body size monotonically de-
creased along the altitude gradient (Lambeets et al.  
2008, 2009, Sukhodolskaya et al. 2021a, b, Ananina 
et al. 2022).

We believe that our study design was suf-
ficiently robust, since the samples of beetles were 
representative and the samples themselves were 
collected throughout the entire range of the studied 
species. That is, we did not make the mistakes that 
some authors predict when they try to compare the 
results of modelling some studies of intraspecific 
variability with real field studies (Meiri et al. 2007, 
Fluck et al. 2024).

Table 5. Results of Tukey test for morphometric character pronotum width.

2 3 4 5 6 7 8 9 10  
0.00020 1.00000 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 1

  0.00003 0.00001 0.00001 0.00001 0.00001 0.00001 0.92677 0.00001 2
    0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 3
      0.99981 0.00001 0.00001 0.00001 0.00001 0.99990 4
        0.00001 0.00002 0.03272 0.00001 1.00000 5
          0.00001 0.00177 0.00001 0.00001 6
            0.00001 0.00001 0.00001 7
              0.00001 0.00007 8
                0.00001 9

Explanations: 1 = Bulgaria, 2 = Slovakia, 3 = Poland, 4 = Kaluga, 5 = Belarus, 6 = Kemerovo region, 7 = RT, 8 = Mari 
El, 9 = Udmurtia, 10 = Kostroma region.

Table 6. Results of Tukey test for morphometric character distance between eyes.

2 3 4 5 6 7 8 9 10  
0.00001 0.00001 0.00001 0.29301 0.00001 0.00002 0.29125 0.00001 0.00001 1

  0.01210 0.99999 0.00001 0.00005 0.00001 0.00001 0.00001 0.00700 2
    0.00012 0.00226 0.97876 0.05140 0.00008 0.00001 0.99972 3
      0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 4
        0.04940 0.31254 1.00000 0.00001 0.00001 5
          0.68100 0.00373 0.00001 0.45796 6
            0.02162 0.00001 0.00001 7
              0.00001 0.00001 8
                0.00001 9

Explanations: 1 = Bulgaria, 2 = Slovakia, 3 = Poland, 4 = Kaluga, 5 = Belarus, 6 = Kemerovo region, 7 = RT, 8 = Mari 
El, 9 = Udmurtia, 10 = Kostroma region.



428

Langraf V., Luzyanin S., Alexanov V., Teofilova T., Anciferov A., Szyszko-Podgórska K., Vorobyova I.,  
Solodovnikov I., Gorbunov R., & Sukhodolskaya R.

Many authors note that to identify latitude-lon-
gitude clines one should be very careful in choos-
ing not only the research methodology, but also the 
object – different body parts may be more or less 
likely to change size in response to different varia-
bles (Shelomi & Meiri 2023). Furthermore, the cited 
work did not include such a diverse and species-rich 
family as ground beetles. Ground beetles are an es-
sential component of nearly all terrestrial ecosystems 
and are widely regarded as an ideal model organism 
for studying the mechanisms of morphometric vari-
ability (Koivula 2011, Sukhodolskaya et al. 2018).

There are numerous explanations for patterns 
of latitude-related variation in insect body size, but 
the mechanisms responsible for intraspecific geo-
graphic variation in body size are not well known. 
Patterns and mechanisms of body size variation are 
often conflated, leading to some degree of confusion 
(Schirmel et al. 2015, Schirmel & Gerlach 2022). 
Here, we have described patterns of intraspecific 
size variation of the ground beetle C. granulatus. 
The associated drivers and mechanisms responsible 
for these patterns are yet to be determined.

Conclusion
Species with large geographical ranges are likely to 
encounter significant heterogeneity in those factors 
that influence body size and are thus likely to exhibit 
size clines. However, the key factors that determine 
body size may not always operate along a latitudinal 
(or other geographical) cline, but be spatially linked 
to patches in the species range. It is difficult to ex-
plain the variation in the morphology of a species 
solely based on latitudinal clines. In species where 
size changes across the range do not follow Berg-
mann’s rule, the specific distribution of key dietary 
or other environmental components may be better 
predictors. To adequately model geographical vari-
ation in size we need detailed autecological infor-
mation on life histories of the species under study 
throughout its geographical range. Currently, such 
highly species-specific data should be integrated 
into a comparative framework.
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