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Abstract

Aim: Body size is a key trait linked to other life history traits and influences several
individual-, community- and ecosystem-level characteristics, processes, functions
and services. Ecological and evolutionary body size responses at the intra- and inter-
specific level to thermal geographic gradients (e.g. latitudinal or altitudinal ones)
are widely studied. Whether this temperature-size relationship remains true for
community-wide body size is still largely unknown.

Location: Northern temperate region.

Taxon: Ground beetles (Carabidae).

Methods: We assessed the temperature-size relationships using data from 11 north-
ern temperate locations, spanning 25 latitudinal degrees. Furthermore, we quantified
the effects of potential competing factors, such as body size and habitat preference
of carabid assemblages and sub-assemblages along urbanisation gradients, as well as
the urban heat island (UHI) effect on this relationship.

Results: We found significant negative relationship between the community-wide
mean body size and the geographical latitude (converse Bergmann cline) for the
whole ground beetle assemblage and the sub-assemblages of large-bodied species.
This relationship was stronger in the urban localities than in rural ones. For the sub-
assemblages of small-sized species, the relationship was not significant. We found
significant negative relationship between the community-wide mean body size and
the latitude for the sub-assemblages of both the non-forest and the forest species,
and these became stronger in the urban habitats.

Main Conclusions: Our results highlight the leading role of the individual body size
and the UHI effect in determining the community-wide body size-latitude relation-

ship in ground beetles.

KEYWORDS
Bergmann's rule, body size shifts, carabids, habitat preference, rural-urban gradient,
urbanisation
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1 | INTRODUCTION

Body size is a trait with effects at multiple scales, from individual
to ecosystem levels (Hildrew et al., 2007). It influences several in-
dividual characteristics, such as the morphology and physiology of
organisms with consequences for fitness (Kingsolver & Huey, 2008).
In addition, body size correlates with other life history traits, such
as life span, and fecundity (Chown & Gaston, 2010), and deter-
mines ecological niches and spatial distributions (Davey et al., 2005;
Jetz et al., 2004; Magura & Lovei, 2020b). Furthermore, body size
influences biotic interactions, thus affecting community dynam-
ics, food webs and ecological networks (Woodward et al., 2005).
Consequently, changes in body size have important consequences
for ecosystem functioning and related ecosystem services
(Ohlberger, 2013; Petchey & Belgrano, 2010).

Larger individuals can potentially produce more offspring, live lon-
ger, be superior competitors and better at avoiding predators, have
higher dispersal power and larger home range (Brown & Sibly, 2006).
Large body size, however, has several drawbacks. Growing larger takes
more time and, during this time period, organisms may die or the envi-
ronment may become unfavourable (Blanckenhorn, 2000). Larger indi-
viduals also commonly require more resources per unit time to maintain
themselves. Accordingly, there is an optimal size, which depends on the
environmental conditions that influence growth (Stearns, 1992).

Ecological and evolutionary body size responses to temperature
and associated climatic factors are observed across geographical
thermal gradients (e.g. latitude or altitude), where small body size
is typically associated with warmer conditions (low latitudes or al-
titudes) and termed Bergmann's rule for differences within species
or among closely related species (Pincheira-Donoso, 2010; Verberk
et al., 2021; Watt et al., 2010). Bergmann's rule was originally for-
mulated for endothermic vertebrates (mammals and birds) and costs
related to thermoregulation was suggested as an explanatory mecha-
nism, namely that the smaller surface area: volume ratio of larger an-
imals helps to reduce heat loss in cold environments, and vice versa
(Shelomi, 2012). The majority of birds and mammals show Bergmann
clines (Meiri & Dayan, 2003), but it remains undecided whether
Bergmann's rule is also valid for ectotherms (Shelomi, 2012).

The operational body temperature of ectothermic organisms
relies on ambient temperature (Atkinson, 1994). Higher ambient
temperatures increase the rates of biochemical reactions and of me-
tabolism, causing increased costs associated with developing a given
body size (Brown et al., 2004). Based on this relationship, ectother-
mic species should follow the temperature-size rule, and mature at a
smaller size when reared under warmer conditions (Atkinson, 1994).
However, theories inspired by temperature-independent mass-
specific metabolic rates (Makarieva et al., 2005), temperature-
mediated selection on body size (Winterhalter & Mousseau, 2008),
and the earlier diapause and shorter growing seasons at high-
latitudes/altitudes (Leather et al., 1993) suggest a “converse-
Bergmann” cline for ectotherms, in which organisms are smaller in
colder climates and vice versa (Shelomi, 2012). Furthermore, the
temperature-size pattern in ectotherms can also be influenced by
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life history and ecological traits (Chown & Gaston, 1999; Tseng &
Soleimani Pari, 2019) or habitat preference (Pallarés et al., 2019).

However, anthropogenic influence can modify ambient tempera-
ture conditions, potentially influencing the temperature-size relation-
ship. For example, urban areas generally become warmer than their
surrounding rural areas due to human activities and the modifica-
tion of land surfaces (urban heat island [UHI] effect; Arnfield, 2003).
Urbanised environments often exert strong selective pressure (Start
et al., 2018), and higher temperatures due to the UHI effect can be
considered one of the strongest such factor, especially for ectotherms.

In the present study, we aimed to articulate the temperature-
size pattern in ectotherms, testing the effects of potential compet-
ing factors, such as body size and habitat preference of the given
organisms, as well as the UHI effect. For this test, we chose ground
beetles (Coleoptera: Carabidae). Among ectothermic groups, ground
beetles are frequently used as model organisms to investigate re-
lationship between the individual and community parameters and
habitat characteristics (Kotze et al., 2011; Lévei & Sunderland, 1996).
Specifically, we hypothesized that (1) the temperature-size relation-
ship of ground beetles shows a converse-Bergmann cline, as it was
previously found for beetles (Shelomi, 2012). Further, we assumed
(2) a positive relationship between body size and latitude (Bergmann
cline) for large-sized beetles, and a negative body size-latitude re-
lationship (converse Bergmann cline) for small-sized beetles, simi-
lar to findings along a North American latitudinal gradient (Tseng &
Soleimani Pari, 2019). Moreover, we hypothesized that (3) changes
in body size along latitudinal gradient are more pronounced for the
habitat specialist species (forest species in this study), as they are es-
pecially sensitive to modifications in ambient temperature conditions
(Magura et al., 2020; Marrec et al., 2021). Finally, it was assumed that
(4) the temperature-size relationship is more pronounced in urban
habitats compared to rural ones, because the ambient temperature
is warmer in urban than in rural habitats (Arnfield, 2003).

Our analysis of published data on ground beetles from 11 countries
in the Northern Hemisphere detected a significant negative body size-
latitude relationship for ground beetles (H1 supported). Body size of
small-sized species, however, did not changed significantly along the
latitudinal gradient, while large-sized beetles showed a negative body
size-latitude relationship (H2 rejected). Moreover, the negative body
size-latitude relationship was not more pronounced for the habitat
specialist species compared to the non-habitat specialist species (H3
rejected). All the significant negative body size-latitude relationships

were stronger in urban habitats compared to rural ones (H4 supported).

2 | MATERIALS AND METHODS
2.1 | Dataand study sites

We collected published data through a literature search on Web of
Science (all databases option) for the period 1975-2021, using the
search terms: TOPIC = (urban*) AND TOPIC = (rural) AND TOPIC = (car-
abid*). The search was performed on the network of Aarhus University,
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Denmark. We also checked the references found by this search, and
searched the Global Biodiversity Information Facility (https:/www.gbif.
org) and PREDICTS (Hudson et al., 2017) databases for additional data-
sets. Our inclusion criteria were: presence of species-level abundance
data of ground beetles from at least three forested rural and urban
habitats. The urban fragments also had to be remnants of the rural
counterpart. We found 11 such datasets, whose locations spanned 25°
of latitude, (Table 1) and were in Belgium (Brussels), Bulgaria (Sofia),
Canada (Edmonton), Denmark (Sorg), Finland (Helsinki), Germany
(Hamburg), Hungary (Debrecen), Japan (Hiroshima), Romania (Sfantu
Gheorghe), South Korea (Seoul) and the United Kingdom (Birmingham).
In all these studies rural sites had max. 5% built-up area, while urban

ones were all >60% within a 1 km radius of the study sites.

2.2 | Statistical analyses

Ecogeographical rules can be analysed at different hierarchical and
interacting levels (intraspecific, interspecific and assemblage; Gaston
et al., 2008). Body size-latitude relationships are usually tested at
the intra- and inter-specific level. Studies at the assemblage level
are not common, though processes at the intraspecific, interspecific
and assemblage level interact (Gaston et al., 2008). Carabid body size
changes at the species level generated by modifications in habitat
parameters (like ambient temperature) are usually manifested at the
community level, too (Magura & Lovei, 2021). Therefore, we used
community-wide body size to test the body size-latitude relationship
in ground beetles. Community-wide body size of ground beetles was
expressed by community-weighted mean body size (CWMBS) which
is a reliable, widely used parameter of community-level body size
(Magura et al., 2020; Merckx, Kaiser, et al., 2018; Merckx, Souffreau,
et al., 2018). This index is an inherent feature in the assemblage ap-
proach for testing ecogeographical rules (Gaston et al., 2008), and
is appropriate to measure both the rate of change in community
composition in response to environmental changes (sensu the com-
munity temperature index: Devictor et al., 2008). Here, we use it to

measure the rate of change in community composition in response

No. of rural (R) and Geographical

Studied city, country urban (U) sites latitude
Helsinki, Finland 4R,4U 60.16 N
Sorg, Denmark 4R,4U 5543 N
Hamburg, Germany 3R,3U 53.57N
Edmonton, Canada 4R,4U 53.55N
Birmingham, UK 4R,4U 52.48 N
Brussels, Belgium 3R, 4U 50.51 N
Debrecen, Hungary 4R,4U 47.53 N
Sfantu Gheorghe, Romania 4R,4U 45.86 N
Sofia, Bulgaria 4R,4U 42.69 N
Seoul, South-Korea 3R,3U 37.57N
Hiroshima, Japan 4R,4U 34.40N

Reference

Niemel3 et al. (2002)
Elek and Lovei (2007)
Weller and Ganzhorn (2004)
Niemel3 et al. (2002)
Sadler et al. (2006)
Gaublomme et al. (2005)
Magura et al. (2004)
Tothmérész et al. (2011)
Niemel3 et al. (2002)
Jung et al. (2018)
Ishitani et al. (2003)

to geographic thermal gradients. The index reflects the relative com-
position of large vs. small species in local assemblages and is calcu-
lated from species-specific body size data. We obtained minimum and
maximum species-specific body length values from a carabid database
(Homburg et al., 2014), and geometric means were calculated for
body size for all sampled species (Chown & Gaston, 2010). In all 11
studies, the sampling period covered a substantial part of the beetles'
activity period (Niemel3 et al., 2002). Cumulative species abundance
values obtained by continuous pitfall sampling over the full activity
period generally provide a good relative measure of species abun-
dance (Baars, 1979), thus the calculation of the CWMBS was done
using abundance-weighted means. These are calculated, for a given
site, as the average of species-specific body length (mm) weighted by
species abundances (CWMBS is, thus, expressed in mm). An increase
in CWMBS indicates that the species assemblage is increasingly com-
posed of individuals belonging to larger species and vice versa.

In a recent study, measuring the body size of ground beetle spec-
imens (eight species) collected throughout North America, Tseng and
Soleimani Pari (2019) showed that larger-bodied beetles (beetles with
elytra >13 mm, which equals body size >21.3mm; see Hdrka, 1996)
show a positive relationship between body size and latitude
(Bergmann's rule), while smaller-bodied species were more likely to
show a negative body size-latitude relationship (converse Bergmann's
rule). Based on this, we calculated site-level CWMBS separately for the
whole ground beetle assemblage as well as for the sub-assemblages of
large- (body size 221.3mm) and small-bodied (body size <21.3mm)
species. Separately analysing species with different habitat prefer-
ences, and thus different sensitivity to environmental changes may
provide a more articulate insight into the community-level response
(Magura & Lovei, 2020a; Matthews et al., 2014). Therefore, we cal-
culated CWMBS of all sites independently for whole ground beetle
assemblages, the sub-assemblages composed of habitat (forest) spe-
cialist species, and for non-forest species (habitat generalists and
open-habitat specialists). Habitat preferences (forest specialist, habi-
tat generalist, open-habitat specialist) were derived from the original
papers; when this information was lacking (in <10% of the species), we
consulted the database by Homburg et al. (2014).

TABLE 1 Studies included in this
analysis, which sampled ground beetles in
at least three spatially replicated, clearly
defined, similarly vegetated rural and urban
habitats (forests or forest fragments).

Study sites are arranged accordingly to their
geographical latitude.
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As urban areas are generally warmer than their surrounding
rural areas (UHI effect; Arnfield, 2003), we analysed the body size-
latitude relationships separately for the urban and rural localities.
For the selected study locations, the UHI effect was expressed as
the difference in the average daytime maximum land surface tem-
perature between the urban and the surrounding rural area. In
all locations the UHI effect was notable and ranged from 0.99°C
(Sorg) to 5.61°C (Hiroshima) (Center for International Earth Science
Information Network - Columbia University, 2016).

We examined whether the identified UHI effect was related to
the geographical position (latitude) of the studied locations by linear
regression analysis. To analyse the body size-latitude relationships,
and to investigate whether this relationship was dependent on the
level of urbanisation (rural vs. urban), the site-level CWMBS values
(dependent variable) were modelled against the latitude of the study
locations (independent variable) and the level of urbanisation (cate-
gorical factor) by an analysis of covariance. The strength of the re-
lationships between the CWMBS and the geographical latitude for
rural and urban ground beetle assemblages were characterised by
the R? values. The normal distribution of the data, independence of
the latitude of the study locations (independent variable) and the
level of urbanisation (categorical factor), and the homogeneity of
variance among the categories (rural vs. urban sites) were also ver-
ified. All statistical analyses were performed using the R program

environment (version 3.5.3; R Core Team, 2017).

3 | RESULTS

The literature search yielded 89 publications, while the additional
search in their references provided one additional, relevant study.
Of these, 11 studies fulfilled the selection criteria (Table 1). All these
studies sampled the same habitat type (forests or forest fragments)
in rural (non-urbanised) as well as urbanised sites. The majority of
the studies originated from Europe (eight papers), two from Asia and
one from North America. At these 11 sites, a total of 207 ground
beetle species were collected (supporting information table S1 in
Magura et al., 2020).

In all studied locations, well defined, remarkable UHI effects
were found, since the ambient surface temperature in urban habitats
were warmer by at least ~1°C than their rural counterparts. The dif-
ference in the average daytime maximum land surface temperature
between the urban and the surrounding rural area, however, signifi-
cantly decreased with increasing geographical latitude (Figure 1;
Fy=7.238, R?=-0.384, p = 0.025).

Significant negative relationship between CWMBS and geo-
graphical latitude (converse Bergmann cline) was found for both
the whole ground beetle assemblages and the sub-assemblages of
large-bodied species, while this relationship was not significant for
the sub-assemblages of species with a body size <21.3mm (Table 2;
Figure 2). The relationship was stronger for urban (sub-)assemblages
than for the rural ones (whole beetle assemblages: R? = -0.271 vs.
R? = -0.088; large-bodied species: R? = -0.130 and R? = -0.073
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for urban and rural, respectively). The effect of urbanisation level
(rural vs. urban) was significant for both the whole ground beetle
assemblages and the sub-assemblages of small-bodied species (de-
fined as <21.3mm body size), while it was marginally significant
for the sub-assemblages of large-bodied species (Table 2), indi-
cating that the mean CWMBS values of these (sub-)assemblages
were higher in rural than urban sites (Figure 2). When a three-class
size division (small-sized: <10.5 mm, medium-sized: 10.5-15.0 mm,
large-sized: >15.0mm) was used, the sub-assemblages of both
large-sized and the small-sized species showed a significant nega-
tive trend, while the sub-assemblages of medium-sized species did
not show a trend (see Table S1; Figure S1). The interaction of the
geographical latitude and the level of urbanisation (rural vs. urban)
was not significantly different from zero for any of the (sub-)as-
semblages (Table 2), meaning that the geographical latitude has a
similar effect on CWMBS for rural and urban assemblages and sub-
assemblages (Figure 2).

The relationship between the CWMBS and geographical lati-
tude was significantly negative (converse Bergmann cline) for the
sub-assemblages of both the forest and the non-forest species
(Table 2; Figure 3). The strengths of these significant relation-
ships were higher for urban sub-assemblages than for rural ones
(forest species: R? = -0.203 and R? = -0.069; non-forest species:
R? = -0.387 and R? = -0.103, for urban and rural sub-assemblages,
respectively). The effect of urbanisation level (rural vs. urban)
was significant for the sub-assemblages of forest species, while it
was marginally significant for the sub-assemblages of non-forest
species (Table 2), suggesting higher mean CWMBS of these sub-
assemblages in rural sites compared to urban ones (Figure 3). The
interaction of the geographical latitude and the level of urbanisation
(rural vs. urban) was not significant for sub-assemblages of both the
forest and the non-forest species (Table 2), indicating that the rate
of decline in CWMBS with increasing geographical latitude (slope
of the regression lines) was similar for both the rural and urban sub-
assemblages (Figure 3).

4 | DISCUSSION

The majority of birds and mammals show Bergmann clines (Meiri
& Dayan, 2003), while studies on ectotherms are inconsistent.
Fish, amphibians and turtles mostly show Bergmann clines; liz-
ards, snakes, terrestrial turtles, arctic invertebrates mostly show
converse clines, and others (benthic invertebrates) show no clinal
pattern at all. Furthermore, nonlinear (U-shaped or hump-shaped)
cline patterns also exist (Shelomi, 2012). A previous literature re-
view on latitudinal body size variation in arthropods (Blanckenhorn
& Demont, 2004) reports 19 species showing Bergmann clines and
29 species with converse Bergmann clines. A systematic review on
beetles (Shelomi, 2012) revealed a majority (54 from 97) of converse
Bergmann clines, while only a small proportion of the studies (14 out
of 97) conformed to Bergmann's rule, and a third of the studies (29
from 97) showed no clines. Our community-level analysis on ground
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beetles also found converse Bergmann clines, as the CWMBS of the
whole ground beetle community significantly decreased with in-

creasing geographical latitude.
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FIGURE 1 The relationship between the difference in the average
daytime maximum land surface temperature between the urban and
the surrounding rural areas and their geographical latitude.

We set the size limit for large-sized species as 21.3mm on the
basis of a study concentrating on beetles, by Tseng and Soleimani
Pari (2019). Naturally, the division of beetles into two size classes
is rather simplified, because several studies on this family (Elek &
Lovei, 2007; Magura & Lovei, 2020b) use a three-class size division,
considered only sizes <10.5mm as small and sizes >15.0mm as
large. Our two-class size division may mask a more nuanced reac-
tion by ground beetles. Therefore, we re-divided the species into
small-sized (£10.5mm), medium-sized (10.5-15.0mm) and large-
sized (>15.0mm) species, and reanalyzed the data (see Appendix S1).
Large-sized species (>15.0mm) showed again a negative body size-
latitude relationship (converse Bergmann cline), proving the robust
reaction of large-sized species. Small-sized species showed also a
negative body size-latitude relationship (converse Bergmann cline),
but this pattern was expected, since this trend was proven along a
North American latitudinal gradient (Tseng & Soleimani Pari, 2019).

Similar to previous findings (Blanckenhorn & Demont, 2004;
Shelomi, 2012), our results also indicate that Bergmann's rule is not
a general ecogeographical law for beetles. Bergmann clines, show-
ing increased body size at higher latitudes, and converse Bergmann
clines, showing decreased body size at higher latitudes, are about
equally common in arthropods. Using ground beetle incidence data
for the 79 biogeographic provinces in Northern Europe, mean body

TABLE 2 Summary of ANCOVA results on the relationship between the community-weighted mean body size (CWMBS) and the
geographical latitude, moreover on the dependence of this relationship on the level of urbanisation (area; rural vs. urban) for the whole
ground beetle assemblage (all species), for the sub-assemblages of differently sized species (small-bodied vs. large-bodied species), as well as
for the sub-assemblages of species with different habitat preference (forest vs. non-forest species)

Response variable Effect df SS MS F p
CWMBS, all species Latitude 1 174.6 174.59 17.809 <0.0001
Area 1 96.3 96.32 9.825 0.0024
Latitude x Area 1 5.0 4.99 0.509 0.4776
Residuals 79 774.5 9.80
CWMBS, small-bodied Latitude 1 11.8 11.77 1.748 0.1900
s Area 1 40.4 40.38 5.997 0.0165
Latitude x Area 1 1.3 1.34 0.199 0.6571
Residuals 79 532.0 6.73
CWMBS, large-bodied Latitude 1 109.4 109.40 9.899 0.0024
species Area 1 36.8 36.81 3.331 0.0722
Latitude x Area 1 6.0 6.00 0.543 0.4636
Residuals 71 784.6 11.05
CWMBS, forest species Latitude 1 149.5 149.5 11.851 0.0009
Area 1 476.1 476.1 37.735 <0.0001
Latitude x Area 1 0.0 0.0 0.001 0.9793
Residuals 79 996.7 12.6
CWMBS, non-forest Latitude 1 475.0 475.0 26.888 <0.0001
species Area 1 66.8 66.8 3.783 0.0553
Latitude x Area 1 449 449 2.543 0.1148
Residuals 79 1395.5 17.7

Note: Significant effects (p <0.05) are indicated in bold.
Abbreviation: ANCOVA, analysis of covariance.
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FIGURE 2 The relationship between the community-weighted
mean body size and the geographical latitude for the whole ground
beetle assemblage (a), for the sub-assemblages of small-bodied
species (b), and for the sub-assemblages of large-bodied species

(c) in rural (green open circles; medium grey in printed version) and
urban habitats (red open circles; dark grey in printed version). Grey
shading represents the +95% confidence bands of the fitted linear
regression lines.

size showed a moderately strong quadratic relationship with latitude,
first an increasing and then a decreasing trend along the latitudinal
gradient (Heino et al., 2019). Similar hump-shaped relationships exist
among western Palaearctic ground beetles (Homburg et al., 2013).
Body size in four ground beetle species also decreases towards high
latitudes in Russia and two others show no clines (Sukhodolskaya &
Saveliev, 2016). Such inconsistent body size trends may be caused
by non-mutually exclusive mechanisms related to development,
thermo-regulatory abilities, life history and ecological traits.

Shorter seasons at higher latitudes progressively limit the time
available for foraging, growth and development and hence the at-
tainable body size, resulting in decreasing body size towards the
poles (converse Bergmann clines, Blanckenhorn & Demont, 2004).
This outcome is predicted by a trade-off between body size (and
thus ultimately reproductive success), which increases with the
time available to grow, and survival to adulthood, which decreases
with the time available to attain maturity (Roff, 1980; Rowe &
Ludwig, 1991). In insects, the converse Bergmann clines, are often
genetically programmed: smaller sizes and shorter development
times of high latitude populations also occur in common-garden lab-
oratory experiments (Blanckenhorn & Demont, 2004; Blanckenhorn
& Fairbairn, 1995). In some cases, this problem cannot be solved:
several widespread European ground beetle species that normally
develop from egg to adult in 1year, take two or more years to
reach adulthood near the northern border of their distribution area
(Houston, 1981; Refseth, 1984).

Other potential explanation of the patterns found could be due
to the thermo-regulatory abilities of ectotherms. The optimal body
temperature may be constant throughout the geographic range of a
species, but smaller-sized individuals in cooler environments may be
more able to control their body temperature through behaviour, and
be active for longer. In warmer climates, thermoregulation may not
be so crucial, thereby the selective pressure on an organism's sur-
face area:mass ratio is relaxed, permitting individuals to attain larger
sizes and accrue size-related benefits (e.g., competition, predation;
Peters, 1983). For squamates smaller body sizes in cooler climates
may be the result of selection for increased surface area: volume
ratio to allow more rapid heating and cooling, helping digestion and
brood care (Ashton & Feldman, 2003).

Of life history traits, body size may be an important charac-
teristic to shape body size-latitude relationships. Larger-bodied
insect species are more likely to be affected by changing ambient

temperature, than smaller-bodied ones, and such species are better
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FIGURE 3 The relationship between the community-weighted
mean body size and the geographical latitude for the whole ground
beetle assemblages (a), for the sub-assemblages of forest species
(b), and for the sub-assemblages of non-forest species (c) in rural
(green open circles; medium grey in printed version) and urban
habitats (red open circles; dark grey in printed version). Grey
shading represents the +95% confidence bands of the fitted linear
regression lines.

able to regulate their internal body temperature (Tseng et al., 2018;
Tseng & Soleimani Pari, 2019). These findings suggest that size-
dependent responses to temperature may be widespread among
insects, and that interspecific variation in body size itself may help
to explain the inconsistent relationship between body size and lat-
itude. Specifically, if larger-bodied insects are better able to main-
tain their internal body temperature, then larger-sized insect species
may be more likely to show Bergmann's rule than smaller-sized
ones. Additionally, if smaller insect species are less able to regu-
late their internal body temperature, then higher latitudes or lower
temperatures and shorter growing seasons may select for shorter
larval stages, earlier maturation, leading to smaller size at maturity
(Schutze & Clarke, 2008). Indeed, recent studies have shown that
larger-bodied insect species are more likely to decrease in size when
reared at increased temperature than smaller-sized ones. Overall
this would lead to a converse Bergmann's rule in smaller-sized insect
species, and larger species would conform to Bergman's rule (Tseng
& Soleimani Pari, 2019). Contrary to the predicted positive relation-
ship between body size and latitude in larger-bodied insect species,
our results indicated a decrease of the CWMBS with the latitude
for the sub-assemblages of large-bodied species. The development
of larger-sized insects is generally slower than smaller-sized ones.
Based on this, larger-bodied, slower-developing beetles seem to be
more affected by limitations due to seasonality, producing converse
Bergmann clines (Blanckenhorn & Demont, 2004). Studying ground
beetle assemblages along elevational gradients in Alpine regions,
Chamberlain et al. (2020) also found that the occurrence of larger
species with longer larval development declined steeply from low
to high elevation. Furthermore, a systematic review on latitudinal
body size variation in arthropods also confirmed that larger spe-
cies with relatively long development times tend to decrease in size
with increasing latitude, that is, follow the converse Bergmann rule
(Blanckenhorn & Demont, 2004). Contrary to the expected con-
verse Bergmann clines for smaller-sized insects, we found that the
relationship between the CWMBS and the geographical latitude for
small-sized species was not significant. A possible explanation for
this pattern could be the countergradient variation, also known as
the latitudinal compensation hypothesis (Conover & Present, 1990;
Levinton & Monahan, 1983). Countergradient variation is exhib-
ited when high latitude (or altitude) populations of a given species
compensate for seasonal time constraints by evolving (genetically)
faster growth than their lower latitude (or altitude) conspecifics.

A common garden experiment of populations of the fly species
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Scathophaga stercoraria originating from a latitudinal gradient indeed
detected faster growth rates in higher latitude populations, which is
a case of adaptive countergradient (Blanckenhorn & Demont, 2004).
Smaller ground beetle species with shorter larval development,
which enables them to exploit the short snow-free season for repro-
duction, were more common at higher elevations in Alpine regions
(Chamberlain et al., 2020).

Voltinism, the generation time relative to season length can be
a crucial parameter in determining temperature-size rules (Zeuss
et al., 2017). Species with long development times relative to sea-
son length are more prone to experience time constraints than
multivoltine species with short generation times and thus exhibit
converse Bergmann rule (Blanckenhorn & Demont, 2004; Chown &
Gaston, 1999). Ground beetles, however, are typically uni- and bi-
voltine (Matalin, 2007); therefore, voltinism is unlikely to influence
their temperature-size relationship.

Warmer temperatures can also act to increase body size. Females
of the univoltine, earthworm-feeding Carabus japonicus are larger at
locations with warmer ambient temperature in northern Kyushu,
Japan (Okuzaki & Sota, 2017). Populations living at cooler sites (high-
altitude) use the entire warm season for reproduction and larval de-
velopment, while in populations living in warmer, low-altitude sites,
larval occurrence is shorter, coinciding with seasonal trends in earth-
worm abundance. At these warmer sites, earthworms also reach
larger sizes than at high altitudes. Carabid females at warmer sites
lay larger eggs, from which larger first instar larvae hatch that prey
more efficiently on the larger earthworms (Okuzaki & Sota, 2017).
Consequently, larger adults can develop.

Habitat preference is usually ignored when studying body size
patterns along temperature gradients. Habitats, however, may
fundamentally determine the patterns in temperature-body size
relationships. In 93 species of dytiscid water beetles, significant re-
lationships between size and latitude were found for species with
lentic, but not for lotic species, underlining that habitat preference
should be considered when exploring latitudinal clines in body size
(Pallarés et al., 2019). Habitat preference of ground beetles is also
a key characteristic in body size distribution (Magura et al., 2020).
Generalist species may be more tolerant than habitat specialists to
changes in environmental conditions, such as ambient temperature
(Magura et al., 2010). In our study, however, the CWMBS uniformly
decreased in the sub-assemblages of both forest (habitat specialist)
and non-forest species (not habitat specialists). Based on this, the
developmental constraints caused by shorter season, the climate-
dependent thermo-regulatory abilities, and the life history traits
seem to be more important than ecological traits in modulating the
temperature-body size relationship.

The trends were examined on the basis of only 11 locations,
mostly in Europe. This is a limited dataset, so our conclusions should
be considered with this factor in mind. An additional modifying fac-
tor could be the lack of data on within-species geographical vari-
ability in size. There could well be a size gradient by geographical
latitude within species as well. This calls for caution when we intend
to generalise. A third limitation is the accidental correlation between
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latitude and longitude—both were increasing from north to south,
and we cannot exclude that longitude also has an effect on the
trends found—but due to the correlation between the two, we could
not test this possible effect.

In our dataset, despite the decreasing magnitude of the UHI
effect along the latitudinal gradient, the relationships between the
CWMBS and geographical latitude were stronger in urban than
rural localities, indicating the substantial effect of habitat modifica-
tion by urbanisation on arthropods (Fenoglio et al., 2020; Magura
et al.,, 2010; Magura et al., 2021a; Niemeld & Kotze, 2009). The UHI
effect is one of the most consistent and well-documented change
in urban areas (Arnfield, 2003). Warming in urban habitats due to
human activities and the modification of land surfaces seem to in-
tensify the temperature-body size relationship. As urbanisation-
related environmental changes affect processes at various level of
biological organisation, from the population (Magura et al., 2008;
Magura et al., 2021b; Sadler et al., 2006) through community
(Magura et al., 2018; Niemeld & Kotze, 2009) to ecosystem level
(Eotvos et al., 2018; Shochat et al., 2006), holistic, multi-scale green-
space planning and management schemes are needed to adequately
conserve and restore biodiversity and proper ecosystem functions
in urbanised areas (Magura & Lovei, 2021; Norton et al., 2016).

5 | CONCLUSION

In conclusion, our study provides an insight into the community-
wide size-temperature pattern in ground beetles, testing the po-
tential factors such as body size and habitat preference, as well
as the effect of UHI on this relationship. Our results based on
data from 11 countries in the Northern Hemisphere, in line with
the majority of previous results on beetles (Shelomi, 2012), de-
tected a significant negative body size-latitude relationship for
whole ground beetle assemblages. The negative relationship was
not more pronounced for the habitat specialist sub-assemblages
than for non-specialists. Contrary to previous results (Tseng &
Soleimani Pari, 2019), sub-assemblages of large-sized ground bee-
tles showed a negative body size-latitude relationship, while the
sub-assemblages of small species showed no significant changes
along the latitudinal gradient. Even though a bigger dataset would
allow us more confidence in drawing conclusions, and there were
more small-sized than large species, which can also influence the
strength of the detected relationships, the detected negative
CWMBS-latitude relationship in ground beetles can be explained
by development constraints caused by shorter season at higher
latitudes (Blanckenhorn & Demont, 2004), climate-dependent
thermo-regulatory abilities (Ashton & Feldman, 2003), and/or by
laying larger eggs from which larger first instar larvae can hatch
(Okuzaki & Sota, 2017).

All the significant negative body size-latitude relationships were
stronger in urban than rural areas. As urbanisation affects several
community- and ecosystem-level processes and functions, holistic,
multi-scale urban landscape planning and management schemes are
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needed to ensure both the recreational and the diversity preserving

functions of urban green spaces (Magura & Lévei, 2021).
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