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Abstract
1. Previous macrophysiological studies suggested that temperature-driven color 

lightness and body size variations strongly influence biogeographical patterns in 
ectotherms. However, these trait–environment relationships scale to local assem-
blages and the extent to which they can be modified by dispersal remains largely 
unexplored. We test whether the predictions of the thermal melanism hypoth-
esis and the Bergmann's rule hold for local assemblages. We also assess whether 
these trait–environment relationships are more important for species adapted to 
less stable (lentic) habitats, due to their greater dispersal propensity compared to 
those adapted to stable (lotic) habitats.

2. We quantified the color lightness and body volume of 99 European dragon- and 
damselflies (Odonata) and combined these trait information with survey data for 
518 local assemblages across Europe. Based on this continent-wide yet spatially 
explicit dataset, we tested for effects temperature and precipitation on the color 
lightness and body volume of local assemblages and assessed differences in their 
relative importance and strength between lentic and lotic assemblages, while ac-
counting for spatial and phylogenetic autocorrelation.

3. The color lightness of assemblages of odonates increased, and body size decreased 
with increasing temperature. Trait–environment relationships in the average and 
phylogenetic predicted component were equally important for assemblages of 
both habitat types but were stronger in lentic assemblages when accounting for 
phylogenetic autocorrelation.

4. Our results show that the mechanism underlying color lightness and body size 
variations scale to local assemblages, indicating their general importance. These 
mechanisms were of equal evolutionary significance for lentic and lotic species, 
but higher dispersal ability seems to enable lentic species to cope better with 
historical climatic changes. The documented differences between lentic and lotic 
assemblages also highlight the importance of integrating interactions of thermal 
adaptations with proxies of the dispersal ability of species into trait-based models, 
for improving our understanding of climate-driven biological responses.
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1  | INTRODUC TION

Understanding the processes that shape species’ distributions 
and the composition of assemblages is central to ecological re-
search (Brown & Maurer, 1987; Cavender-Bares, Kozak, Fine, 
& Kembel, 2009; McGill, Enquist, Weiher, & Westoby, 2006; 
Ricklefs, 2004). A straightforward approach to gain a process-based 
understanding is to investigate functional traits that link the physi-
ology of a species with the ambient environment in which the spe-
cies occurs (Chown, Gaston, & Robinson, 2004; Violle et al., 2007). 
Ectothermic species must absorb thermal energy from their envi-
ronment to be active and to maintain fundamental physiological pro-
cesses, including growth and reproduction (Angilletta, 2009; Huey 
& Kingsolver, 1989). Therefore, ectotherms have evolved several 
behavioral (e.g., wing-whirring or basking; Corbet, 1980; May, 1979) 
and morphological adaptations to the climate in which they live 
(Angilletta, 2009; May, 1976).

Two of the most important morphological traits that influence 
the distribution of ectothermic organisms are probably their sur-
face color, particularly color lightness (melanism), and body size. 
Fundamental physical principles link both traits to the heat gain 
and loss of an organism (Clusella-Trullas, van Wyk, & Spotila, 2007; 
Shelomi, 2012). On the one hand, melanization of the cuticle deter-
mines the absorption of solar radiation and hence heat gain, a mech-
anism referred to as thermal melanism (Clusella-Trullas et al., 2007; 
Gates, 1980; Kalmus, 1941). On the other hand, since an increase 
in body size implies a reduction of the surface area to volume ratio, 
larger bodies are able to retain heat more efficiently than smaller 
bodies (Shelomi, 2012). Besides thermoregulation, greater melaniza-
tion increases resistance against pathogens, by enhancing the struc-
tural integrity of cells (Gloger's rule, Rapoport, 1969; Wilson, Cotter, 
Reeson, & Pell, 2001) and a larger body size is advantageous under 
dry conditions, as a lower surface area to volume ratio reduces water 
loss through the cuticle (Kühsel, Brückner, Schmelzle, Heethoff, & 
Blüthgen, 2017; Remmert, 1981).

While the color lightness and body size of a species should re-
flect the climate in which it can live (Willmer & Unwin, 1981), the 
extent to which that species realizes the potential environmental 
niche depends on its dispersal. Important differences in a species’ 
ability and propensity to disperse are related to the stability of their 
respective habitats (Southwood, 1977). In general, species restricted 
to spatially and temporally less stable habitats with higher dispersal 
abilities (Pellissier, 2015; Southwood, 1977) evolved set of adapta-
tions (behavioral and morphological, Corbet, 1980) that facilitate 
persistence or the (re)colonization of habitats (Southwood, 1962), 
which are reflected in larger geographical ranges, stronger gene 
flow between populations and the ability to cope with climatic 

changes (Arribas et al., 2012; Hof, Brändle, & Brandl, 2006; Marten, 
Brändle, & Brandl, 2006; Pinkert et al., 2018). Freshwaters provide 
an ideal model system to test the predictions of this “habitat–sta-
bility–dispersal hypothesis” (Hof et al., 2012; Southwood, 1977). In 
the northern hemisphere, lentic water bodies (e.g., ditches and lakes) 
are ephemeral and date back to the Pleistocene, whereas the loca-
tions of rivers and streams (lotic waters) that carry water through-
out the year have remained largely unaltered since the Mesozoic 
(Bohle, 1995 and sources therein). In contrast, though some lakes 
are very old (reviewed in Hutchinson, 1957), lotic habitats are on 
average more persistent over space and time than lentic habitats 
(Martens, 1997).

Recent studies have shown that the ecological differences be-
tween species adapted to lentic and lotic habitats carry a phyloge-
netic signal (Letsch, Gottsberger, & Ware, 2016). Moreover, these 
differences have found to be associated with contrasting biogeo-
graphical and diversification patterns between the two groups 
(Abellán, Millán, & Ribera, 2009; Hof, Brändle, & Brandl, 2008). 
For instance, Dehling, Hof, Brändle, and Brandl (2010) showed that 
the richness of lotic animals decreases from southern to northern 
Europe, whereas the richness of lentic animals is highest in central 
Europe. A broadly similar pattern has been reported for the rich-
ness of lentic and lotic Odonata (dragonflies and damselflies) on a 
global scale (Kalkman et al., 2008). Thus, in contrast to almost all 
other Odonata, the two youngest families (Coenagrionidae and 
Libellulidae; Rehn, 2003) that constitute the majority of lentic spe-
cies globally (Kalkman et al., 2008) are disproportionally diverse in 
temperate climates. This suggests stronger trait–environment rela-
tionships in odonates of lentic than lotic habitats due to the greater 
ability of the former to cope with past climatic changes (Arribas 
et al., 2012; Grewe, Hof, Dehling, Brandl, & Brändle, 2013; Pinkert 
et al., 2018). However, despite strong support for an impact of spe-
cies’ dispersal ability on biogeographical patterns, to what extent 
dispersal can modify trait–environment relationships remains largely 
unexplored.

Analyses of the large-scale patterns of interspecific variation in 
physiological traits offer a powerful approach to elucidate the gen-
eral processes that shape biodiversity patterns (Chown et al., 2004). 
These macrophysiological inferences based on the assumption that 
the explanations for large-scale diversity patterns are found at 
lower levels of biological organization, as functional traits influence 
the fundamental physiological rates of individuals and populations 
whereas the consequences thereof play an important role in deter-
mining a species’ fundamental niche (Gaston & Blackburn, 2000). 
On the one hand, previous physiological studies on few species 
(Brakefield & Willmer, 1985; Harris, McQuillan, & Hughes, 2013) and 
local scale studies (e.g., along elevational gradients) have reported 
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strong links between physiological trait and the environment, but 
these are often limited in spatial extent (Brehm, Zeuss, & Colwell, 
2018; Dufour et al., 2018; Peters, Peisker, Steffan-Dewenter, & 
Hoiss, 2016; Xing et al., 2018). On the other hand, most of the stud-
ies conducted so far on the interspecific variation of color lightness 
and body size in ectothermic species over large geographical ranges 
are based on expert range maps generated by interpolating species 
occurrence records across suitable habitats (e.g., Pinkert, Brandl, & 
Zeuss, 2017; Zeuss, Brandl, Brändle, Rahbek, & Brunzel, 2014; Zeuss, 
Brunzel, & Brandl, 2017; but see Bishop et al., 2016). Hence, previ-
ous evidence of color- and size-based thermoregulation has three 
important limitations. First, although at geographical scales expert 
range maps are generally considered to allow robust estimations of 
the full environmental range of species, the underlying distribution 
information tends to overestimate species’ real distributional ranges 
(Hurlbert & Jetz, 2007; Merow, Wilson, & Jetz, 2017). Second, the 
inherent spatial structure of expert range maps has been shown to 
inadvertently generate spurious spatial patterns for the richness and 
mean trait values of assemblages (Hawkins et al., 2017). Third, dis-
tribution data with a coarse resolution generate “synthetic” assem-
blages of species that do not necessarily form local assemblages. For 
instance, expert range maps typically also include records of popu-
lations that may no longer exist (or never existed) and pool species 
from different habitat types. Therefore, whether the previously doc-
umented relationships of color lightness and body size with climate 
also scale to the local assemblage level remains largely unexplored.

In this study, we investigated trait–environment relationships 
using spatially explicit survey data for local assemblages of dragon- 
and damselflies (Odonata) across Europe. Specifically, according to 
the thermal melanism hypothesis and Bergmann's rule sensu lato, we 
expected (a) an increase in the color lightness of local assemblages 
of odonates with increasing temperature. If color lightness and body 
size are also involved in pathogen resistance and desiccation toler-
ance, we expect that (b) local assemblages of odonates are darker 
and smaller in more humid climates. In addition, given that adapta-
tions to spatially and temporally less stable habitats allow lentic spe-
cies to better cope with climatic changes (habitat–stability–dispersal 
hypothesis), we predicted that (c) the slopes of these relationships 
would be stronger for lentic than for lotic assemblages.

2  | MATERIAL AND METHODS

2.1 | Distribution data

Information on water body location and type (i.e., lentic or lotic) and 
the composition of local assemblages of odonates across Europe 
were compiled from data obtained in an extensive literature sur-
vey (Appendix 1). Only records of breeding species were included, 
to obtain species sets associated with the considered water bodies. 
Breeding records covered tandem pairs, ovipositing females, larvae, 
exuviae, and recently emerged adults (Bried, Dillon, Hager, Patten, & 
Luttbeg, 2015), resulting in 5,703 records of 99 species of odonates 

and 524 local assemblages across 28 European countries. After as-
semblages with less than three species were excluded (to obtain re-
liable estimates of assemblage means), the final dataset comprised 
of 518 local assemblages of dragon- and damselflies (Figure 1; 337 
lentic, 181 lotic).

2.2 | Trait data

Following the most common approach used in the analysis of 
morphological traits based on digital images (Pinkert et al., 2017; 
Zeuss et al., 2014, 2017), we calculated the average color lightness 
and body volume of species using drawings of European Odonata 
(Dijkstra & Lewington, 2006). To prepare images for the analysis, 
the body (head, abdomen, and thorax) in scanned drawings of spe-
cies’ dorsal body surfaces (24-bits, sRGB, 1,200 dpi resolution) was 
cropped out and saved to separate files using functions of Adobe 
Photoshop CS2. Based on these images, the average color of the 
pixels of an image across the red, green, and blue channels was cal-
culated as an estimate of the color lightness of a species (8-bit gray 
values ranging from 0: absolute black to 255: pure white). In addition, 
these images were scaled with the magnification factor provided in 
Dijkstra and Lewington (2006) and used to calculate body volume in 
cm3 (π × [½ length of pixel row]2 × pixel edge length) as an estimate 

F I G U R E  1   Distribution of (lentic = 337, lotic = 181) assemblages 
odonates across Europe. Lentic assemblages are indicated with red 
circles, lotic assemblages with blue circles, and the main European 
rivers in gray. The black outlines are country boundaries in the 
study region. The proportion of lotic habitats is higher in southern 
and central Europe. The space inside each circle represents the 
area for which the climate data were aggregated (a radius of ~1 km 
around the location of each community)
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of the body size of a species based on the assumption that odonates 
generally have a cylindrical body form. The calculations were per-
formed using functions of the R package png (Urbanek, 2013). Body 
volume instead of linear size measures, such as wing length, head 
width, and body length, was used because as a three-dimensional 
measure it allows for a more realistic estimate of the body mass of 
a species (Kühsel et al., 2017). Note that previous studies showed 
that the color lightness and body volume estimates are correlated 
between drawings from different sources and between males and 
females (Pinkert et al., 2017; Zeuss et al., 2017). Subsequently, the 
average color lightness and body volume were calculated across the 
species of each local assemblage.

2.3 | Environmental data

Based on the predictions of the thermal melanism hypothesis and 
Bergmann's rule, we considered annual mean temperature as a pre-
dictor of geographical patterns in the color lightness and body size of 
the assemblages of odonates. In addition, annual precipitation (AP) 
was included as a predictor because of the protective function of 
melanin against pathogens under humid climates (e.g., Delhey, 2019; 
Rapoport, 1969; Stelbrink et al., 2019) and the hypothesized advan-
tage of lower water loss in large insects under dry climates (Kühsel 
et al., 2017; Remmert, 1981). We considered only annual mean tem-
perature and annual precipitation, rather than all 19 commonly used 
bioclimatic variables, to facilitate interpretations of their effects and 
comparability with other studies (e.g., Pinkert et al., 2017; Zeuss 
et al., 2017). Nevertheless, the two variables contributed strongly to 
the overall trends in temperature and precipitation from a principal 
component analysis based on the correlation of 19 commonly used 
bioclimatic variables (Table S1). Climate variables used in the analysis 
were extracted from climate data with a resolution of 2.5 arcminutes 
(retrieved from www.chels a-clima te.org; Karger et al., 2017, 2018), 
based on the geographical coordinates of the assemblages included 
in our analyses (with a buffer radius of approximately 1 km).

2.4 | Statistical analyses

All statistical analyses and calculations were conducted in R (version 
3.5.1, R Core Team, 2016).

Previous studies found that the color lightness and body size, 
as well as the habitat preference of European odonates, carry a 
phylogenetic signal (Letsch et al., 2016; Pinkert et al., 2017; Zeuss 
et al., 2014). Based on a recent phylogeny of the European odonates 
(Pinkert et al., 2018), we, therefore, partitioned the total variance of 
the color lightness and body volume into a phylogenetic component 
and a species-specific component using Lynch's comparative method 
(Lynch, 1991), implemented in the R package ape (Paradis, Claude, 
& Strimmer, 2004). For data and methodology on the phylogeny of 
the European odonates, see Pinkert et al. (2018). The phylogenetic 

component represents the variation in color lightness and body 
volume predicted by the phylogenetic relationships of the species, 
whereas the species-specific component is the difference of the ob-
served trait estimate from the phylogenetically predicted part. The 
advantage of this method is that it allows assessing the effect of phy-
logenetic signals in traits (i.e., P-component) that is often neglected 
as a source of bias, in addition to the model results that have been 
corrected for phylogenetic autocorrelation (i.e., S-component).

Tests for trait–environment relationships were performed using 
single and multiple ordinary least-squares regression models, with 
the average color lightness and body size of Odonata assemblages 
as dependent variables and climatic variables as independent vari-
ables. Differences in the slopes of the relationships of color light-
ness and body size with climatic variables between lentic and lotic 
habitats were determined by fitting interaction terms between the 
independent variables and habitat type. In all models, independent 
variables were scaled and centered (z-standardized) to facilitate 
their comparison. We checked mulitcollinearity among predictors, 
using the vif function of the R package car (Table S2; Fox et al., 
2016).

Since spatial autocorrelation in the survey data could violate the 
assumptions of our statistical models, that is, that all data points 
are independent of each other, spatial correlograms of the model 
residuals were calculated using functions of the R package ncf 
(Bjornstad, 2016). These correlograms indicated significant spatial 
autocorrelation in our data. Therefore, all analyses were repeated 
using spatial autoregressive error models (Dormann, 2007) that 
included a spatial distance weight according to the model-specific 
point of spatial independence (extracted from spatial correlograms 
shown in Figures S1 and S2).

3  | RESULTS

3.1 | Trait–environment relationships

In all multiple regression models, the color lightness of the assem-
blages of odonates increased with increasing annual mean tem-
perature and body volume decreased with increasing annual mean 
temperature (Table 1). In all multiple regression models, the color 
lightness of the assemblages of odonates was not affected by an-
nual precipitation, but except for phylogenetically corrected models, 
body volume increased with increasing annual precipitation. These 
results were consistent with the results of single regression models 
(except that single regression of the average and phylogenetically 
predicted part of the variation in the color lightness and annual mean 
temperature were not significant) and with the results of models 
that accounted for spatial autocorrelation (Table 1). The two climate 
predictors together explained up to between 20% and 31% of the 
variation in color lightness and between 2% and 4% of the variation 
in body volume (Table 1, see Table S3 for regression models for indi-
vidual habitat types).

http://www.chelsa-climate.org
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3.2 | Differences in trait–environment relationships 
between habitat types

The relative importance of annual mean temperature and annual 
precipitation, as well as the slopes of the considered trait–environ-
ment relationships, differed between lentic and lotic assemblages 
(Figure 2). The two groups mostly responded similarly to annual 
mean temperature, and all the relationships that were only signifi-
cant in lotic assemblages were responses to annual precipitation (see 
Table S4 for single regression models).

Except for one response of body size, the slopes of all relation-
ships of climate variables with the average as well as the phyloge-
netically predicted part of the variation in the traits were similar 
in their strength between the two groups. By contrast, responses 
of the species-specific part of the variation in color lightness and 
body size to climate were mostly stronger in lentic compared to 
lotic assemblages (Table 2). Similarly, the direction of the slopes of 
the relationships only differed between species-specific part of the 
variation in body size and annual precipitation for both ordinary 
least-squares regression and spatial autoregressive error models 
(Table 2).

4  | DISCUSSION

Our results demonstrate that the spatial variation in color light-
ness and body size (i.e., volume) of assemblages of odonates across 
Europe is mainly driven by temperature. In line with the predictions 
of the thermal melanism hypothesis and Bergman's rule sensu lato, 
our results showed that the analyzed assemblages in warmer re-
gions were consistently composed of, on average, lighter colored 
and smaller species of dragon- and damselflies compared to assem-
blages in cooler regions. Our continent-wide yet spatially explicit as-
sessment of these relationships reconciles previous macroecological 
(Pinkert et al., 2017; Zeuss et al., 2014, 2017) and experimental (e.g., 
May, 1991; Samejima & Tsubaki, 2010; reviewed in Clusella-Trullas 
et al., 2007) evidence indicating the general importance of mecha-
nistic links of color lightness and body size with the physiology and 
distribution of ectotherm species. In addition to the overall impor-
tance of color- and size-based thermoregulation, our comparison of 
the trait–environment relationships of lentic and lotic assemblages of 
odonates revealed that the strength and relative importance of the 
climatic drivers of color lightness and body size vary considerably 
between species with high and low dispersal/recolonization ability.

F I G U R E  2   Scatterplots of the average (a, b), species-specific (c, d), and phylogenetic (e, f) components of the average color lightness 
and body volume of (all habitats = 518, lentic = 337, lotic = 181) assemblages of European odonates and z-standardized annual mean 
temperature, and annual precipitation. The color of the dots indicates the habitat type of the assemblages. Lines indicate regression lines 
of ordinary least-squares models. The color lightness ranges from 0 (absolute black) to 255 (pure white). The P-component represents the 
phylogenetically predicted part of the trait, and S-component represents the respective deviation of the average trait from the P-component
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Our study clearly showed that traits involved in thermoregula-
tion influence the composition of dragon- and damselfly assemblages 
across Europe. According to the thermal melanism hypothesis, darker 
ectotherms are at an advantage in cool regions because of color-based 
heat gain, and lighter ectotherms in warm regions because they reflect 
more solar radiation. In support of this hypothesis, we found that the 
color lightness of Odonata assemblages increased with increasing tem-
perature. The results of our analyses based on survey data together 
with the similar geographical patterns in color lightness reported for as-
semblages of other ectothermic organisms at large geographical scales 
(Clusella-Trullas, Terblanche, Blackburn, & Chown, 2008; Heidrich 
et al., 2018; Schweiger & Beierkuhnlein, 2015; Stelbrink et al., 2019; 
Xing et al., 2018; Zeuss et al., 2014), confirm that thermal melanism 
is a mechanism of major importance in ectothermic organisms across 
regions and scales. Furthermore, consistent with the predictions of 
Bergmann's rule sensu lato, we found that the average body size of 
assemblages of odonates decreased with increasing temperature. Even 

though a recent macroecological study by Zeuss et al. (2017) found 
support for Bergmann's rule in European odonates, its support in in-
sects is generally equivocal (Shelomi, 2012), especially in studies con-
ducted at small spatial and taxonomic scales. These contradictions in 
the results obtained at different scales have recently motivated debate 
about the reliability of large-scale assemblage-level studies, as it has 
been demonstrated that the type of distribution information on which 
most macroecological studies are based can purely by chance result in 
geographical patterns of species’ traits (Hawkins et al., 2017). Despite 
temperature explained a comparatively low variance in body size (c.f. 
Zeuss et al., 2017), our findings support Bergmann's rule sensu lato in 
European odonates. Our support for both the thermal melanism hy-
pothesis and Bergmann's rule using spatially explicit survey data for 
European odonates shows that the findings of studies based on expert 
range maps are robust to pseudoreplications of co-occurrences and 
the inherent geographical structures of species distributions (Hawkins 
et al., 2017).

TA B L E  2   Individual slopes and standard error of the predictor variables from multiple regressions (R2) of the average, phylogenetic, and 
species-specific components of the average color lightness and body volume of (lentic = 337, lotic = 181) assemblages of European odonates 
with z-standardized environmental variables

Model Trait Component Predictor Slope ± SE for lentic  Slope ± SE for lotic R2

Ordinary least-squares 
regression

Color lightness Average AMT 3.0 × 100 ± 2.8 × 10–1 2.7 × 100 ± 4.4 × 10–1 .29

AP 1.4 × 10–1 ± 2.9 × 10–1 8.6 × 10–1 ± 4.2 × 10–1

S-component AMT 1.2 × 100 ± 1.2 × 10–1 6.6 × 10–1 ± 1.9 × 10–1 .21

AP 3.2 × 10–2 ± 1.3 × 10–1 2.6 × 10–1 ± 1.8 × 10–1

P-component AMT 1.6 × 100 ± 1.7 × 10–1 1.7 × 100 ± 2.7 × 10–1 .22

AP –9.7 × 10–2 ± 1.7 × 10–1 –1.5 × 10–1 ± 2.5 × 10–1

Body volume Average AMT –2.5 × 10–2 ± 8.3 × 10–3 –1.2 × 10–2 ± 1.3 × 10–2 .03

AP 6.3 × 10–3 ± 8.5 × 10–3 3.6 × 10–2 ± 1.2 × 10–2

S-component AMT –9.9 × 10–4 ± 6.4 × 10–5 –1.7 × 10–4 ± 1.0 × 10–4 .03

AP 1.3 × 10–4 ± 6.5 × 10–5 –9.3 × 10–5 ± 9.5 × 10–5

P-component AMT –2.3 × 10–2 ± 8.3 × 10–3 –1.1 × 10–2 ± 1.3 × 10–2 .04

AP 6.7 × 10–3 ± 8.5 × 10–3 3.9 × 10–2 ± 1.3 × 10–2

Spatial autoregressive 
error models

Color lightness Average AMT 2.9 × 100 ± 3.1 × 10–1 2.6 × 100 ± 4.6 × 10–1 .31

AP 3.0 × 10–1 ± 3.1 × 10–1 7.4 × 10–1 ± 4.3 × 10–1

S-component AMT 1.2 × 100 ± 1.3 × 10–1 6.2 × 10–1 ± 2.0 × 10–1 .22

AP 7.8 × 10–2 ± 1.3 × 10–1 2.3 × 10–1 ± 1.9 × 10–1

P-component AMT 1.6 × 100 ± 1.8 × 10–1 1.7 × 100 ± 2.7 × 10–1 .24

AP 4.1 × 10–2 ± 1.9 × 10–1 –1.5 × 10–1 ± 2.6 × 10–1

Body volume Average AMT –2.2 × 10–2 ± 8.8 × 10–3 –1.4 × 10–2 ± 1.3 × 10–2 .05

AP 8.1 × 10–3 ± 9.1 × 10–3 3.3 × 10–2 ± 1.3 × 10–2

S-component AMT –7.8 × 10–5 ± 6.8 × 10–5 –1.4 × 10–4 ± 1.0 × 10–4 .04

AP 1.8 × 10–4 ± 7.0 × 10–5 –9.1 × 10–5 ± 9.7 × 10–5

P-component AMT –2.2 × 10–2 ± 8.8 × 10–3 –1.4 × 10–2 ± 1.3 × 10–2 .05

AP 8.4 × 10–3 ± 9.2 × 10–3 3.6 × 10–2 ± 1.3 × 10–2

Note: In addition, regression models (Nagelkerke pseudo-R2) calculated with a spatial dependency weight are given. Shaded cells indicate significant 
differences in the slopes of these regressions between lotic and lentic assemblages. Slopes that are significant from zero (p < .05) are shown in bold. 
The predictors are annual mean temperature (AMT) and annual precipitation (AP). The P-component represents the phylogenetically predicted part 
of the trait, and S-component represents the respective deviation of the average trait from the P-component.
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Moreover, we also documented clear differences between spe-
cies adapted to lentic and lotic habitats regarding the strength of the 
slopes of the considered trait–environment relationships and the rel-
ative importance of climatic drivers. Contrary to our third prediction, 
most of the relationships of average color lightness and body size 
with temperature were equally strong between lentic and lotic as-
semblages. However, decomposing variations in color lightness and 
body size showed that this is the result of similar responses of the 
phylogenetically predicted part of the traits of lentic and lotic spe-
cies to climate, whereas relationships of the species-specific part of 
the traits were mostly stronger in lentic assemblages. Several stud-
ies have suggested that lentic species are stronger dispersers (e.g., 
Grewe et al., 2013; Hof et al., 2006; Marten et al., 2006) due to the 
negative relationship between habitat persistence and dispersal pro-
pensity (Southwood, 1962). Species adapted to lentic habitats are 
assumed to be closer to an equilibrium with ambient temperature 
(Dehling et al., 2010; Pinkert et al., 2018) and hence should dominate 
in recently recolonized regions (e.g., formerly glaciated northern 
parts of Europe; Pinkert et al., 2018). Accordingly, color- and size-
based thermoregulation together with high dispersal ability may have 
been hypothesized to cause contrasting biogeographical patterns 
between species adapted to lentic and lotic habitats over historical 
and evolutionary time scales (Hof et al., 2008; Pinkert et al., 2018). 
In fact, the distributional success and high diversity of lentic species 
in temperate regions seem to result not only from higher dispersal/
recolonization ability but also from an adaptive color and body size 
evolution by lentic lineages. Our results suggest that adaptive color 
and body size are of similar importance for lentic and lotic species 
over evolutionary time scales, but that historical responses modi-
fied trait–environment relationships, with lentic species responding 
stronger to recent climatic changes than lotic species.

In light of previous zoogeographical and phylogeographical 
studies on dragon- and damselflies (Abellán et al., 2009; Kalkman 
et al., 2008; Pinkert et al., 2018; Sternberg, 1998), the documented 
differences in the trait–environment relationships of lentic and lotic 
species suggest that thermal melanism favors the colonization of lin-
eages of odonates in temperate climates. It has long been hypothe-
sized that odonates are of tropical evolutionary origin and that only 
a few lineages acquired the ability to colonize and persist in temper-
ate regions (e.g., Tillyard, 1917 p. 295). In a recent study, we found 
that the phylogenetic diversity of European Odonata assemblages 
decreased from the southwest to the northeast of the continent and 
that this pattern was mainly driven by the contemporary tempera-
ture (Pinkert et al., 2018). Latitudinal gradients of decreasing family 
or genus richness have been shown for odonates at the global scale 
(a simple proxy for the diversity of lineages; Kalkman et al., 2008). 
Furthermore, recent studies have documented a strong phylogenetic 
signal in the color lightness of odonates and butterfly assemblages as 
well as differences in the importance of thermal melanism between 
butterfly families and associated these differences with a lower im-
portance color-based thermoregulation in tropical lineages (Pinkert 
et al., 2017; Stelbrink et al., 2019; Zeuss et al., 2014). Therefore, 
our finding that phylogenetically predicted part of the variation 

in color lightness and body size is strongly driven by temperature 
suggested that color- and size-based thermoregulation might have 
played a central role in the adaptation to colder climates, whereas 
most Odonata lineages retained their initial tropical niche (see also 
Pinkert & Zeuss, 2018). Besides the differences in the strengths of 
the relationships of color lightness and body size with temperature, 
our results show that the relative importance of temperature ver-
sus precipitation in shaping the geographical patterns of these traits 
differs between lentic and lotic assemblages. Although both annual 
mean temperature and annual precipitation consistently drove over-
all geographical patterns in the color lightness and body volume of 
assemblages of odonates, lotic, but not lentic species seem to have 
an additional advantage of a higher size-based desiccation tolerance 
(Entling, Schmidt-Entling, Bacher, Brandl, & Nentwig, 2010) that also 
constrain their ability to thermoregulate via this trait. Specifically, 
we found that lotic assemblages in regions of lower precipitation 
were on average smaller than those in humid regions, which points 
to body size as an adaptation to water loss through the body surface 
(Kühsel et al., 2017). Furthermore, we showed that species adapted 
to lotic habitats were significantly larger in regions that are both 
warm and wet. This finding supports the predictions of Gloger's 
rule (Wilson et al., 2001), which have been generally strongly sup-
ported by several large-scale studies (Pinkert et al., 2017; Stelbrink 
et al., 2019; Zeuss et al., 2014). Although studies have shown that 
melanization impacts desiccation resistance (Parkash, Rajpurohit, & 
Ramniwas, 2008; Parkash, Sharma, & Kalra, 2009), we are cautious 
about interpreting a potential color-based protection against water 
loss for two reasons; first, the environmental gradient of the study 
sites did not include extreme humid or dry regions, and second, in 
our study annual precipitation was not an important driver of the 
variations in color lightness European Odonata assemblages.

5  | CONCLUSION

Our study highlights the importance of the mechanistic links of 
color lightness and body size with the temperature regime which 
shapes the biogeographical patterns of dragon- and damselflies 
(Odonata). Color- and size-based thermoregulation was by far the 
dominant mechanisms shaping the composition of assemblages of 
odonates, although other functions of body size and color light-
ness seemed to influence the geographical patterns of both traits 
to some extent. The consistency of our findings together with the 
results of a number of macroecological analyses underlines the 
general importance of thermal melanism and Bergmann's rule for 
ectothermic organisms. However, besides highlighting the crucial 
role of traits involved in thermoregulation in shaping the distri-
bution of odonate species, our results indicate that difference in 
species’ dispersal propensities embedded in the spatio-temporal 
stability of their habitats contributes to explaining the scatter 
around the considered trait–environment relationships as well 
as to differences in the relative contributions of climatic predic-
tors. Thus, thermal adaptations seem to be of similar evolutionary 
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importance for lentic and lotic species but a greater dispersal 
ability of the former in combination with the climatic history of 
Europe seems to have allowed them better cope with historical 
climatic changes.

ACKNOWLEDG MENTS
Daniel Acquah-Lamptey acknowledges PhD funding by the 
Government of Ghana—Ministry of Education and the German 
Academic Exchange Service.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

AUTHOR CONTRIBUTION
Daniel Acquah-Lamptey: Conceptualization (lead); Data curation 
(lead); Formal analysis (lead); Methodology (lead); Writing-original 
draft (lead); Writing-review & editing (equal). Martin Brändle: 
Conceptualization (supporting); Supervision (supporting); Writing-
review & editing (equal). Roland Brandl: Conceptualization (equal); 
Methodology (equal); Supervision (lead); Writing-review & edit-
ing (equal). Stefan Pinkert: Conceptualization (lead); Data curation 
(lead); Formal analysis (lead); Methodology (lead); Supervision (sup-
porting); Writing-review & editing (equal).

DATA AVAIL ABILIT Y S TATEMENT
Data for this study are archived with Dryad Data Repository at 
https://doi.org/10.5061/dryad.k98sf 7m43.

ORCID
Daniel Acquah-Lamptey  https://orcid.
org/0000-0002-2994-1993 
Stefan Pinkert  https://orcid.org/0000-0002-8348-2337 

R E FE R E N C E S
Abellán, P., Millán, A., & Ribera, I. (2009). Parallel habitat-driven differ-

ences in the phylogeographical structure of two independent lineages 
of Mediterranean saline water beetles. Molecular Ecology, 18(18), 
3885–3902. https://doi.org/10.1111/j.1365-294X.2009.04319.x

Angilletta, M. J. (2009). Thermal Adaptation: A theoretical and empirical 
synthesis. Oxford, NY: Oxford University Press.

Arribas, P., Velasco, J., Abellán, P., Sánchez-Fernández, D., Andújar, 
C., Calosi, P., … Bilton, D. T. (2012). Dispersal ability rather than 
ecological tolerance drives differences in range size between 
lentic and lotic water beetles (Coleoptera: Hydrophilidae). 
Journal of Biogeography, 39(5), 984–994. https://doi.
org/10.1111/j.1365-2699.2011.02641.x

Bishop, T. R., Robertson, M. P., Gibb, H., van Rensburg, B. J., Braschler, 
B., Chown, S. L., … Parr, C. L. (2016). Ant assemblages have darker 
and larger members in cold environments. Global Ecology and 
Biogeography, 25, 1489–1499. https://doi.org/10.1111/geb.12516

Bjornstad, O. N. (2016). ncf: Spatial Nonparametric Covariance Functions 
(Version R package version 1.1-7). Retrieved from https://cran.r-proje 
ct.org/packa ge=ncf

Bohle, H. W. (1995). Spezielle Ökologie: Limnische Systeme. Berlin: Springer.
Brakefield, P. M., & Willmer, P. G. (1985). The basis of thermal melanism 

in the ladybird Adalia bipunctata: Differences in reflectance and 

thermal properties between the morphs. Heredity, 54, 9–14. https://
doi.org/10.1038/hdy.1985.3

Brehm, G., Zeuss, D., & Colwell, R. K. (2018). Moth body size increases 
with elevation along a complete tropical elevational gradient for 
two hyperdiverse clades. Ecography, 42, 632–642. https://doi.
org/10.1111/ecog.03917

Bried, J. T., Dillon, A. M., Hager, B. J., Patten, M. A., & Luttbeg, B. (2015). 
Criteria to infer local species residency in standardized adult drag-
onfly surveys. Freshwater Science, 34(3), 1105–1113. https://doi.
org/10.1086/682668

Brown, J. H., & Maurer, B. A. (1987). Evolution of species assemblages: 
Effects of energetic constraints and species dynamics on the diver-
sification of the North American avifauna. The American Naturalist, 
130(1), 1–17. https://doi.org/10.1086/284694

Cavender-Bares, J., Kozak, K. H., Fine, P. V. A., & Kembel, S. W. 
(2009). The merging of community ecology and phyloge-
netic biology. Ecology Letters, 12(7), 693–715. https://doi.
org/10.1111/j.1461-0248.2009.01314.x

Chown, S. L., Gaston, K. J., & Robinson, D. (2004). Macrophysiology: 
Large-scale patterns in physiological traits and their ecologi-
cal implications. Functional Ecology, 18, 159–167. https://doi.
org/10.1111/j.0269-8463.2004.00825.x

Clusella-Trullas, S., Terblanche, J. S., Blackburn, T. M., & Chown, S. L. 
(2008). Testing the thermal melanism hypothesis: A macrophys-
iological approach. Functional Ecology, 22, 232–238. https://doi.
org/10.1111/j.1365-2435.2007.01377.x

Clusella-Trullas, S., van Wyk, J. H., & Spotila, J. R. (2007). Thermal mela-
nism in ectotherms. Journal of Thermal Biology, 32, 235–245. https://
doi.org/10.1016/j.jther bio.2007.01.003

Corbet, P. S. (1980). Biology of Odonata. Annual Review of Entomology, 25, 
189–217. https://doi.org/10.1146/annur ev.en.25.010180.001201

Dehling, D. M., Hof, C., Brändle, M., & Brandl, R. (2010). Habitat avail-
ability does not explain the species richness patterns of European 
lentic and lotic freshwater animals. Journal of Biogeography, 37(10), 
1919–1926. https://doi.org/10.1111/j.1365-2699.2010.02347.x

Delhey, K. (2019). A review of Gloger’s rule, an ecogeographical rule of 
color: Definitions, interpretations and evidence. Biological Reviews, 
94, 1294–1316. https://doi.org/10.1111/brv.12503

Dijkstra, K.-D.-B., & Lewington, R. (2006). Field guide to the dragonflies of 
Britain and Europe. Dorset, UK: British Wildlife Publishing.

Dormann, C. F. (2007). Effects of incorporating spatial auto-
correlation into the analysis of species distribution data. 
Global Ecology and Biogeography, 16(2), 129–138. https://doi.
org/10.1111/j.1466-8238.2006.00279.x

Dufour, P. C., Willmott, K. R., Padrón, P. S., Xing, S., Bonebrake, T. C., 
& Scheffers, B. R. (2018). Divergent melanism strategies in Andean 
butterfly communities structure diversity patterns and climate re-
sponses. Journal of Biogeography, 45(11), 2471–2482. https://doi.
org/10.1111/jbi.13433

Entling, W., Schmidt-Entling, M. H., Bacher, S., Brandl, R., & Nentwig, 
W. (2010). Body size–climate relationships of European spi-
ders. Journal of Biogeography, 37(3), 477–485. https://doi.
org/10.1111/j.1365-2699.2009.02216.x

Fox, J., Weisberg, S., Adler, D., Bates, D., Baud-Bovy, G., Ellison, S., & 
Friendly, M. (2016). car: Companion to Applied Regression (Version R 
package version 2.1-4). Retrieved from https://cran.r-proje ct.org/
packa ge=car

Gaston, K. J., & Blackburn, T. M. (2000). Pattern and process in macroecol-
ogy. Malden: Blackwell Science Ltd.

Gates, D. M. (1980). Biophysical ecology. New York, NY: Springer.
Grewe, Y., Hof, C., Dehling, D. M., Brandl, R., & Brändle, M. (2013). Recent 

range shifts of European dragonflies provide support for an inverse re-
lationship between habitat predictability and dispersal. Global Ecology 
and Biogeography, 22(4), 403–409. https://doi.org/10.1111/geb.12004

https://doi.org/10.5061/dryad.k98sf7m43
https://orcid.org/0000-0002-2994-1993
https://orcid.org/0000-0002-2994-1993
https://orcid.org/0000-0002-2994-1993
https://orcid.org/0000-0002-8348-2337
https://orcid.org/0000-0002-8348-2337
https://doi.org/10.1111/j.1365-294X.2009.04319.x
https://doi.org/10.1111/j.1365-2699.2011.02641.x
https://doi.org/10.1111/j.1365-2699.2011.02641.x
https://doi.org/10.1111/geb.12516
https://cran.r-project.org/package=ncf
https://cran.r-project.org/package=ncf
https://doi.org/10.1038/hdy.1985.3
https://doi.org/10.1038/hdy.1985.3
https://doi.org/10.1111/ecog.03917
https://doi.org/10.1111/ecog.03917
https://doi.org/10.1086/682668
https://doi.org/10.1086/682668
https://doi.org/10.1086/284694
https://doi.org/10.1111/j.1461-0248.2009.01314.x
https://doi.org/10.1111/j.1461-0248.2009.01314.x
https://doi.org/10.1111/j.0269-8463.2004.00825.x
https://doi.org/10.1111/j.0269-8463.2004.00825.x
https://doi.org/10.1111/j.1365-2435.2007.01377.x
https://doi.org/10.1111/j.1365-2435.2007.01377.x
https://doi.org/10.1016/j.jtherbio.2007.01.003
https://doi.org/10.1016/j.jtherbio.2007.01.003
https://doi.org/10.1146/annurev.en.25.010180.001201
https://doi.org/10.1111/j.1365-2699.2010.02347.x
https://doi.org/10.1111/brv.12503
https://doi.org/10.1111/j.1466-8238.2006.00279.x
https://doi.org/10.1111/j.1466-8238.2006.00279.x
https://doi.org/10.1111/jbi.13433
https://doi.org/10.1111/jbi.13433
https://doi.org/10.1111/j.1365-2699.2009.02216.x
https://doi.org/10.1111/j.1365-2699.2009.02216.x
https://cran.r-project.org/package=car
https://cran.r-project.org/package=car
https://doi.org/10.1111/geb.12004


     |  8945ACQUAH-LAMPTEY ET AL.

Harris, R. M., McQuillan, P., & Hughes, L. (2013). A test of the 
thermal melanism hypothesis in the wingless grasshopper 
Phaulacridium vittatum. Journal of Insect Science, 13, 51. https://doi.
org/10.1673/031.013.5101

Hawkins, B. A., Leroy, B., Rodríguez, M. Á., Singer, A., Vilela, B., Villalobos, 
F., … Zelený, D. (2017). Structural bias in aggregated species-level 
variables driven by repeated species co-occurrences: A pervasive 
problem in community and assemblage data. Journal of Biogeography, 
44(6), 1199–1211. https://doi.org/10.1111/jbi.12953

Heidrich, L., Friess, N., Fiedler, K., Brändle, M., Hausmann, A., Brandl, R., 
& Zeuss, D. (2018). The dark side of Lepidoptera: Colour lightness of 
geometrid moths decreases with increasing latitude. Global Ecology 
and Biogeography, 27, 407–416. https://doi.org/10.1111/geb.12703

Hof, C., Brändle, M., & Brandl, R. (2006). Lentic odonates have larger 
and more northern ranges than lotic species. Journal of Biogeography, 
33(1), 63–70. https://doi.org/10.1111/j.1365-2699.2005.01358.x

Hof, C., Brändle, M., & Brandl, R. (2008). Latitudinal variation of diver-
sity in European freshwater animals is not concordant across habitat 
types. Global Ecology and Biogeography, 17(4), 539–546. https://doi.
org/10.1111/j.1466-8238.2008.00394.x

Hof, C., Brändle, M., Dehling, D. M., Munguía, M., Brandl, R., Araújo, M. 
B., & Rahbek, C. (2012). Habitat stability affects dispersal and the 
ability to track climate change. Biology Letters, 8(4), 639–643. https://
doi.org/10.1098/rsbl.2012.0023

Huey, R. B., & Kingsolver, J. G. (1989). Evolution of thermal sensitivity of 
ectotherm performance. Trends in Ecology & Evolution, 4(5), 131–135. 
https://doi.org/10.1016/0169-5347(89)90211 -5

Hurlbert, A. H., & Jetz, W. (2007). Species richness, hotspots, and 
the scale dependence of range maps in ecology and conserva-
tion. Proceedings of the National Academy of Sciences of the United 
States of America, 104(33), 13384–13389. https://doi.org/10.1073/
pnas.07044 69104

Hutchinson, G. E. (1957). A treatise on limnology. New York, NY: Wiley.
Kalkman, V. J., Clausnitzer, V., Dijkstra, K. D. B., Orr, A. G., Paulson, D. 

R., & van Tol, J. (2008). Global diversity of dragonflies (Odonata) in 
freshwater. Hydrobiologia, 595, 351–363. https://doi.org/10.1007/
s1075 0-007-9029-x

Kalmus, H. (1941). Physiology and ecology of cuticle colour in insects. 
Nature, 148, 428–431. https://doi.org/10.1038/148428a0

Karger, D. N., Conrad, O., Böhner, J., Kawohl, T., Kreft, H., Soria-Auza, 
R. W., … Kessler, M. (2017). Climatologies at high resolution for the 
earth’s land surface areas. Scientific Data, 4, 170122. https://doi.
org/10.1038/sdata.2017.122

Karger, D. N., Conrad, O., Böhner, J., Kawohl, T., Kreft, H., Soria-Auza, R. 
W., & Kessler, M. (2018). Data from: Climatologies at high resolution 
for the earth's land surface areas. Dryad Digital Repository, https://
doi.org/10.5061/dryad.kd1d4

Kühsel, S., Brückner, A., Schmelzle, S., Heethoff, M., & Blüthgen, N. 
(2017). Surface area-volume ratios in insects. Insect Science, 24(5), 
829–841. https://doi.org/10.1111/1744-7917.12362

Letsch, H., Gottsberger, B., & Ware, J. L. (2016). Not going with the 
flow: A comprehensive time-calibrated phylogeny of dragonflies 
(Anisoptera: Odonata: Insecta) provides evidence for the role of len-
tic habitats on diversification. Molecular Ecology, 25(6), 1340–1353. 
https://doi.org/10.1111/mec.13562

Lynch, M. (1991). Methods for the analysis of comparative data in 
evolutionary biology. Evolution, 45, 1065–1080. https://doi.
org/10.1111/j.1558-5646.1991.tb043 75.x

Martens, K. (1997). Speciation in ancient lakes. Trends in Ecology 
and Evolution, 12, 177–182. https://doi.org/10.1016/S0169 
-5347(97)01039 -2

Marten, A., Brändle, M., & Brandl, R. (2006). Habitat type pre-
dicts genetic population differentiation in freshwater inver-
tebrates. Molecular Ecology, 15(9), 2643–2651. https://doi.
org/10.1111/j.1365-294X.2006.02940.x

May, M. L. (1976). Thermoregulation and Adaptation to Temperature 
in Dragonflies (Odonata: Anisoptera). Ecological Monographs, 46(1), 
1–32. https://doi.org/10.2307/1942392.

May, M. L. (1979). Insect thermoregulation. Annual Review of 
Entomology, 24, 313–349. https://doi.org/10.1146/annur 
ev.en.24.010179.001525

May, M. L. (1991). Thermal adaptations of dragonflies, revisited. Advances 
in Odonatology, 5, 71–88.

McGill, B. J., Enquist, B. J., Weiher, E., & Westoby, M. (2006). 
Rebuilding community ecology from functional traits. Trends in 
Ecology & Evolution, 21(4), 178–185. https://doi.org/10.1016/j.
tree.2006.02.002

Merow, C., Wilson, A. M., & Jetz, W. (2017). Integrating occurrence data 
and expert maps for improved species range predictions: Expert 
maps & point process models. Global Ecology and Biogeography, 26(2), 
243–258. https://doi.org/10.1111/geb.12539

Paradis, E., Claude, J., & Strimmer, K. (2004). APE: Analyses of phylo-
genetics and evolution in R language. Bioinformatics, 20, 289–290. 
https://doi.org/10.1093/bioin forma tics/btg412

Parkash, R., Rajpurohit, S., & Ramniwas, S. (2008). Changes in body mel-
anisation and desiccation resistance in highland vs. lowland popu-
lations of D. melanogaster. Journal of Insect Physiology, 54(6), 1050–
1056. https://doi.org/10.1016/j.jinsp hys.2008.04.008

Parkash, R., Sharma, V., & Kalra, B. (2009). Impact of body melanisation 
on desiccation resistance in montane populations of D. melanogas-
ter: Analysis of seasonal variation. Journal of Insect Physiology, 55(4), 
898–908. https://doi.org/10.1016/j.jinsp hys.2009.06.004

Pellissier, L. (2015). Stability and the competition-dispersal trade-off as 
drivers of speciation and biodiversity gradients. Frontiers in Ecology 
and Evolution, 3(52), 1–10. https://doi.org/10.3389/fevo.2015.00052

Peters, M. K., Peisker, J., Steffan-Dewenter, I., & Hoiss, B. (2016). 
Morphological traits are linked to the cold performance and distri-
bution of bees along elevational gradients. Journal of Biogeography, 
43(10), 2040–2049. https://doi.org/10.1111/jbi.12768

Pinkert, S., Brandl, R., & Zeuss, D. (2017). Colour lightness of dragon-
fly assemblages across North America and Europe. Ecography, 40(9), 
1110–1117. https://doi.org/10.1111/ecog.02578

Pinkert, S., Dijkstra, K.-D.-B., Zeuss, D., Reudenbach, C., Brandl, R., & Hof, 
C. (2018). Evolutionary processes, dispersal limitation and climatic 
history shape current diversity patterns of European dragonflies. 
Ecography, 41(5), 795–804. https://doi.org/10.1111/ecog.03137

Pinkert, S., & Zeuss, D. (2018). Thermal biology: Melanin-based energy 
harvesting across the tree of life. Current Biology, 28(16), 887–889. 
https://doi.org/10.1016/j.cub.2018.07.026

Rapoport, E. H. (1969). Gloger’s rule and pigmentation of Collembola. 
Evolution, 23(4), 622–626. https://doi.org/10.1111/j.1558-5646.1969.
tb035 45.x

Rehn, A. C. (2003). Phylogenetic analysis of higher-level relationships 
of Odonata. Systematic Entomology, 28(2), 181–240. https://doi.
org/10.1046/j.1365-3113.2003.00210.x

Remmert, H. (1981). Body size of terrestrial arthropods and biomass of 
their populations in relation to the abiotic parameters of their milieu. 
Oecologia, 50, 12–13. https://doi.org/10.1007/BF003 78789

Ricklefs, R. E. (2004). A comprehensive framework for global pat-
terns in biodiversity. Ecology Letters, 7(1), 1–15. https://doi.
org/10.1046/j.1461-0248.2003.00554.x

Samejima, Y., & Tsubaki, Y. (2010). Body temperature and body size affect 
flight performance in a damselfly. Behavioral Ecology and Sociobiology, 
64, 685–692. https://doi.org/10.1007/s0026 5-009-0886-3

Schweiger, A. H., & Beierkuhnlein, C. (2015). Size dependency in colour 
patterns of Western Palearctic carabids. Ecography, 39(9), 846–857. 
https://doi.org/10.1111/ecog.01570

Shelomi, M. (2012). Where are we now? Bergmann’s rule sensu lato 
in insects. The American Naturalist, 180(4), 511–519. https://doi.
org/10.1086/667595

https://doi.org/10.1673/031.013.5101
https://doi.org/10.1673/031.013.5101
https://doi.org/10.1111/jbi.12953
https://doi.org/10.1111/geb.12703
https://doi.org/10.1111/j.1365-2699.2005.01358.x
https://doi.org/10.1111/j.1466-8238.2008.00394.x
https://doi.org/10.1111/j.1466-8238.2008.00394.x
https://doi.org/10.1098/rsbl.2012.0023
https://doi.org/10.1098/rsbl.2012.0023
https://doi.org/10.1016/0169-5347(89)90211-5
https://doi.org/10.1073/pnas.0704469104
https://doi.org/10.1073/pnas.0704469104
https://doi.org/10.1007/s10750-007-9029-x
https://doi.org/10.1007/s10750-007-9029-x
https://doi.org/10.1038/148428a0
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.5061/dryad.kd1d4
https://doi.org/10.5061/dryad.kd1d4
https://doi.org/10.1111/1744-7917.12362
https://doi.org/10.1111/mec.13562
https://doi.org/10.1111/j.1558-5646.1991.tb04375.x
https://doi.org/10.1111/j.1558-5646.1991.tb04375.x
https://doi.org/10.1016/S0169-5347(97)01039-2
https://doi.org/10.1016/S0169-5347(97)01039-2
https://doi.org/10.1111/j.1365-294X.2006.02940.x
https://doi.org/10.1111/j.1365-294X.2006.02940.x
https://doi.org/10.2307/1942392
https://doi.org/10.1146/annurev.en.24.010179.001525
https://doi.org/10.1146/annurev.en.24.010179.001525
https://doi.org/10.1016/j.tree.2006.02.002
https://doi.org/10.1016/j.tree.2006.02.002
https://doi.org/10.1111/geb.12539
https://doi.org/10.1093/bioinformatics/btg412
https://doi.org/10.1016/j.jinsphys.2008.04.008
https://doi.org/10.1016/j.jinsphys.2009.06.004
https://doi.org/10.3389/fevo.2015.00052
https://doi.org/10.1111/jbi.12768
https://doi.org/10.1111/ecog.02578
https://doi.org/10.1111/ecog.03137
https://doi.org/10.1016/j.cub.2018.07.026
https://doi.org/10.1111/j.1558-5646.1969.tb03545.x
https://doi.org/10.1111/j.1558-5646.1969.tb03545.x
https://doi.org/10.1046/j.1365-3113.2003.00210.x
https://doi.org/10.1046/j.1365-3113.2003.00210.x
https://doi.org/10.1007/BF00378789
https://doi.org/10.1046/j.1461-0248.2003.00554.x
https://doi.org/10.1046/j.1461-0248.2003.00554.x
https://doi.org/10.1007/s00265-009-0886-3
https://doi.org/10.1111/ecog.01570
https://doi.org/10.1086/667595
https://doi.org/10.1086/667595


8946  |     ACQUAH-LAMPTEY ET AL.

Southwood, T. R. E. (1962). Migration of terrestrial arthropods in re-
lation to habitat. Biological Reviews, 37(2), 171–211. https://doi.
org/10.1111/j.1469-185X.1962.tb016 09.x

Southwood, T. R. E. (1977). Habitat, the templet for ecological strategies? 
Journal of Animal Ecology, 46, 337–365. https://doi.org/10.2307/3817

Tillyard, R. J. (1917).  The biology of dragonflies (Odonata or Paraneuroptera), 
Cambridge: Cambridge University Press.

Stelbrink, P., Pinkert, S., Brunzel, S., Kerr, J., Wheat, C. W., Brandl, R., & 
Zeuss, D. (2019). Colour lightness of butterfly assemblages across 
North America and Europe. Scientific Reports, 9(1), 1760. https://doi.
org/10.1038/s4159 8-018-36761 -x

Sternberg, K. (1998). The postglacial colonization of Central Europe 
by dragonflies, with special reference to southwestern Germany 
(Insecta, Odonata). Journal of Biogeography, 25, 319–337.

Urbanek, S. (2013). png: Read and write PNG images (Version R package ver-
sion 0.1-7). Retrieved from https://cran.r-proje ct.org/packa ge=png

Violle, C., Navas, M.-L., Vile, D., Kazakou, E., Fortunel, C., 
Hummel, I., & Garnier, E. (2007). Let the concept of 
trait be functional!. Oikos, 116(5), 882–892. https://doi.
org/10.1111/j.0030-1299.2007.15559.x

Willmer, P. G., & Unwin, D. M. (1981). Field analyses of insect heat bud-
gets: Reflectance, size and heating rates. Oecologia, 50, 250–255. 
https://doi.org/10.1007/BF003 48047

Wilson, K., Cotter, S. C., Reeson, A. F., & Pell, J. K. (2001). Melanism and 
disease resistance in insects. Ecology Letters, 4(6), 637–649. https://
doi.org/10.1046/j.1461-0248.2001.00279.x

Xing, S., Bonebrake, T. C., Ashton, L. A., Kitching, R. L., Cao, M., Sun, Z., 
… Nakamura, A. (2018). Colors of night: Climate–morphology rela-
tionships of geometrid moths along spatial gradients in southwestern 
China. Oecologia, 188(2), 537–546. https://doi.org/10.1007/s0044 
2-018-4219-y

Zeuss, D., Brandl, R., Brändle, M., Rahbek, C., & Brunzel, S. (2014). 
Global warming favours light-coloured insects in Europe. Nature 
Communications, 5, 4847. https://doi.org/10.1038/ncomm s4874

Zeuss, D., Brunzel, S., & Brandl, R. (2017). Environmental drivers of voltinism 
and body size in insect assemblages across Europe. Global Ecology and 
Biogeography, 26, 154–165. https://doi.org/10.1111/geb.12525

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Acquah-Lamptey D, Brändle M, Brandl 
R, Pinkert S. Temperature-driven color lightness and body size 
variation scale to local assemblages of European Odonata but 
are modified by propensity for dispersal. Ecol Evol. 
2020;10:8936–8948. https://doi.org/10.1002/ece3.6596

APPENDIX 1

DATA SOURCE S

Bang, C., Jr. (2001). Constructed wetlands: High-quality habitats for 
Odonata in cultivated landscapes. International Journal of Odonatology, 
4(1), 1–15. https://doi.org/10.1080/13887 890.2001.9748153

Bedjanic, M., & Salamun, A. (2003). Large golden-ringed dragonfly 
Cordulegaster heros Theischinger 1979, new for the fauna of Italy 
(Odonata: Cordulegastridae). Natura Sloveniae, 5(2), 19–29.

Bernard, R. (2003). Aeshna crenata Hag., a new species for the fauna of 
Latvia (Anisoptera: Aeshnidae). Notulae Odonatologicae, 6(1), 1–12.

Bogdanovic, T., Merdic, E., & Mikuska, J. (2008). Data to the dragonfly 
fauna of Lower Neretva River. Entomologia Croatica, 12(2), 51–65.

Bonifait, P. S., Defos Du Rau, P., & Soulet, D. (2008). Les Odonates de la 
Réserve Nationale de Chasse et de Faune Sauvage d'Orlu (départe-
ment de l’Ariège, France). Martinia, 24(2), 35–44.

Bouwman, J., & Ketelaar, R. (2008). New records of Coenagrion armatum 
in Schleswig-Holstein (Odonata: Coenagrionidae). Libellula, 27(3/4), 
185–190.

Braune, E., Richter, O., Söndgerath, D., & Suhling, F. (2008). Voltinism flexibil-
ity of a riverine dragonfly along thermal gradients. Global Change Biology, 
14, 470–482. https://doi.org/10.1111/j.1365-2486.2007.01525.x

Brochard, C., & van der Ploeg, E. (2013). Searching for exuviae of en-
demic Odonata species in Greece. Brachytron, 15(2), 83–101.

Buczyński, P. (2006). General notes about the dragonfly (Odonata) 
fauna of the River Bug valley in the Lublin Region (SE Poland). In R. 
Buchwald (Ed.), Habitat selection, reproductive behaviour and conserva-
tion of central-European dragonflies (Odonata). Proceedings of the 23rd 
Annual Meeting of the “Association of German-Speaking Odonatologists 
(GdÖ) at Oldenburg (Lower Saxony, Germany) (pp. 73–80). Oldenburg: 
Aschenbeck & Isensee Universitätsverlag.

Buczyński, P., & Tończyk, G. (2013). Dragonflies (Odonata) of 
Tuchola Forests (northern Poland). Annales Universitatis Mariae 
Curie-Sklodowska, Section C Biologia, 68(1), 75–103. https://doi.
org/10.17951 /c.2013.68.1.75

Buczyński, P. (1999). Dragonflies (Odonata) of sand pits in south-eastern 
Poland. Acta Hydrobiology, 41(3/4), 219–230.

Buczyński, P., & Łabędzki, A. (2012). Landscape park of “Janowskie 
Forests” as a hotspot of dragonfly (Odonata) species diversity in 
Poland. In D. H. Kazimierz (Ed.), Natural human environment. Dangers, 
protection, education (pp. 151–174). Warsaw: University of Ecology 
and Management.

Buczyński, P., & Moroz, M. D. (2008). Notes on the occurrence of some 
Mediterranean dragonflies (Odonata) in Belarus. Polish Journal of 
Entomology, 77, 67–74.

Buczyński, P., Czachorowski, S., Moroz, M., & Stryjecki, R. (2003). 
Odonata, Trichoptera, Coleoptera, and Hydrachnidia of springs 
in Kazimierski Landscape Park (Eastern Poland) and factors af-
fecting the characters of these ecosystems. Supplementa ad Acta 
Hydrobiologica, 5, 13–29.

Buczyński, P., Zawal, A., Stępień, E., Buczyńska, E., & Pešić, V. 
(2013). Contribution to the knowledge of dragonflies (Odonata) 
of Montenegro, with the first record of Ophiogomphus cecilia 
(Fourcroy, 1785). Annales Universitatis Mariae Curie-Sklodowska, 
Sectio C: Biologia, 68(2), 57–71. https://doi.org/10.17951 
/c.2013.68.2.57

Butler, S. G. (1993). Key to the larvae of European Orthetrum Newman 
(Anisoptera: Libellulidae). Odonatologica, 22(2), 191–196.

Carchini, G., Della Bella, V., Solimini, A. G., & Bazzanti, M. (2007). 
Relationships between the presence of odonate species and environ-
mental characteristics in lowland ponds of central Italy. Annales de 
Limnologie – International Journal of Limnology, 43(2), 81–87. https://
doi.org/10.1051/limn/2007020

Chavanec, A., & Raab, R. (2002). Die libellenfauna (Insecta: Odonata) 
des Tritonwassers auf der Donauinsel in Wien - ergebnisse einer 

https://doi.org/10.1111/j.1469-185X.1962.tb01609.x
https://doi.org/10.1111/j.1469-185X.1962.tb01609.x
https://doi.org/10.2307/3817
https://doi.org/10.1038/s41598-018-36761-x
https://doi.org/10.1038/s41598-018-36761-x
https://cran.r-project.org/package=png
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1007/BF00348047
https://doi.org/10.1046/j.1461-0248.2001.00279.x
https://doi.org/10.1046/j.1461-0248.2001.00279.x
https://doi.org/10.1007/s00442-018-4219-y
https://doi.org/10.1007/s00442-018-4219-y
https://doi.org/10.1038/ncomms4874
https://doi.org/10.1111/geb.12525
https://doi.org/10.1002/ece3.6596
https://doi.org/10.1080/13887890.2001.9748153
https://doi.org/10.1111/j.1365-2486.2007.01525.x
https://doi.org/10.17951/c.2013.68.1.75
https://doi.org/10.17951/c.2013.68.1.75
https://doi.org/10.17951/c.2013.68.2.57
https://doi.org/10.17951/c.2013.68.2.57
https://doi.org/10.1051/limn/2007020
https://doi.org/10.1051/limn/2007020


     |  8947ACQUAH-LAMPTEY ET AL.

langzeitstudie, aspekte der gewässerbewertung und der bioindika-
tion. Denisia, 3, 63–79.

Chovanec, A., & Waringer, J. (2001). Ecological integrity of river–flood-
plain systems - assessment by dragonfly surveys (Insecta: Odonata). 
Regulated Rivers: Research Management, 17, 493–507. https://doi.
org/10.1002/rrr.664

Clausnitzer, H.-J. (1985). Die Arktische Smaragdlibelle (Somatochlora arc-
tica ZETT) in der Südheide (Niedersachsen). Libellula, 4(1/2), 92–101.

De Knijf, G., & Demolder, H. (2010). Odonata records from Alentejo and 
Algarve, southern Portugal. Libellula, 29(1/2), 61–90.

Dolny, A., Drozd, P., Petříková, M., & Harabiš, F. (2010). Sex ratios at 
emergence in populations of some central European Gomphidae 
species (Anisoptera). Odonatologica, 39(3), 217–224.

Eggers, T. O., Grabow, K., Schutte, C., & Suhling, F. (1996). Gomphid 
dragonflies (Odonata) in the southern tributaries of the river Aller, 
Niedersachsen, Germany. Braunschweiger naturkundlische Schrriften, 
5(1), 21–34.

Ekestubbe, K. (1998). Artfördelning bland trollsländor (Odonata) i 
Södertälje kommun – analys av ett indikatorsystem för biologisk mång-
fald. Södertälje kommun, miljö- och.

Ellwanger, G., & Zirpel, S. (1995). Entwicklungsnachweis von Anax imper-
ator Leach in einem Hochmoor in Estland (Anisoptera: Aeshnidae). 
Libellula, 14(1/2), 41–48.

Farkas, A., Mérő, T. O., Móra, A., & Dévai, G. Y. (2014). Urban dragonflies: 
Data on the odonata fauna of the Danube at Budapest. Acta Biologica 
Debrecina Supplementum Oecologica Hungarica, 32, 23–29.

Garcia, C. M. A. (1990). A key to the Iberian Orthetrum larvae (Anisoptera; 
Libellulidae). Notulae Odonatologicae, 3(6), 81–96.

Golfieri, B., Hardersen, S., Maiolini, B., & Surian, N. (2016). Odonates as in-
dicators of the ecological integrity of the river corridor: Development 
and application of the Odonate River Index (ORI) in northern Italy. 
Ecological Indicators, 61, 234–247. https://doi.org/10.1016/j.ecoli 
nd.2015.09.022

Handke, K., Kalmund, P., & Didion, A. (1986). Die Libellen des Saarbrücker 
raumes. Libellula, 5(3/4), 95–112.

Harabis, F., Tichanek, F., & Tropek, R. (2013). Dragonflies of freshwa-
ter pools in lignite spoil heaps: Restoration management, habitat 
structure and conservation value. Ecological Engineering, 55, 51–61. 
https://doi.org/10.1016/j.ecole ng.2013.02.007

Hardersen, S. (2004). The dragonflies: Species, phenology, larval hab-
itats (Odonata). Invertebrati Di Una Foresta Della Pianura Padana 
Bosco Della Fontana, Secondo Contributo – Conservazione Habitat 
Invertebrati, 3, 29–50.

Hardersen, S., & Dal Cortivo, M. (2008). Dragonflies (Odonata) of 
Vincheto di Celarda Nature Reserve, with special reference to 
conservation actions. Research on the Natural Heritage of Vincheto 
Di Celarda and Val Tovanella (Belluno Province, Italy) – Quaderni 
Conservazione Habitat, 5, 101–116.

Hassal, C., Hollinshead, J., & Hull, A. (2012). Temporal dynamics of aquatic 
communities and implications for pond conservation. Biodiversity 
and Conservation, 21(3), 829–852. https://doi.org/10.1007/s1053 
1-011-0223-9

Heidemann, H., & Kull, R. (1986). Untersuchungen zur Libellenfauna und 
Gewässergüte an ausgewählten flißgewässern in Rheinland-Pfalz 
und Baden-Württemberg. Libellula, 5(1/2), 46–62.

Holzinger, W. E. (1992). Die Libellenfauna der Mur-, Sulm- und 
Laßnitzauen des Leibnitzer Feldes (Steiermark, Österreich). Libellula, 
11(3/4), 175–180.

Horváth, G. (2012). Assessment of riverine dragonflies (Odonata: 
Gomphidae) and the emergence behaviour of their larvae based on 
exuviae data on the reach of the river Tisza in Szeged. Tiscia, 39, 9–15.

Huber, A. (2000). On the odonate fauna of the Szamos (Someş) river and 
its surroundings in Romania. Notulae Odonatologicae, 5(6), 69–84.

Hübner, T. (1988). Zur Besiedlung neugeschaffener, kleiner 
Artenschutzgewässer durch Libellen. Libellula, 7(3/4), 129–145.

Kalniņš, M. (2002). Banded Darter Sympetrum pedemontanum (Allioni, 
1766) (Odonata: Libellulidae) – A new dragonfly species in the fauna 
of Latvia. Latvijas Entomologs, 39, 50–51.

Kalniņš, M. (2006). The distribution and occurrence frequency of 
Gomphidae (Odonata: Gomphidae) in river Gauja. Acta Universitatis 
Latviensis, 710, 17–28.

Keller, D., Seidl, I., Forrer, C., Home, R., & Holderegger, R. (2013). 
Schutz der Helm-Azurjungfer Coenagrion mercuriale (Odonata: 
Coenagrionidae) am Beispiel des Smaragd-Gebiets Oberaargau. 
Entomo Helvetica, 6, 87–99.

Kitanova, D., Slavevska Stamenkovic, V., Kostov, V., & Marinov, M. (2008). 
Contribution to the knowledge of dragonfly fauna of the Bregalnitsa 
River, Macedonia (Insecta: Odonata). Natura Montenegrina, Podgorica, 
7(2), 169–180.

Kolozsvári, I., Szabó, L. J., & Dévai, G. Y. (2015a). Occurrence pattern anal-
ysis of dragonflies (Odonata) on the river Tisza between Vilok and 
Huszt based on exuviae. Applied Ecology and Environmental Research, 
13(4), 1183–1196. https://doi.org/10.15666 /aeer/1304_11831196

Kolozsvári, I., Szabó, L. J., & Dévai, G. Y. (2015b). Dragonfly assem-
blages in the upper parts of the river Tisza: A comparison of larval 
and exuvial data in three channel types. Acta Zoologica Academiae 
Scientiarum Hungaricae, 61(2), 189–204. https://doi.org/10.17109 /
AZH.61.2.189.2015 . https://doi.org/10.17109 /AZH.61.2.189.2015

Koskinen, J. (2015). Dragonfly communities of north Karelian forest lakes 
and ponds. MSc Thesis submitted to the Department of Biology of 
the University of Eastern Finland.

Kulijer, D., Vinko, D., Billqvist, M., & Mekkes, J. J. (2012). Contribution to 
the knowledge of the Odonata fauna of Bosnia and Herzegovina – 
Results of the ECOO 2012. Natura Sloveniae, 14(2), 23–38.

La Porta, G., Dell'Otto, A., Spezialle, A., Goretti, E., Rebora, M., Piersanti, 
S., & Gaino, E. (2013). Odonata biodiversity in some protected areas 
of Umbria, central Italy. Odonatologica, 42(2), 125–137.

Macagno, A. L. M., Gobbi, M., & Lencioni, V. (2012). The occurrence of 
Leucorrhinia pectoralis (Charpentier, 1825) (Odonata, Libellulidae) in 
Trentino (Eastern Italian Alps). Studi Trentini di Scienze Naturali, 92, 
33–36.

Manenti, R., Siesa, M. E., & Ficetola, G. F. (2013). Odonata occurrence 
in caves: Active or accidentals? A new case study. Journal of Cave 
and Karst Studies, 75(3), 205–209. https://doi.org/10.4311/2012L 
SC0281

Marinov, M. (2007). Odonata of the Western Rhodopes, with special ref-
erence to the wetlands north of the town of Smolyan, South Bulgaria. 
Notulae Odonatologicae, 6(9), 97–108.

Martens, A. (1991). Kolonisationserfolg von Libellen an einem neu ange-
gelegten Gewässer. Libellula, 10(1/2), 45–61.

Mauersberger, R. (1990). Libellenbeobachtungen aus dem Bulgarischen 
Balkan-Gebirge (Stara Planina). Libellula, 9(1/2), 43–59.

Moroz, M. D. (2013). Aquatic insects of cross-border water currents be-
tween Belarus and Ukraine. Entomological Review, 93(7), 874–886. 
https://doi.org/10.1134/S0013 87381 3070099

Moroz, M. D., Czachorowski, S., Lewandowski, K., & Buczyński, P. (2006). 
Aquatic insects (Insecta: Plecoptera, Ephemeroptera, Odonata, and 
Trichoptera) of the rivers in the Berezinskii Biosphere Reserve. 
Entomological Review, 86(9), 987–994. https://doi.org/10.1134/
S0013 87380 6090028

Müller, Z., Jakab, T., Tóth, A., Dévai, G., Szállassy, N., Kiss, B., & 
Horváth, R. (2003). Effect of sports fisherman activities on drag-
onfly assemblages on a Hungarian river floodplain. Biodiversity 
and Conservation, 12, 167–179. https://doi.org/10.1023/A:10212 
20220039

Muranyi, D., & Kovacs, T. (2013). Contribution to the Odonata fauna of 
Albania and Montenegro. Folia Historico Naturalia Musei Matraensis, 
37, 29–41.

Nelson, B., Ronayne, C., & Thompson, R. (2003). Colonization and chang-
ing status of four Odonata species, Anax imperator, Anax parthenope, 

https://doi.org/10.1002/rrr.664
https://doi.org/10.1002/rrr.664
https://doi.org/10.1016/j.ecolind.2015.09.022
https://doi.org/10.1016/j.ecolind.2015.09.022
https://doi.org/10.1016/j.ecoleng.2013.02.007
https://doi.org/10.1007/s10531-011-0223-9
https://doi.org/10.1007/s10531-011-0223-9
https://doi.org/10.15666/aeer/1304_11831196
https://doi.org/10.17109/AZH.61.2.189.2015
https://doi.org/10.17109/AZH.61.2.189.2015
https://doi.org/10.17109/AZH.61.2.189.2015
https://doi.org/10.4311/2012LSC0281
https://doi.org/10.4311/2012LSC0281
https://doi.org/10.1134/S0013873813070099
https://doi.org/10.1134/S0013873806090028
https://doi.org/10.1134/S0013873806090028
https://doi.org/10.1023/A:1021220220039
https://doi.org/10.1023/A:1021220220039


8948  |     ACQUAH-LAMPTEY ET AL.

Aeshna mixta and Sympetrum fonscolombii in Ireland 2000–2002. The 
Irish Naturalists' Journal, 27(7), 266–272.

Painter, D. (1998). Effects of ditch management patterns on odonata at 
Wicken fen, Cambridgeshire, UK. Biological Conservation, 84(2), 189–
195. https://doi.org/10.1016/S0006 -3207(97)00095 -5

Persson, S. (2011). Is the dragonfly composition changing in Central Sweden? 
BSc. thesis submitted to the Department of Nature conservation and 
species diversity of the Halmstad University, Finland.

Piksa, K., Wachowicz, B., & Kwarcińska, M. (2006). Dragonflies (Odonata) 
of some small anthropogenic water bodies in Cracow City. Fragmenta 
Faunistica, 49(2), 81–89. https://doi.org/10.3161/00159 301FF 
2006.49.2.081

Purse, B. V., & Thompson, D. J. (2003). Emergence of the damsel-
flies, Coenagrion mercuriale and Ceriagrion tenellum (Odonata: 
Coenagrionidae), at their northern range margins, in Britain. European 
Journal of Entomology, 100, 93–99. https://doi.org/10.14411 /
eje.2003.018

Raebel, E. M., Merckx, T., Riordan, P., Macdonald, D. W., & Thompson, 
D. J. (2011). The dragonfly delusion: Why it is essential to sample 
exuviae to avoid biased surveys. Journal of Insect Conservation, 14, 
523–533. https://doi.org/10.1007/s1084 1-010-9281-7

Rajkov, S., Vinko, D., & Arandelovic, A. (2012). Faunistic results from the 
2nd Balkan Odonatological Meeting – BOOM 2012. Serbia. Natura 
Sloveniae, 17(2), 67–76.

Rattu, A., Leo, P., Moratin, R., & Hardersen, S. (2014). Diplacodes lefebvrii 
in Sardinia, a new species for the Italian fauna (Odonata: Libellulidae). 
Fragmenta Entomologica, 46(1–2), 121–124. https://doi.org/10.4081/
fe.2014.75

Reinhardt, K. (1997). Ein massenvorkommen mehrerer Libellenarten an 
einem Gewässer. Libellula, 16(3/4), 193–198.

Rozner, G., Lõkkös, A., & Ferincz, Á. (2010). Preliminary studies on the 
distribution of Large Golden Ringed Dragonfly (Cordulegaster heros 
Theischinger, 1979) and Golden Ringed Dragonfly (Cordulegaster 
bidentata Sélys, 1843) in the Kõszeg-mountains. Folia Historico 
Naturalia Musei Matraensis, 34, 37–40.

Rudolph, R. (1978). Notes on the dragonfly fauna of very small pools 
near Münster, Westfalia, German Federal Republic. Notulae 
Odonatologicae, 1(1), 1–16.

Sahlén, G. (1999). The impact of forestry on dragonfly diversity in central 
Sweden. International Journal of Odonatology, 2(2), 177–186. https://
doi.org/10.1080/13887 890.1999.9748128

Sahlén, G., & Ekestubbe, K. (2001). Identification of dragonflies 
(Odonata) as bioindicators of general species richness in boreal for-
est lakes. Biodiversity and Conservation, 10(5), 673–690. https://doi.
org/10.1023/A:10166 81524097

Schiel, F.-J. (1998). On the habitat requirements of Erythromma najas 
(HANSEMANN 1823) (Zygoptera: Coenagrionidae) in the Southern 
Upper Rhine valley. Naturschutz Am Südlichen Oberrhein, 2, 129–138.

Schindler, M., Fesl, C., & Chovanec, A. (2003). Dragonfly associa-
tions (Insecta: Odonata) in relation to habitat variables: A mul-
tivariate approach. Hydrobiologia, 497, 169–180. https://doi.
org/10.1023/A:10254 76220081

Schmidt, E. (1987). Zur Odonatenfauna des Geroldsees bei Garmlsch-
Partenkirchen/Obb. (FRG) Ein beitrag zur analyse von Odonaten-
Artenspektren bei kleiner stichprobe. Libellula, 6(3/4), 121–134.

Schnapauff, I., Schridde, P., Suhling, F., & Ullmann, K. (1996). 
Libellenbeobachtungen in Nordost- Griechenland. Libellula, 15(3/4), 
169–183.

Schridde, P., & Suhling, F. (1994). Larval dragonfly communities in differ-
ent habitats of a Mediterranean running water system. Advances in 
Odonatology, 6, 89–100.

Schröter, A., Schneider, T., Schneider, E., Karjalainen, S., & Hämäläinen, 
M. (2012). Observations on adult Somatochlora sahlbergi – a spe-
cies at risk due to regional climate change? (Odonata: Corduliidae). 
Libellula, 31(1/2), 41–60.

Schütte, C., & Suhling, F. (1997). Beobachtungen zum 
Fortpflanzungsverhalten von Macromia splendens (Pictet) 
(Anisoptera: Corduliidae). Libellula, 16(1/2), 81–84.

Thoma, M., & Althaus, S. (2015). Beobachtungen von Libellen (Odonata) 
auf dem Col de Bretolet (VS). Entomo Helvetica, 8, 97–109.

Weihrauch, F., & Weihrauch, S. (2006). Records of protected dragonflies 
from Rio Tera, Zamora province, Spain (Odonata). Boletín Sociedad 
Entomológica Aragonesa, 38, 337–338.

Wilderuth, H. (1992). Habitat selection and oviposition site recognition 
by the dragonfly Aeshna juncea (L.): An experimental approach in nat-
ural habitats (Anisoptera: Aeshnidae). Odonatologica, 22(1), 27–44.

Wittwer, T., Sahlén, G., & Suhling, F. (2010). Does one commu-
nity shape the other? Dragonflies and fish in Swedish lakes. 
Insect Conservation and Diversity, 3, 124–133. https://doi.
org/10.1111/j.1752-4598.2010.00083.x

https://doi.org/10.1016/S0006-3207(97)00095-5
https://doi.org/10.3161/00159301FF2006.49.2.081
https://doi.org/10.3161/00159301FF2006.49.2.081
https://doi.org/10.14411/eje.2003.018
https://doi.org/10.14411/eje.2003.018
https://doi.org/10.1007/s10841-010-9281-7
https://doi.org/10.4081/fe.2014.75
https://doi.org/10.4081/fe.2014.75
https://doi.org/10.1080/13887890.1999.9748128
https://doi.org/10.1080/13887890.1999.9748128
https://doi.org/10.1023/A:1016681524097
https://doi.org/10.1023/A:1016681524097
https://doi.org/10.1023/A:1025476220081
https://doi.org/10.1023/A:1025476220081
https://doi.org/10.1111/j.1752-4598.2010.00083.x
https://doi.org/10.1111/j.1752-4598.2010.00083.x

