
Vol.:(0123456789)1 3

Biologia (2023) 78:2091–2098 
https://doi.org/10.1007/s11756-023-01322-9

ORIGINAL ARTICLE

Smaller, lighter coloured and less hairy Procladius (Diptera, 
Chironomidae) in warmer climate

Yngve Brodin1  · Jörgen Hellberg2

Received: 3 April 2022 / Accepted: 12 January 2023 / Published online: 15 February 2023 
© The Author(s) 2023

Abstract
The relationship between body size, colour and hairiness of Procladius of the Diptera family Chironomidae and climate 
measured as annual mean air temperature was analysed. The study was based on 453 males representing 31 species from 
253 localities in 27 countries in Europe and six elsewhere. Wing length as well as three other characters reflecting body 
size showed significant decrease with warmer climate conditions. The results are in line with several other studies of insects 
concluding that adult insects are smaller in warmer climate, also considering the implications of global warming. Likewise, 
all five characters representing colour lightness showed significantly lighter coloured Procladius specimens with warmer 
climate. The relationship between hairiness and annual mean air temperature was weaker than that of size or colour and 
temperature, but all five characters studied showed a statistically significant decrease in hairiness with warmer climate. The 
biological relevance of smaller size, lighter colour and less hairiness in warmer climate can be related to several factors 
regulating flight and swarming, including less need of protection against cold weather, overheating avoidance, mating success 
agility and predator escape.
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Introduction

Morphological adaptations of insects to temperature 
conditions have been discussed in many scientific papers. 
The ongoing change towards a warmer climate due to human 
influence has motivated intensified research.

Studies of dragonflies (Odonata), hymenopterans 
(Hymenoptera) and butterflies (Lepidoptera) have shown 
that several species spread northwards when climate 
becomes warmer (Hickling et al. 2005; Netherer and Schopf 
2010; Delava et al. 2014). Species may alternatively remain 
where they are and experience physiological, behavioural 
and morphological changes as a result of changing 
climate (Musolin and Saulich 2012; Larson et al. 2019). 

Morphological adaptations include traits such as size, colour 
and pilosity, and frequently related to thermoregulation 
(Scaven and Rafferty 2013; Scheffers et al. 2016).

While working on a taxonomical revision of the European 
species of the Chironomidae genus Procladius, we noted 
that specimens collected in southern regions seemed to be 
smaller than those in colder northern regions. The compara-
tively large material of more than 450 specimens from more 
than a hundred sites all over Europe together with pertinent 
information on annual mean air temperatures provided an 
opportunity to analyse how size and other morphometric 
traits of Procladius such as colour and hairiness are influ-
enced by temperature conditions. Morphological conse-
quences of climate change could possibly also be predicted.

Larvae of Procladius are omnivorous (Armitage 1968; 
Izvekova 1975), occurring worldwide and very common in 
lakes and smaller water bodies in the northern hemisphere. 
Flying adults can be found during the whole year in southern 
Europe (Prat 1979) with annual mean air temperature 
15–20 °C, while mainly during summer in northern regions 
of Europe, Asia and North America. The coldest conditions 
for a species of Procladius is reported from a lake in a 
district with annual mean air temperature about - 15 °C 
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in Arctic Canada, also representing among the coldest 
conditions for insect life (Oliver 1963).

Materials and methods

The material for the study consisted of 453 adult males of 
Procladius including 31 species of which 27 are present 
in Europe according to the preliminary results of the 
taxonomical revision. The material was collected at 253 
localities in 27 European countries, and also Canada, 
Greenland, Lebanon, Russia (Asian part), Tunisia and USA.

Most of the material is on slides as this preparation method 
is common practice within taxonomy of Chironomidae and 
makes it easier to study characters needing high magnification 
such as small body hairs.

Size was measured using four characters (Table 1) of 
which body length and wing length are commonly used in 
taxonomic studies of Chironomidae. Measure of body length 
of a specimen can be complicated as the abdomen is some-
what extensible. Therefore, the length of the non-extensible 
thorax was included as a character of size. The fourth size 
character was the width of the gonocoxite basally which 
also reflects the width of the ninth tergite. It is unknown if 
this character is valuable for size estimates, but it is easy to 
measure accurately.

Colour lightness was estimated according to a 9-point 
grading scale ranging from white to black (Table 2). The 
method was applied for five characters: two of the tho-
rax and one each of the head, legs and abdomen of the 
specimen. Specimens which have been bleached due to 
maceration or storage in alcohol for more than ten years 
were excluded.

Five characters of different body parts were selected 
to assess hairiness: two of the thorax and one each of the 
head, legs and wings (Table 3). The front leg BR-ratio and 
number of hairs (setae) of the scutellum are frequently 
used in studies of Chironomidae taxonomy. The number 
or hairs of the chosen characters can be counted more 
accurately than hairs of other hairier body parts such as 
the abdominal tergites and the legs. Several body hairs 
fall off when the specimens are placed in alcohol after 
sampling. This is not a problem for counting hairs as the 

small hole where the hairs rose from can usually be seen 
well under the microscope.

Among the fourteen selected characters, wing length, hind 
colour of tergite II-IV and the front leg BR-ratio are particularly 
important for species identification of Procladius.

A simple linear regression model with an intercept was 
used to statistically test each of the fourteen characters. 
Mean annual air temperature was the dependent variable 
and one at the time the fourteen characters were used 
as the independent variable. The regression estimates 
a coefficient and its p value for each of the fourteen 
characters. This p value was used to test if the coefficient 
is significant or not.

Estimation of mean annual air temperature expressed as 
°C to one decimal place was carried out for localities where 
specimens of Procladius were sampled. ArcGIS WGS84 
data of the localities were adjusted to two decimal places.

WorldClim bioclimatic variables dataset BIO1 provide 
range maps of mean annual temperature based on 
measurement records of the 1950–2000 period (Hijmans 
et al. 2005; https:// www. arcgis. com/ home/ item. html? id= 
d7215 80786 614e5 4ac8d 0672d ad7a2 3a). Extrapolation 
of mean annual temperature of a sampling locality was 
achieved using high resolution altitude data in FreeMapTools 
(Elevation Finder https:// www. freem aptoo ls. com/ eleva 
tion- finder. htm) and temperature measurement data in 

Table 1  Characters of male 
Procladius used for statistical 
analyses of size versus annual 
mean air temperature of the 
locality where the specimen was 
collected

Body part Character description

Body Length from tip of clypeus to end of gonostylus process, mm
Thorax Length laterally from tip of antepronotum to end of postnotum, mm
Wing Length from base of squama to tip of wing, mm
Genitalia Width of base of gonocoxite, μm

Table 2  Colour categories of male Procladius used for statistical 
analyses of size versus annual mean air temperature of the locality 
where the specimen was collected

Categories arranged from the lightest colour (0) to the darkest (4)

Colour categories Colours

0 White to whitish
0.5 Whitish to light yellowish
1 Light yellowish to yellowish
1.5 Yellowish to light brownish
2 Brownish (medium brown)
2.5 Brownish to almost dark brownish
3 Dark brownish
3.5 Dark brownish at least partly blackish
4 Blackish to black

https://www.arcgis.com/home/item.html?id=d721580786614e54ac8d0672dad7a23a
https://www.arcgis.com/home/item.html?id=d721580786614e54ac8d0672dad7a23a
https://www.freemaptools.com/elevation-finder.htm
https://www.freemaptools.com/elevation-finder.htm
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Timeanddate (World Temperatures — Weather Around 
The World https:// www. timea nddate. com/ weath er/@ 81330 
74/ clima te). Finally, adjustment of locality temperature 
for year of sampling was done by consulting NASA Earth 
Observatory global temperature anomaly 1930–2021 relative 
to 1951–1980 (https:// www. wefor um. org/ agenda/ 2022/ 07/ 
global- heat- maps- tempe rature- anoma ly- clima te- change/).

Results

All fourteen characters of body size, body colour and body 
hairiness of Procladius showed a significant (***, p < 0.001) 
relationship with climate expressed as annual mean air tem-
perature (Table 4).

A decrease in body size with warmer climate was indicated 
for all four characters measuring body size  (R2 0.13–0.24). 

The strongest correlation was for the width of the gonocoxite 
(Fig. 1a). The relationship between shorter wing length and 
warmer climate was almost as high  (R2 0.22) (Fig. 1b).

All five characters of body colour showed lighter 
colours with warmer climate conditions. The correlation 
was strongest for colour lightness of the thorax scutellum 
(Fig. 2a), front tibia and abdomen tergite II-IV hind colour 
(Fig. 2b)  (R2 0.20–0.26), while the correlation between 
lighter frons colour of the head and higher annual mean 
air temperature was relatively weak  (R2 0.07).

Body hairiness characters showed a comparatively 
weak relationship with climate  (R2 0.05–0.13), but all 
five characters indicated less hairiness with warmer 
climate conditions. The strongest correlation was for 
fewer setae on the clypeus with warmer annual mean air 
temperature (Fig. 3a) followed by the front leg tarsal BR 
(Fig. 3b).

Table 3  Characters of male 
Procladius used for statistical 
analyses of hairiness versus 
annual mean air temperature of 
the locality where the specimen 
was collected

Body part Character description

Head Clypeus, number of setae
Thorax Antepronotum, number of setae
Thorax Scutellum, number setae
Wings Vein R1, number of setae
Legs Front leg BR (bristle ratio or beard ratio), length of longest seta (hair 

or bristle) of a tarsal segment divided by the width of tarsal segment 
where the seta originates

Table 4  Simple linear regression analysis between characters representing size, colour lightness and hairiness of Procladius and annual mean air 
temperatures at the localities where the specimens were collected

The characters are explained and categorised in Tables 1, 2 and 3. ***means p < 0.001 

Characters Variation Specimens Model 
adjusted  R2

Intercept (significance) Coefficient 
(significance)

Model F-value

Size
 Thorax length, mm 0.79–2.23 326 0.13 14.07 (***) −6.52 (***) 48.87 (***)
 Wing length, mm 1.7–4.6 373 0.22 16.91 (***) −4.06 (***) 104.30 (***)
 Body length, mm 3.0–8.1 298 0.13 13.53 (***) −1.73 (***) 47.17 (***)
 Gonocoxite width, μm 162–531 415 0.24 14.53(***) −0.03 (***) 131.53 (***)

Colour lightness
 Frons colour 0–3 304 0.07 8.33 (***) −2.24 (***) 22.38 (***)
 Humeral colour 0.5–3.5 326 0.11 9.08 (***) −2.35 (***) 39.78 (***)
 Scutellum colour 1–4 340 0.20 11.51 (***) −2.57 (***) 83.13 (***)
 Front tibia mid colour 0.5–3.5 337 0.26 9.87 (***) −3.07 (***) 117.81 (***)
 Tergite II-IV hind colour 0–4 341 0.25 9.41 (***) −3.05 (***) 111.37 (***)

Hairiness
 Clypeus setae 12–60 314 0.13 9.89 (***) −0.20 (***) 47.29 (***)
 Antepronotum setae 3–38 253 0.10 9.01 (***) −0.26 (***) 27.57 (***)
 Scutellum setae 14–117 262 0.10 9.11 (***) −0.08 (***) 30.80 (***)
 Wing vein R1 setae 2–95 321 0.05 7.25 (***) −0.05 (***) 18.89 (***)
 Front leg tarsal BR 1.5–12.5 276 0.11 8.64 (***) −1.26 (***) 35.47 (***)

https://www.timeanddate.com/weather/@8133074/climate
https://www.timeanddate.com/weather/@8133074/climate
https://www.weforum.org/agenda/2022/07/global-heat-maps-temperature-anomaly-climate-change/
https://www.weforum.org/agenda/2022/07/global-heat-maps-temperature-anomaly-climate-change/
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Discussion

Our study revealed a statistically significant, with 
comparatively low  R2 values, decrease in size, colour 
darkness and hairiness of adult Procladius with increased 
mean annual air temperature. The low  R2 values can 
be attributed to the extensive intraspecific variation in 
external morphology related to size, colour and hairiness 
found in many studies of Chironomidae and other Diptera 

(Hirvenoja 1973; Ståhls et al. 2008; Carew et al. 2011). As 
an example, a study of Chironomidae species including one 
of Procladius showed that the wings of larger specimens can 
be about twice as long as those of smaller specimens of the 
same species emerging from the same small ponds and year 
(Wonglersak et al. 2021).

The low  R2 values indicate that the observed 
morphological trends within Procladius adults can only 
to a limited degree be explained by the chosen indicator 
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Fig. 1  Simple linear regression of the a gonocoxite width and b wing 
length of Procladius specimens versus annual mean air temperature 
at the localities where they were collected
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Fig. 2  Simple linear regression of the a scutellum colour and b ter-
gite II-IV hind colour of Procladius specimens versus annual mean 
air temperature at the localities where they were collected
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mean annual air temperature. Several factors related 
to the living conditions of the Procladius larvae may 
contribute to the decreases in size, colour darkness and 
hairiness of the adults. In a study of global trends in size 
of Chironomidae genera versus latitude and mean annual 
air temperature, Baranov et al. (2021) suggested food 
availability, predation, oxygen conditions, generations 
per year to be important in determining adult size.

The relationship between insect size and climate is by far 
more studied than the relationship between insect colour or 
hairiness and climate. The size studies often refer to Berg-
mann’s rule (Bergmann 1847) stating that individuals of a 
species or groups of related species will be smaller at lower 
latitudes and altitudes than those of higher ones. Near-sur-
face air temperature is a governing factor. The lower the lati-
tude and elevation, the warmer the climate, and vice versa.

Bergmann’s rule has often been shown to be applica-
ble for warm-blooded organisms such as mammals and 
birds, while the results for insects are variable. A review 
by Shelomi (2012) based on 779 scientific papers on sev-
eral insect orders worldwide showed that about 28% of the 
studied insect species or groups seem to apply with Berg-
man’s rule, while about 30% showed the opposite and about 
41% of the studies showed no significant relationship. Other 
more recent reviews including several insect orders have 
also shown variable results whether species are on average 
smaller in warmer climate conditions (Horne et al. 2017).

Diptera, based on 134 studies, was the insect order that 
by far was best in line with Bergmann’s rule in the paper by 
Shelomi (2012). About 62% of the Diptera species or species 
groups studied turned out to be smaller at lower latitudes and 
altitudes, and only 10% had an opposite trend. Thus, as well 
as for Procladius of the present study, it might be common 
among Diptera that species or species groups such as well-
defined genera are on average smaller at higher annual mean 
air temperatures than those at lower temperatures. This has 
been shown by Baranov et al. (2021) in a global study of 
Chironomidae genera. The study did not include Procladius, 
but other studies on Procladius species have reached the 
same conclusion. A study of Wonglersak et al. (2021) on 
males and females of Procladius ferrugineus (Kieffer, 1918) 
(as Procladius crassinervis (Zetterstedt, 1838)) reported 
smaller specimens when reared in warmer conditions in tem-
perature controlled ponds. Hodkinson et al. (1996) noted that 
Arctic species of Chironomidae, including at least one spe-
cies of Procladius, became smaller as summer progressed 
and daily mean air temperatures increased.

Studies of pigmentation of insects in relation to climate 
have also produced variable results, although many suggest 
that warmer climate results in lighter coloured species or 
groups of species.

A study by Zeuss et al. (2014) based on 107 species of 
dragonflies concluded that species have become on average 
lighter coloured in Europe during the last century as a pos-
sible consequence of global warming. In concordance with 
our study of Procladius, Zeuss et al. (2014) showed that also 
European butterflies (367 species studied) are on average 
lighter coloured the warmer the climate measured as annual 
mean air temperature.

In a global scale, Rapoport (1969) showed that springtails 
(Collembola) are lighter coloured in warmer climates than in 
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front leg tarsal BR of Procladius specimens versus annual mean air 
temperature at the localities where they were collected
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cooler ones, and that this difference is most expressed when 
comparing warm tropics with very cold conditions.

Colours of adult Diptera in relation to climate conditions 
seems to be relatively little studied in comparison with other 
major insect orders. Some experimental studies on Diptera 
have found that higher rearing temperatures result in lighter 
coloured individuals, e.g. of Drosophilidae (vinegar flies) 
in a paper by Gibert et al. (1998). No scientific paper on 
Chironomidae thoroughly addressing this issue was found 
in our literature search. Indications of species being lighter 
coloured in warmer regions are found in a taxonomic revi-
sion by Hirvenoja (1973) covering 58 Cricotopus species in 
Europe. Roback (1971) noted that the common and widely 
distributed species Procladius bellus (Loew, 1866) in the 
USA and Canada tends to be on average darker and larger 
in northern colder regions.

Relatively few studies have addressed the impact of cli-
mate on the hairiness of insects. The shorter leg hairs (lower 
BR-ratio) of Procladius species in warmer climate indicated 
in the present study is congruent with the findings that bum-
ble bees in subtropical and tropic zones have shorter thoracic 
hairs than those living in colder climates (Peat et al. 2005). 
Also for bees and butterflies a connection between less hairy 
individuals and higher temperatures have been noted (South-
wick and Heldmaier 1987; Sømme 1989; Danks 2004). The 
comprehensive study of Cricotopus (Hirvenoja 1973) men-
tioned earlier provides morphological data indicating that 
the most hirsute species in terms of number of hairs of the 
abdomen are more northerly distributed in Europe than less 
hirsute ones. Procladius and Cricotopus thus seem to be 
examples of Chironomidae genera that are on average less 
hairy in warmer climate conditions.

Being bigger, darker and hairier could be an advantage for 
insects in colder environments in order to reach and maintain 
a body temperature high enough for flying (Crusella Trullas 
et al. 2007; Kingsolver et al. 2011; Roquer-Beni et al. 2020).

Ability to fly in the often cold spring or summer weather 
of the Subarctic and Arctic regions might be crucial for 
males of Procladius which as other males of Chironomidae 
only live a few days as adults (Armitage 1995) and form 
aerial swarms for mating purposes (Kon 1987). In these 
regions, it is possible that bigger, darker and even more 
hairy males of Procladius have a better chance to mate with 
females and pass on their genes to the next generation.

In warmer climate, circumstances may change in favour 
of smaller, lighter coloured and less hairy specimens as 
there is less need to invest in morphological structures to 
keep the body warm. Scientific papers have revealed that the 
development of insect larvae in warmer conditions results 
in smaller adults (Atkinson 1994; Kingsolver and Huey 
2008). Studies of Chironomidae swarms have shown that 
smaller males have higher mating success possibly because 
of being more agile (Neems et al. 1998). Being a smaller 

and more agile Procladius might also be advantageous 
to reduce predation pressure from other insects, or birds 
and bats. Zeuss et  al. (2014) and several other studies 
have suggested that lighter coloured insects have a better 
capacity to avoid overheating, a trait that can be important 
for insects active in hot weather such as in southern Europe 
during summer. The functional significance of smaller size, 
lighter colour and less body hairs in warmer conditions is 
however far from well understood and several examples of 
no or inverse relationship are available. A better knowledge 
of the relationship between insect morphology and climate 
is needed taking into consideration the ongoing global 
warming because of human activity. Our results give a 
hint that increased annual mean air temperature can result 
in smaller, lighter coloured and less hairy species of 
Procladius and groups of other insects.

Conclusions

Analysed morphological characters indicated that specimens 
of the midge genus Procladius collected in warmer climate 
are on average smaller, lighter coloured and less hairy than 
specimens in colder climate. All fourteen characters showed 
a statistically significant relationship with climate, but with 
comparatively low  R2 values partly attributed to extensive 
intraspecific morphological variation.

Acknowledgments Loans of specimens, help with slide preparation 
and field assistance was gained from several colleagues. We wish to 
especially thank K Aagaard (Norway), P Armitage (England), B-E 
Bengtsson (Sweden), P Bitusek (Slovakia), S Brooks (Canada), G 
Brodin-Lindsten (Sweden), L Brundin (Sweden), MG Butler (USA), 
R Bygebjerg (Denmark), JG Chillcott (Canada), T Ekrem (Norway), N 
Ericson (Sweden), C Essenberg (Sweden), J Geissbühler (Switzerland), 
J Graham (Wales), A Hagelin (Sweden), M Gransberg (Sweden), P 
Kansanen (Finland), T Kobayashi (Japan), F Krüger (Austria), H 
Laville (France), B Lindeberg (Finland), B Lods-Crozet (Switzerland), 
L Marziali (Italy), X Mengual (Germany/Spain), M Mutanen (Finland), 
J Moubayed-Breil (France), DA Murray (Ireland), DR Oliver (Canada), 
C Orendt (Germany), L Paasivirta (Finland), M Plóciennik (Poland), 
N Prat (Spain), F Reiss (Germany), M Rieradevall (Spain), SS 
Roback (USA), B Rulik (Germany), A Rybakova (Russia), T Samman 
(Trinidad-Tobago), T Sandberg (Sweden), AI Shilova (Russia), M 
Spies (Germany), E Stur (Norway), A Thienemann (Germany), 
B Tissot (France), H Vårdal (Sweden), J Wolgast (Sweden) and W 
Wülker (Germany).

Authors’ contributions Yngve Brodin gathered and analyzed the data 
and led the writing of the paper. Jörgen Hellberg did the statistical 
analyses and contributed to the writing of the paper.

Funding Open access funding provided by Swedish Museum of Natural 
History.

Data availability The datasets generated during and/or analyzed 
during the current study are available from the corresponding author 
on reasonable request.



2097Biologia (2023) 78:2091–2098 

1 3

Declarations 

Research involving animals, their data or biological material No 
approval of research ethics committees was required to accomplish 
the goals of this study because experimental work was conducted with 
unregulated invertebrate species.

Conflict of interest The authors declare that there is no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Armitage PD (1968) Some notes on the food of the chironomid larvae of 
a shallow woodland lake in South Finland. Ann Zool Fenn 5:6–13

Armitage PD (1995) Behaviour and ecology of adults. In: Armitage 
PD, Cranston PS, Pinder LCV (eds) The Chironomidae. Springer, 
Dordrecht. https:// doi. org/ 10. 1007/ 978- 94- 011- 0715-0_9

Atkinson D (1994) Temperature and organism size – a biological law 
for ectotherms. Adv Ecol Res 25:1–58. https:// doi. org/ 10. 1016/ 
S0065- 2504(08) 60212-3

Baranov V, Jourdan J, Hunter-Moffatt B, Noori S, Schölderle S, Haug JT 
(2021) Global size pattern in a group of important ecological indi-
cators (Diptera, Chironomidae) is driven by latitudinal temperature 
gradients. Insects 13:34. https:// doi. org/ 10. 3390/ insec ts130 10034

Bergmann C (1847) Über die Verhältnisse der Wärmeökonomie der 
Thiere zu ihrer Grösse. Göttinger Studien 3:595–708

Carew ME, Marshall SE, Hoffmann AA (2011) A combination of molecu-
lar and morphological approaches resolves species in the taxonomi-
cally difficult genus Procladius Skuse (Diptera: Chironomidae) 
despite high intra–specific morphological variation. Bull Entomol Res 
101:505–519. https:// doi. org/ 10. 1017/ S0007 48531 10000 6X

Crusella Trullas S, van Wyk JH, Spotila JR (2007) Thermal mela-
nism in ectotherms. J Therm Biol 32:235–245. https:// doi. org/ 10. 
1016/j. jther bio. 2007. 01. 013

Danks HV (2004) Seasonal adaptions in Arctic insects. Integr Comp 
Biol 44:85–94. https:// doi. org/ 10. 1093/ icb/ 44.2. 85

Delava E, Allemand R, Léger L, Fleury F, Gibert P (2014) The 
rapid northward shift of the range margin of a Mediterranean 
parasitoid insect (Hymenoptera) associated with regional 
climate warming. J Biogeogr 41:1379–1389. https:// doi. org/ 
10. 1111/ jbi. 12314

Gibert P, Moreteau B, Moreteau JC, Parkash R, David JR (1998) Light 
body pigmentation in Indian Drosophila melanogaster: a likely 
adaptation to a hot and arid climate. J Genet 77:13–20. https:// doi. 
org/ 10. 1007/ BF029 33036

Hickling R, Roy DB, Hill JK, Thomas CD (2005) A northward shift of 
range margins in British Odonata. Glob Chang Biol 11:502–506. 
https:// doi. org/ 10. 1111/j. 1365- 2486. 2005. 00904.x

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A (2005) Very 
high resolution interpolated climate surfaces for global land areas. 
Int J Clim 25:1965–1978. https:// doi. org/ 10. 1002/ joc. 1276

Hirvenoja M (1973) Revision der Gattung Cricotopus van der Wulp 
und ihrer Verwandten (Diptera, Chironomidae). Ann Zool Fenn 
10:1–363

Hodkinson ID, Coulson SJ, Webb NR, Block W, Strathdeee AT, Bale 
JS, Worland MR (1996) Temperature and the biomass of flying 
midges (Diptera: Chironomidae) in the high arctic. Oikos 75:241–
248. https:// doi. org/ 10. 2307/ 35462 47

Horne CR, Hirst AG, Atkinson D (2017) Insect temperature–body size 
trends common to laboratory, latitudinal and seasonal gradients 
are not found across altitudes. Funct Ecol 32:948–957. https:// doi. 
org/ 10. 1111/ 1365- 2435. 13031

Izvekova EI (1975) Pitanie I pishchevye svyazi lichinok massovykh 
vidov khironomid Uchinskogo vodokhranilishcha. Dissertation, 
Moskovskogo Universiteta

Kingsolver JG, Huey RB (2008) Size, temperature, and fitness: three 
rules. Evol Ecol Res 10:251–268

Kingsolver JG, Woods HA, Buckley LB, Potter KA, MacLean HJ, Hig-
gins JK (2011) Complex life cycles and the responses of insects 
to climate change. Integr Comp Biol 51:719–732. https:// doi. org/ 
10. 1093/ icb/ icr015

Kon M (1987) The mating system of chironomid midges (Diptera: Chi-
ronomidae): a review. Memoirs of the Faculty of Science, Kyoto 
University. Ser Biol New Ser 12(2):129–134

Larson EL, Tinghitella RM, Taylor SA (2019) Insect hybridization and 
climate change. Front Ecol Evol 7:1–11. https:// doi. org/ 10. 3389/ 
fevo. 2019. 00348

Musolin DL, Saulich AK (2012) Responses of insects to the current climate 
changes: from physiology and behavior to range shifts. Entomol Rev 
92:715–740. https:// doi. org/ 10. 1134/ S0013 87381 20700 19

Neems RM, Lazarus J, McLachlan AJ (1998) Lifetime reproductive 
success in a swarming midge: trade-offs and stabilizing selec-
tion for male body size. Behav Ecol 9:279–286. https:// doi. org/ 
10. 1093/ beheco/ 9.3. 279

Netherer S, Schopf A (2010) Potential effects of climate change on 
insect herbivores in European forests—general aspects and the 
pine processionary moth as specific example. Forest Ecol Manag 
259:831–838. https:// doi. org/ 10. 1016/j. foreco. 2009. 07. 034

Oliver DR (1963) Entomological studies in the Lake Hazen area, Elles-
mere Island, including lists of species of Arachnida, Collembola, 
and Insecta. J Arct Inst N Am 16:175–180

Peat J, Darvill B, Ellis J, Goulson D (2005) Effects of climate on 
intra- and interspecific size variation in bumble-bees. Funct 
Ecol 19:145–151. https:// doi. org/ 10. 1111/j. 0269- 8463. 2005. 
00946.x

Prat N (1979) Quironómidos de los embalses espanoles (1. parte) (Dip-
tera). Graellsia, Revista de Entómologos Ibéricos 33:37–96

Rapoport EH (1969) Gloger’s rule and pigmentation of Collembola. 
Evolution 23:622–626. https:// doi. org/ 10. 1111/j. 1558- 5646. 1969. 
tb035 45.x

Roback SS (1971) The adults of the subfamily Tanypodinae (= Pelopii-
nae) in North America (Diptera: Chironomidae). Monogr Acad 
Natl Sci Philadelphia 17:1–410

Roquer-Beni L, Rodrigo A, Arnan X, Klein A-M, Fornoff F, Boreux 
V, Bosch J (2020) A novel method to measure hairiness in bees 
and other insect pollinators. Ecol Evol 10:2979–2990. https:// doi. 
org/ 10. 1002/ ece3. 6112

Scaven VL, Rafferty NE (2013) Physiological effects of climate warm-
ing on flowering plants and insect pollinators and potential conse-
quences for their interactions. Curr Zool 59:418–426. https:// doi. 
org/ 10. 1093/ czoolo/ 59.3. 418

Scheffers BR, De Meester L, Bridge TCL, Hoffmann AA, Pandolfi JM, 
Corlett RT, Butchart SHM, Pearce-Kelly P, Kovacs KM, Dudg-
eon D, Pacifici M, Rondinini C, Foden WB, Martin TG, Mora C, 
Bickford D, Watson JEM (2016) The broad footprint of climate 
change from genes to biomes to people. Science 354:719–730. 
https:// doi. org/ 10. 1126/ scien ce. aaf76 71

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/978-94-011-0715-0_9
https://doi.org/10.1016/S0065-2504(08)60212-3
https://doi.org/10.1016/S0065-2504(08)60212-3
https://doi.org/10.3390/insects13010034
https://doi.org/10.1017/S000748531100006X
https://doi.org/10.1016/j.jtherbio.2007.01.013
https://doi.org/10.1016/j.jtherbio.2007.01.013
https://doi.org/10.1093/icb/44.2.85
https://doi.org/10.1111/jbi.12314
https://doi.org/10.1111/jbi.12314
https://doi.org/10.1007/BF02933036
https://doi.org/10.1007/BF02933036
https://doi.org/10.1111/j.1365-2486.2005.00904.x
https://doi.org/10.1002/joc.1276
https://doi.org/10.2307/3546247
https://doi.org/10.1111/1365-2435.13031
https://doi.org/10.1111/1365-2435.13031
https://doi.org/10.1093/icb/icr015
https://doi.org/10.1093/icb/icr015
https://doi.org/10.3389/fevo.2019.00348
https://doi.org/10.3389/fevo.2019.00348
https://doi.org/10.1134/S0013873812070019
https://doi.org/10.1093/beheco/9.3.279
https://doi.org/10.1093/beheco/9.3.279
https://doi.org/10.1016/j.foreco.2009.07.034
https://doi.org/10.1111/j.0269-8463.2005.00946.x
https://doi.org/10.1111/j.0269-8463.2005.00946.x
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/10.1002/ece3.6112
https://doi.org/10.1002/ece3.6112
https://doi.org/10.1093/czoolo/59.3.418
https://doi.org/10.1093/czoolo/59.3.418
https://doi.org/10.1126/science.aaf7671


2098 Biologia (2023) 78:2091–2098

1 3

Shelomi M (2012) Where are we now? Bergmann’s rule sensu lato 
in insects. Am Nat 180:511–519. https:// doi. org/ 10. 1086/ 667595

Sømme L (1989) Adaptations of terrestrial arthropods to the alpine 
environment. Biol Rev 64:367–407. https:// doi. org/ 10. 1111/j. 
1469- 185X. 1989. tb006 81.x

Southwick EE, Heldmaier G (1987) Temperature control in honey bee 
colonies. Precise social cooperation permits adaptation to tem-
perate climates. BioScience 37:395–399. https:// doi. org/ 10. 2307/ 
13105 62

Ståhls G, Vujić A, Milankov V (2008) Cheilosia vernalis (Diptera, 
Syrphidae) complex: molecular and morphological variability. 
Ann Zool Fenn 45:149–159

Wonglersak R, Fenberg PB, Langdon PG, Brooks SJ, Price BW 
(2021) Insect body size changes under future warming pro-
jections: a case study of Chironomidae (Insecta: Diptera). 
Hydrobiologia 848:2785–2796. https:// doi. org/ 10. 1007/ 
s10750- 021- 04597-8

Zeuss D, Brandl R, Brändle M, Rahbek C, Brunzel S (2014) Global 
warming favours light-coloured insects in Europe. Nat Commun 
5:3874. https:// doi. org/ 10. 1038/ ncomm s4874

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1086/667595
https://doi.org/10.1111/j.1469-185X.1989.tb00681.x
https://doi.org/10.1111/j.1469-185X.1989.tb00681.x
https://doi.org/10.2307/1310562
https://doi.org/10.2307/1310562
https://doi.org/10.1007/s10750-021-04597-8
https://doi.org/10.1007/s10750-021-04597-8
https://doi.org/10.1038/ncomms4874

	Smaller, lighter coloured and less hairy Procladius (Diptera, Chironomidae) in warmer climate
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	Acknowledgments 
	References


