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        Introduction 

 The behavioural and ecological performance of ectotherms 
depends largely on their body temperature ( Huey & 
Kingsolver, 1989 ). Body temperature, in turn, is primarily a 
function of ambient conditions. Nonetheless, flying ectother-
mic insects in temperate and arctic regions often require body 
temperatures exceeding those of the surrounding environment 
for flight ( Dreisig, 1995; Van Dyck & Matthysen, 1998 ). The 
ability of an individual to attain suitable body temperatures 
for activity may rely on its phenotypic properties. Phenotypic 
factors known to influence body temperature are colour and 
size ( Digby, 1955; Willmer & Unwin, 1981; Heinrich, 1996 ). 
Dark-coloured individuals heat up faster and attain higher 
steady-state body temperatures than light-coloured pheno-
types ( Watt, 1968; De Jong  et al. , 1996; Forsman  et al. , 2002 ). 
Therefore, dark-coloured individuals can be active under 

colder ambient conditions, allowing them to accumulate more 
resources or increase mating success ( Willmer, 1991 ) when 
environmental temperatures are relatively low. However, this 
comes at the cost of an increased risk of overheating at high 
ambient temperatures. Heating capacity also is affected by 
body size, with larger individuals warming up more slowly, 
but achieving greater temperature excess, than smaller ones 
( Digby, 1955; Stevenson, 1985; Heinrich, 1996 ). 

 In natural populations of many insect species, different 
female colour morphs coexist with one conspecific male phe-
notype (butterflies:  Cook  et al. , 1994 ; damselflies:  Fincke 
 et al. , 2005 ). Female-limited polymorphism is controlled 
genetically by variation at a single locus with sex-limited 
expression ( Andrés & Cordero, 1999; Sánchez-Guillén  et al. , 
2005 ) and selection appears to contribute to its maintenance 
( Andrés  et al. , 2000; Wong  et al. , 2003; Van Gossum  et al. , 
2005 ). Current adaptive explanations assume mostly that 
multiple female morphs have evolved primarily as a mecha-
nism to avoid costly sexual harassment ( Cordero  et al. , 1998; 
Miller & Fincke, 1999; Sherratt, 2001; Van Gossum  et al. , 
2001a ). In addition, it is suggested that differences in  thermal 
properties between female morphs may contribute to the 
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maintenance of female-limited polymorphism ( Svensson & 
Abbott, 2005; Bots  et al. , 2007; Van Gossum  et al. , 2007 ). 
Based on phenotypic differences, it can be expected that 
males and different female morphs will vary in body temper-
ature. First, whereas female morphs usually do not appear to 
differ in size ( Lajeunesse & Forbes, 2003; Robb  et al. , 2006 ; 
but see also  Cordero  et al. , 1998 ), females are often larger 
than males, which is the result of natural selection promoting 
large clutch sizes ( Fincke  et al. , 1997 ). Second, female 
morphs show variation in body colouration, with one female 
morph resembling the conspecific male in body colouration 
(andromorph), whereas the other does not (heteromorph). 
These phenotypic differences between males and female 
morphs may affect heating rates, body temperature and, ulti-
mately, aerial activity. Interestingly, males and different 
female morphs show different proportions of time spent 
perching and flying ( Forbes  et al. , 1997; Van Gossum  et al. , 
2001b ). For example, heteromorphs fly more regularly and 
cover larger distances than andromorphs. Despite the reported 
differences in phenotype and activity of species showing 
female-limited polymorphism, to our knowledge, no studies 
exist evaluating differences in thermal properties. 

 The present study examines the hypothesis that phenotypic 
differences between males and female morphs influence heat-
ing rate, body temperature and flight activity for the damselfly 
 Enallagma cyathigerum  (Charpentier, 1840) (Odonata: 
Zygoptera). Males of this species show bright blue body col-
ouration with limited black patterning, whereas female body 
colouration is either brown to greenish brown (heteromorph) 
or blue as the conspecific male (andromorph). Both female 
morphs have a higher amount of black abdominal patterning 
than the male ( Askew, 2004 ). Blue is considered to be a 
lighter colour than brown as it is known to function as an 
‘overheating protector’ in odonates ( Sternberg, 1996 ). 
Therefore, heteromorphs are expected to heat up faster, reach 
higher equilibrium temperatures and initiate flight at lower 
ambient temperatures than males, whereas trait values are 
expected to be intermediate for andromorphs. In addition, it is 
anticipated that larger animals will heat-up more slowly. 
These predictions are tested by determining heating charac-
teristics and the threshold for flight in a laboratory heating 
experiment and by assessing body temperatures and activity 
pattern at a wide range of ambient conditions in the field. If 
the hypothesis that morphs do differ in thermal properties 
gains support, future studies may explore further its relevance 
in maintaining female-limited polymorphism.  

  Materials and methods 

  Study species 

 The polymorphic damselfly  E. cyathigerum  is widespread 
throughout Europe and is found near a variety of water bod-
ies ranging from acidic fens to slightly eutrophic ponds 
( Askew, 2004 ). For the location employed in the present 
study, the species is univoltine and the flight period lasts 
from May until August.  

  Heating experiment 

 Heating rates of males and female morphs were assessed 
under controlled laboratory conditions in June 2005. To this 
end, mature damselflies were caught in the same heathland 
area where field observations were performed. After emer-
gence from the water, damselflies require several days to 
weeks (depending on the species) to develop their mature 
body colouration ( Corbet, 1999 ). To avoid the confounding 
effects of immaturely coloured individuals, only individuals 
engaged in mating were collected. All collected individuals 
were inspected visually to have a mature body colouration 
and, for females, a swollen abdomen (indicating the presence 
of developed eggs and confirming mature status). After cap-
ture, the damselflies were transported to the laboratory in 
small plastic vials inside a cool box to minimize handling 
stress. 

 At the start of a heating experiment, an insect temperature 
probe (a copper-constantan thermocouple Type MT-29/1B 
with time constant 0.015   s mounted in a 29-gauge hypodermic 
needle; Physitemp Instruments, Clifton, NJ) was inserted ven-
trally into the thorax of the damselfly. This position was cho-
sen because flight activity depends on the temperature of the 
flight muscles, which are located in the thorax ( Dudley, 2000 ). 
The probe and the damselfly were mounted on a rod mimick-
ing a natural roosting posture. To prevent damselflies escap-
ing or dislodging from the insect probe, their abdomen was 
attached to the rod with double-sided tape. The entire set-up 
was then placed in a refrigerator and was cooled for approxi-
mately 120   s until the temperature of the individual measured 
9 – 10   °C, which is well below the normal lower activity 
temperature (±19   °C) of  E. cyathigerum  ( Hilfert-Rüppell, 
1998 ). Although, in some Odonates, cooling may temporarily 
change body colouration ( Sternberg, 1987 ), this was 
not the case for  E. cyathigerum  during the present study. 
Next, the set-up was placed under a light source in a blacked 
out room. The light source was a mercury vapour lamp 
(Hönle, SOL 500, Hönle UV Technologie, Gräfelfing, 
Germany  ) radiating a spectrum that corresponds to that of 
natural sunlight ( Van Dyck & Matthysen, 1998 ). Preliminary 
heating experiments showed that a distance of 0.55   m 
between the damselfly and the lamp resulted in suitable rates 
of heating. The insect probe was connected to a data logger 
(Delta T logger   type DL-2, Delta T devices, Cambridge, 
U.K.; accuracy 0.01   °C) and body temperature was recorded 
with 1-s intervals within seconds of removal from the fridge 
( T  initial ) until termination of the experiment. Temperature reg-
istration was stopped when the damselfly started flapping its 
wings (i.e. opened its wings towards a horizontal position 
and showed wing beat movements). The body temperature 
recorded at this point is further referred to as  T  flight . The 
threshold for flight is of major importance in damselflies 
given that all their activities rely highly on a quick and effi-
cient ability to fly: from catching prey, to mating and escap-
ing from predators. After completion of the heating 
experiment, the damselfly was measured for fresh body mass 
(MT5 balance, mettler Toledo, Zaventem, Belgium  ; ±1    � g) 
and body length (from the tip of head to the end of abdomen; 
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Absolute digimatic caliper, Mitutoyo, Veenendaal, The 
Netherlands  ; ±   0.01   mm). 

 Only measurements from individuals ( n     �    43) that opened 
completely and moved left and right wings within 120   s of 
the start of the experiment were retained for further analysis. 
The described procedure resulted in data on the changes in 
body temperature of male and female morphs during the time 
they were heated. To obtain individual estimates of  T  max  (i.e. 
equilibrium temperature that would be attained if the dam-
selfly would not start flying) and   �   (i.e. time constant of tem-
perature increase), heating curves of individual damselflies 
were fitted with the model (all  r  2    >   0.96): 

        T  (  t  )    �     T  max   (  1  −   e   −  t  /   �     )  ,      

 in which  t  is time and  T ( t ) is the body temperature at time  t 
 ( De Jong  et al. , 1996 ).  

  Field measurements 

 Fieldwork was conducted on seven different days between 
30 June and 19 July 2003, at a heathland nature reserve 
(north of Antwerp, Belgium). The weather conditions varied 
considerably over this period; thus, the body temperatures 
obtained are characteristic for the wide range of thermal cir-
cumstances under which this species can be active. No meas-
urements were made on rainy days, when  E. cyathigerum 
 remains inactive. Body temperature was measured in individ-
uals found both near and away from the reproductive area 
(i.e. the water’s edge). 

 On days with suitable weather, a constant procedure was 
used to assess body temperatures and weather conditions. 
Upon encountering an adult damselfly, its sex, morph, activ-
ity (perching, flying, or mating) and height in the vegetation 
(to the nearest 0.1   m) was noted. The damselfly was then 
caught in an insect net. An insect thermal probe (technical 
description above; see also  Shelly, 1982; Watanabe, 1991 ) 
was inserted ventrally into the thorax, directly through the 
net, avoiding any direct contact between the researcher and 
the animal. Body temperature ( T  b ) was read, within 5   s of 
capture, from a portable electronic thermometer (Bailey-Bat 
12  , Physitemp Instruments, Clifton, NJ; precision 0.1   °C) 
connected to the insect probe. Immediately thereafter, air 
temperature ( T  a ) was determined at the site of capture, at a 
height of 1   m, with the insect probe shielded from direct sun-
light ( Christian & Tracy, 1985 ). Wind (Beaufort scale:  http://
www.zetnet.co.uk/sigs/weather/Met_Codes/beaufort.htm ) 
and solar radiation conditions (cloud coverage, on a scale 
from one to eight with one a clear sky and eight completely 
overcast) were also noted. Body length was measured (from 
the tip of head to the end of abdomen) using a digital calliper 
(Digimax, York Survey Supply Centre, York, U.K.  ; ±0.1   mm). 
Finally, the damselfly was released at the site of capture.  

  Statistical analysis 

 The variation in  T  initial ,  � ,  T  max ,  T  flight , body length and mass 
among males and female colour morphs were analyzed using 

analysis of covariance ( ancova ). Explanatory variables (fixed 
effects) were body mass, type (male, andromorph female, 
heteromorph female) and their interactions. In addition,  T  initial  
was included as an extra explanatory variable into the analy-
ses of  � ,  T  max  and  T  flight . In all analyses, type was treated as a 
class variable. Post-hoc paired comparisons between morph 
means were carried out with Tukey – Kramer adjustment. 

 Differences in body length,  T  a  and  T  b  among males and 
female colour morphs were assessed with the  ancova  proce-
dure. In the analysis of  T  a , explanatory variables were activ-
ity (perching, flying, mating), type, and their interactions. In 
the analysis of  T  b , also  T  a ,         T  a  

2      , height in the vegetation and 
body length were included as additional explanatory varia-
bles. In all analyses, activity and type were treated as class 
variables. Post-hoc paired comparisons between morph 
means were carried out with Tukey – Kramer adjustment. 

 Analyses were conducted in  sas  9.1 ( SAS Institute Inc., 
2005 ). Model selection started with the full model, including all 
interactions and preceded with the removal of non-significant 
terms until only significant terms remained in the model 
( Verbeke & Molenberghs, 1997 ). Descriptive statistics are 
reported as the mean   ±   SE.   

  Results 

  Heating experiment 

 Males and female colour morphs used in the heating experi-
ment differed in body mass ( F  2,40     �    26.72,  P    <   0.01). On 
average, males (37.62   ±   1.44   mg) weighed considerably less 
than heteromorphs (Tukey –  P    <   0.01; 47.77   ±   1.48   mg) and 
andromorphs (Tukey –  P     �    0.01; 44.98   ±   1.59   mg). Female 
morphs, however, did not differ in mean body mass (Tukey –
  P     �    0.41). The relationship between body length and mass 
did not differ among males, andro- and heteromorphs 
( F  2,38     �    0.146,  P     �    0.87). Because body mass was highly 
correlated with body length within males and within both 
female morphs ( F  1,40     �    36.33,  P    <   0.01,  r  2     �    0.69), body 
mass was used as the sole index of size in further analyses. 

 Positioning the set-up below the vapour lamp took a few 
seconds, during which the animal’s  T  b  increased slightly. 
However,  T  initial  was independent of type ( F  2,40     �    1.06, 
 P     �    0.36) and body mass ( F  1,40     �    0.26,  P     �    0.62), indicating 
that this increase in  T  b  did not differ consistently among 
groups. We found no evidence for differences between males, 
andromorph and heteromorph females in the three studied 
characteristics of the heating curves ( � ,  T  flight ,  T  max ) (all 
 P    >   0.05;    Table   1 ). Thermal time constants ( � ),  T  max  and 
 T  flight  were also independent of mass ( � :  F  1,37     �    0.06, 
 P     �    0.81;  T  max :  F  1,39     �    0.40,  P     �    0.53;  T  flight :  F  1,40     �    1.19, 
 P     �    0.28) and  T  initial  ( � :  F  1,40     �    1.88,  P     �    0.18;  T  max : 
 F  1,38     �    0.07,  P     �    0.79;  T  flight :  F  1,35     �    0.43,  P     �    0.52).  

  Field measurements 

 Body temperatures ( T  b ) were obtained of 280 male and 
female damselflies active at a variety of ambient conditions. 
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With one exception ( T  b  1.2   °C below  T  a ),  T  b  was always 
higher than  T  a  (0.3 – 8.7   °C). Air temperatures ( T  a ) were in the 
range 15.9 – 31.2   °C, cloud coverage varied from a bright 
open sky to completely overcast (0 – 8) and wind conditions 
varied between 0 and 4 Beaufort. Weather parameters were 
inter-correlated ( T  a  and cloud coverage,  n     �    280,  r     �    −0.72, 
 P    <    0.01;  T  a  and wind velocity,  n     �    280,  r     �    −0.26, 
 P    <   0.01). To simplify comparisons among groups, we there-
fore chose to keep  T  a  as the sole measure of ambient condi-
tions in further analyses. 

 Males and female colour morphs measured for field body 
temperatures differed significantly in body length 
(  F   2 ,277     �     12 .72 ,   P     <    0 .01) .  On  average ,  males 
(32.1   ±   0.1   mm) were significantly larger than both andro-
morph females (Tukey –  P     �    0.03, 31.6   ±   0.2   mm) and hetero-
morph females (Tukey –  P    <   0.01, 31.4   ±   0.1   mm). Female 
morphs, however, did not differ in mean body length 
(Tukey –  P     �    0.27). 

 In the statistical model for  T  a , the interaction activity   ×   type 
was significant ( F  3,269     �    7.39,  P    <   0.01), indicating that 
males and female colour morphs exhibited different types of 
behaviour at different air temperatures. Males and both 
female morphs engage in mating at relatively high  T  a , but 
females (of both morphs) tended to perch and fly at lower  T  a  
than males (   Fig.   1 ). 

 Both  T  a  ( F  1,275     �    19.41,  P    <   0.01) and         T   a  
2       ( F  1,275     �    62.29, 

 P    <   0.01) contributed significantly to the statistical model of 
 T  b .    Figure   2  shows that the quadratic nature of the relation-
ship between  T  b  and  T  a  results from a relatively smaller dif-
ference between these two measures at high  T  a. . Body length 
also tended to affect  T  b , with larger animals attaining lower 
 T  b  ( F  1,272     �    3.78,  P     �    0.05). Controlling for  T  a  and body 
length, males and female colour morphs tended to differ in 
 T  b  ( F  2,272     �    3.14,  P     �    0.05). Under all environmental condi-
tions, males had slightly higher  T  b  than females, with female 
colour morphs showing comparable  T  b . However,  Figure   2  
indicates that this difference between the sexes was only 
minor (approximately 0.5   °C), which may suggest that this 
effect is biologically insignificant. Indeed, when body length 
was excluded from the model, differences in  T  b  among males 
and female colour morphs were no longer statistically signi-
ficant ( F  2,273     �    2.14,  P     �    0.12). The effects of activity 
( F  2,270     �    1.13,  P     �    0.32) and height in the vegetation where 
the damselfly was detected ( F  2,263     �    1.31,  P     �    0.25) on  T b  
 were also non-significant.   

  Discussion 

 Studies on a variety of species, with differentially coloured 
morphs (including insects similar in size to damselflies), lend 
empirical support to the concept that body colouration and 
body size ( Hon ĕ k, 1993; Forsman, 1997; Van Dyck & 
Matthysen, 1998; Bittner  et al. , 2002; Pereboom & 
Biesmeijer, 2003; Kemp & Krockenberger, 2004; Tanaka, 
2005 ) can have a profound effect on the heating rate and 
body temperature of ectotherms. Nevertheless, no effects of 
colour and size are observed in the polymorphic damselfly 
 E.     cyathigerum , either under experimental or under natural 
conditions. Differences in activity pattern between males and 
females (both andro- and heteromorphs) are observed; how-
ever this appears to be caused by the dependence of behav-
iour on ambient conditions. 

 The heating experiment suggests that the differences in 
colour and black patterning among males and female morphs 
do not affect heating rates and equilibrium temperatures. The 
experiments also fail to find any effect of body size. Because 
the same equipment (light source and thermocouple probe) is 
used as in a previous experiment, where differences in heat-
ing rate are present between differently coloured individuals 

     Table   1.     Thermal time constants ( � ), body temperatures at the onset of flight ( T  flight ) and equilibrium body temperatures ( T  max ) for males and two female 
colour morphs of the damselfly  Enallagma cyathigerum , as derived from the heating experiment.     

  

 �  (s)  T  flight  (°C)  T  max  (°C)  

Mean Range Mean Range Mean Range    

Males ( n     �    16) 90.7   ±   6.9 43.3 – 144.6 22.2   ±   0.9 15.6 – 27.5 32.5   ±   2.7 15.8 – 61.7  
Andromorph females ( n     �    13) 108.1   ±   8.5 70.2 – 170.4 23.0   ±   0.9 18.3 – 31.2 34.1   ±   2.3 24.2 – 50.1  
Heteromorph females ( n     �    14) 104.5   ±   6.4 73.1 – 154.6 22.3   ±   0.9 15.9 – 29.2 33.7   ±   1.6 25.4 – 44.4  

   Data are the mean   ±   SE.      

      

     Fig.   1.     The activity pattern of males and female morphs of the dam-
selfly  Enallagma cyathigerum  as a function of air temperature ( T  a ). 
Both female morphs are found perching and flying at lower  T  a  than 
males, but no difference exists for mating individuals.   
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of a butterfly ( Van Dyck & Matthysen, 1998 ), the lack of 
effect in the present study is not due to imprecise measure-
ments. More likely, the differences among individuals in col-
our and size are too small to have a measurable effect. It can 
be argued that differences in heating properties that may have 
remained unnoticed are too small to have any ecological sig-
nificance, certainly when considering the relative importance 
of the other elements in the energy budget equation that do 
not depend on colour and/or size (e.g. convective heat 
exchange, posturing;  Gates, 1980; Campbell & Norman, 
1998 ). 

 Field measurements show that  E. cyathigerum  can be seen 
at a wide range of air temperatures (16   °C   <    T  a    <   32   °C). 
Because there are no available data on the temperature sensi-
tivity of ecologically relevant physiological functions, and 
we also have insufficient information on the distribution of 
operative temperatures in the habitat ( Bakken, 1992 ), the 
thermoregulatory effectiveness (sensu  Hertz  et al. , 1993 ) 
cannot be comprehensively assessed. The present data sug-
gest little or no thermoregulation occurs (linear regression of 
 T  b  on  T  a   ≈  1), which is in line with the view that damselflies 
have limited behavioural or physiological control over their 
body temperatures ( Shelly, 1982; Watanabe, 1991   ). Despite 
this, the analysis picked up a significant quadratic effect in 
the relationship between  T  b  and  T  a , indicating some ther-
moregulatory control. The temperature excess ( T  b     –     T  a ) in 
field-active  E. cyathigerum  decreases slightly at higher air 
(and body) temperatures, suggesting that animals are then 
actively avoiding overheating. Possibly,  E. cyathigerum  regu-
lates its body temperatures behaviourally at very high air 
temperatures by operating in more shaded or denser vegeta-
tion (J. Bots, personal observation  ). 

 Interestingly, female (both morphs)  E. cyathigerum  are 
seen perching and flying at lower air temperatures (and thus 

body temperatures) than males. One hypothesis could be that 
males and females have different thermal preferences or 
physiological optima, or that females become active more 
readily at suboptimal temperatures. However, this appears to 
be in disagreement with the lack of variation in  T  flight  in the 
heating experiment of the present study. An alternative expla-
nation involves the thermal dependence of mating behaviour 
and the typically male-biased operational sex ratio in dam-
selflies ( Parr & Palmer, 1971; Stoks, 2001a, b ). Mating 
occurs only at relatively high temperatures. Due to the 
skewed operational sex ratio, all females flying or perching 
at high air temperatures will immediately be grasped by a 
sexually interested male. That is, solitary perching or flying 
females can only be caught (by the experimenter) under rela-
tively poor ambient conditions. The situation for males is dif-
ferent, with solitary males being observed under all weather 
conditions. Those males seen solitary despite favourable 
weather conditions most likely are unable to acquire a part-
ner due to the surplus of males. 

 In conclusion, contrary to expectations, no effects are 
found with respect to body colouration or size on heating 
rates, body temperatures and the activity pattern of males and 
female morphs. Therefore, it is considered unlikely that tem-
perature-mediated effects contribute to the maintenance of 
female-limited polymorphism. However, it cannot be ruled 
out that temperature plays a role. Physiological functions 
other than flight activity, such as egg production, may also be 
temperature sensitive, and physiological optima may differ 
between female morphs ( Svensson & Abbott, 2005 ).    

  Acknowledgements 

 We thank two anonymous referees for providing valuable sug-
gestions that improved our paper. We are grateful for the use 
of facilities (mercury vapour lamp and data logger) to the 
Research Group of Plant and Vegetation Ecology of the 
University of Antwerp. In this context, we especially thank 
Fred Kockelbergh for his technical support. The ‘Institute for 
the Promotion of Innovation through Science and Technology 
in Flanders’ (IWT-Vlaanderen) supported this work (research 
grant to J.B.). H.V.G. is a postdoctoral fellow with the Fund 
for Scientific Research-Flanders (FWO). H.V.G. also benefited 
from a University of Antwerp Research Grant (RAFO). All 
research conducted conformed to local ethical guidelines and 
was approved by AMINAL Flanders.  

  References 

    Andrés  ,   J.A.    &    Cordero  ,   A    . (  1999  )   The inheritance of female colour 
morphs in the damselfly  Ceriagrion tenellum  (Odonata, Coenagri-
onidae)  .   Heredity  ,   82  ,   328   –   335  .  

    Andrés  ,   J.A.   ,    Sánchez-Guillén  ,   R.A.    &    Cordero Rivera  ,   A    . (  2000  ) 
  Molecular evidence for selection on female color polymorphism 
in the damselfly  Ischnura graellsii   .   Evolution  ,   21  ,   2156   –   2161  .  

    Askew  ,   R.R    . (  2004  )   The Dragonflies of Europe  .   Harley Books  ,   U.K  .  

      

     Fig.   2.     Relation between air temperature ( T  a ) and body temperature 
( T  b ) for males, andromorph and heteromorph females of the damsel-
fly  Enallagma cyathigerum . At all environmental condition, the  T  b  of 
males appears slightly higher than  T  b  of both female morphs. How-
ever, this effect is no longer significant when body size is removed 
from the statistical model.   



 Phenotype, body temperature and fl ight activity     143 

© 2008 The Authors
Journal compilation © 2008 The Royal Entomological Society, Physiological Entomology, 33, 138–144

    Bakken  ,   G.S    . (  1992  )   Measurement and application of operative and 
standard operative temperatures in ecology  .   American Zoologist  , 
  32  ,   194   –   216  .  

    Bittner  ,   T.D.   ,    King  ,   R.B.    &    Kerfin  ,   J.M    . (  2002  )   Effects of body size 
and melanism on the thermal biology of gartner snakes ( Thamno-
phis sirtalis )  .   Copeia  ,   2  ,   477   –   482  .  

    Bots  ,   J.   ,    De Bruyn  ,   L.   ,    Adriaens  ,   T    .   et al  . (  2007  )   Seasonal and diur-
nal variation in the proportions of female morphs of the damselfly 
 Enallagma cyathigerum   .   Animal Biology  ,   57  ,   217   –   230  .  

    Campbell  ,   G.S.    &    Norman  ,   J.M    . (  1998  )   An Introduction to Environ-
mental Biophysics  .   Springer Verlag  ,   New York, NY  .  

    Cook  ,   S.E.   ,    Vernon  ,   J.G.   ,    Bateson  ,   M.    &    Guilford  ,   T    . (  1994  )   Mate 
choice in the polymorphic African swallowtail butterfly,  Papilio 
dardanus : male-like females may avoid sexual harassment  .   Ani-
mal Behaviour  ,   47  ,   389   –   397  .  

    Corbet  ,   P.S    . (  1999  )   Dragonflies: Behaviour and Ecology of Odonata  . 
  Harley Books  ,   U.K  .  

    Cordero  ,   A.   ,    Carbone  ,   S.S.    &    Utzeri  ,   C    . (  1998  )   Mating opportunities 
and mating costs are reduced in androchrome female damselflies, 
 Ischnura elegans  (Odonata)  .   Animal Behaviour  ,   55  ,   185   –   197  .  

    Christian  ,   K.A.    &    Tracy  ,   C.R    . (  1985  )   Measuring air temperature in 
field studies  .   Journal of Thermal Biology  ,   10  ,   55   –   56  .  

    De Jong  ,   P.   ,    Gussekloo  ,   S.W.S.    &    Brakefield  ,   P.M    . (  1996  )   Differ-
ences in thermal balance, body temperature and activity between 
non-melanic and melanic two-spotted ladybird beetles ( Adalia 
bipunctata ) under controlled conditions  .   Journal of Experimental 
Biology  ,   199  ,   2655   –   2666  .  

    Digby  ,   P.S.B    . (  1955  )   Factors affecting the temperature excess of in-
sects in sunshine  .   Journal of Experimental Biology  ,   32  ,   279   –   298  .  

    Dreisig  ,   H    . (  1995  )   Thermoregulation and flight activity in territorial 
male graylings,  Hipparchia semele  (Satyridae), and large skippers, 
 Ochlodes venata  (Hesperiidae)  .   Oecologia  ,   101  ,   169   –   176  .  

    Dudley  ,   R    . (  2000  )   The Biomechanics of Insect Flight: Form, Func-
tion, Evolution  .   Princeton University Press  ,   Princeton, NJ  .  

    Fincke  ,   O.M.   ,    Waage  ,   J.K.    &    Koenig  ,   W.D    . (  1997  )   Natural and sex-
ual selection components of odonate mating patterns  .   The Evolu-
tion of Mating Systems in Insects and Arachnids   (  ed  .   by       J.C.     Choe    
  and      B.J.     Crespi    ),   pp  .   58   –   74  .   Cambridge University Press  ,   U.K  .  

    Fincke  ,   O.M.   ,    Jödicke  ,   R.   ,    Paulson  ,   D.R.    &    Schultz  ,   J    . (  2005  )   The 
evolution and frequency of female color morphs in Holarctic Odo-
nata: why are male-like females typically the minority?     Interna-
tional Journal of Odonatology  ,   8  ,   183   –   212  .  

    Forbes  ,   M.R.L.   ,    Schalk  ,   G.   ,    Miller  ,   J.G.    &    Richardson  ,   J.M.L    . (  1997  ) 
  Male-female morph interactions in the damselfly  Nehallenia irene  
(Hagen)  .   Canadian Journal of Zoology  ,   75  ,   253   –   260  .  

    Forsman  ,   A    . (  1997  )   Thermal capacity of different colour morphs in 
the pygmy grasshopper  Tetrix subulata   .   Annales Zoologici  Fennici  , 
  34  ,   145   –   149  .  

    Forsman  ,   A.   ,    Ringblom  ,   K.   ,    Civantos  ,   E.    &    Ahnesjo  ,   J    . (  2002  ) 
  Coevolution of color pattern and thermoregulatory behavior in 
polymorphic pygmy grasshoppers  Tetrix undulata   .   Evolution  ,   
56  ,   349   –   360  .  

    Gates  ,   D.M    . (  1980  )   Biophysical Ecology  .   Springer Verlag  ,   New York, 
NY  .  

    Heinrich  ,   B    . (  1996  )   The Thermal Warriors: Strategies of Insect Sur-
vival  .   Harvard University Press  ,   Cambridge, MA  .  

    Hertz  ,   P.E.   ,    Huey  ,   R.B.    &    Stevenson  ,   R.D    . (  1993  )   Evaluating tem-
perature regulation by field-active ectotherms: the fallacy of the 
inappropriate question  .   American Naturalist  ,   142  ,   796   –   818  .  

    Hilfert-Rüppell  ,   D    . (  1998  ).   Temperature dependence of flight activ-
ity of Odonata by ponds  .   Odonatologica  ,   27  ,   45   –   59  .  

    Hon ĕ k  ,   A    . (  1993  )   Melanism in the land snail  Helicella candicans 
 (Gastropoda, Helicidae) and its possible adaptive significance  . 
  Malacologia  ,   35  ,   79   –   87  .  

    Huey  ,   R.B.    &    Kingsolver  ,   J.B    . (  1989  )   Evolution of thermal sensitiv-
ity of ectotherm performance  .   Trends in Ecolgy and Evolution  ,   4  , 
  131   –   135  .  

    Kemp  ,   D.J.    &    Krockenberger  ,   A.K    . (  2004  )   Behavioural thermoregu-
lation in butterflies: the interacting effects of body size and bask-
ing posture in  Hypolimnas bolina  (L.) (Lepidoptera: Nymphalidae)  . 
  Australian journal of Zoology  ,   52  ,   229   –   236  .  

    Lajeunesse  ,   M.J.    &    Forbes  ,   M.R    . (  2003  )   A comparison of structural 
size and condition in two female morphs of the damselfly  Ne-
halennia irene  (Hagen) (Zygoptera: Coenagrionidae)  .   Odonato-
logica  ,   32  ,   281   –   287  .  

    Miller  ,   M.N.    &    Fincke  ,   O.M    . (  1999  )   Cues for mate recognition and 
the effect of prior experience on mate recognition in Enallagma 
damselflies  .   Journal of Insect Behaviour  ,   12  ,   801   –   814  .  

    Parr  ,   M.J.    &    Palmer  ,   M    . (  1971  )   The sex ratios, mating frequencies 
and mating expectancies of three coenagriids (Odonata: Zygoptera) 
in Northern England  .   Entomologica Scandinavica  ,   2  ,   191   –   204  .  

    Pereboom  ,   J.J.M.    &    Biesmeijer  ,   J.C    . (  2003  )   Thermal constraints for 
stingless bee foragers: the importance of body size and coloura-
tion  .   Oecologia  ,   137  ,   42   –   50  .  

    Robb  ,   T.   ,    Van Gossum  ,   H.    &    Forbes  ,   M    . (  2006  )   Colour variation in 
female  Lestes disjunctus  Selys: a second example of a polymor-
phic lestid (Zygoptera: Lestidae)  .   Odonatologica  ,   35  ,   31   –   39  .  

    Sánchez-Guillèn  ,   R.A.   ,    Van Gossum  ,   H.    &    Cordero-Rivera  ,   A    . 
(  2005  )   Hybridization and the inheritance of female colour poly-
morphism in two ischnurid damselflies (Odonata: Coenagrioni-
dae)  .   Biological Journal Linnean Society  ,   85  ,   471   –   481  .  

   SAS Institute Inc    (  2005  ).   The Glimmix Procedure  .   SAS/STAT Users 
Guide, Version 9.1  ,   SAS Institute  ,   Cary, NC  .  

    Shelly  ,   T.E    . (  1982  )   Comparative foraging behavior of light-versus 
shade-seeking adult damselflies in a lowland neotropical forest 
(Odonata: Zygoptera)  .   Physiological Zoology  ,   55  ,   335   –   343  .  

    Sherratt  ,   T.N    . (  2001  )   The evolution of female-limited polymorphisms 
in damselflies: a signal detection model  .   Ecology Letters  ,   4  ,   22   –   29  .  

    Sternberg  ,   K    . (  1987  )   On reversible, temperature-dependent colour 
change in males of the dragonfly  Aeshna caerulea  (Strom, 1783) 
(Anisoptera: Aeshnidae)  .   Odonatologica  ,   16  ,   57   –   66  .  

    Sternberg  ,   K    . (  1996  )   Colours, colour change, colour patterns and 
‘cuticular windows’ as light traps. Their thermoregulatoric and 
ecological significance in some Aeshna species (Odonata: Aeshni-
dae)  .   Zoologischer Anzeiger  ,   235  ,   77   –   88  .  

    Stevenson  ,   R.D    . (  1985  )   Body size and limits to the daily range of 
body temperatures in terrestrial ectotherms  .   American Naturalist  , 
  125  ,   102   –   117  .  

    Stoks  ,   R    . (  2001a  )   Male-biased sex ratios in mature damselfly popu-
lations: real or artefact?     Ecological Entomology  ,   26  ,   181   –   187  .  

    Stoks  ,   R    . (  2001b  ).   What causes male-biased sex ratios in mature 
damselfly populations?     Ecological Entomology  ,   26  ,   188   –   197  .  

    Svensson  ,   E.I.    &    Abbott  ,   J    . (  2005  )   Evolutionary dynamics and popu-
lation biology of a polymorphic insect  .   Journal of Evolutionary 
Biology  ,   18  ,   1464   –   1470  .  

    Tanaka  ,   K    . (  2005  )   Thermal aspects of melanistic and striped morphs 
of the snake  Elaphe quadrivirgata   .   Zoological Science  ,   22  ,   
1173   –   1179  .  

    Van Dyck  ,   H.    &    Matthysen  ,   E    . (  1998  )   Thermoregulatory differences 
between phenotypes in the speckled wood butterfly: hot perchers 
and cold patrollers?     Oecologia  ,   114  ,   326   –   334  .  

    Van Gossum     H.   ,    Stoks  ,   R.    &    De Bruyn  ,   L    . (  2001a  )   Reversible 
frequency-dependent switches in male mate choice  .   Proceedings 
of the Royal Society of London, Biological Sciences  ,   268  ,   83   –   85  .  

    Van Gossum  ,   H.   ,    Stoks  ,   R.    &    De Bruyn  ,   L    . (  2001b  )   Frequency-
dependent male mate harassment and intra-specific variation in its 
avoidance by females of the damselfly  Ischnura elegans   .   Behav-
ioral Ecology and Sociobiology  ,   51  ,   69   –   75  .  



 144     J. Bots  et al.

© 2008 The Authors
 Journal compilation © 2008 The Royal Entomological Society, Physiological Entomology, 33, 138–144

    Van Gossum  ,   H.   ,    Stoks  ,   R.    &    De Bruyn  ,   L    . (  2005  )   Lifetime fitness 
components in female colour morphs of a damselfly: density- or 
frequency-dependent selection?     Biological Journal of the Linnean 
Society  ,   86  ,   515   –   523  .  

    Van Gossum  ,   H.   ,    Beirinckx  ,   K.    &    Forbes  ,   M.R.    &    Sherratt  ,   T.N    . 
(  2007  )   Do current hypotheses explain continental and seasonal 
variation in female morph frequencies of the damselfly, 
 Nehalennia irene ?     Biological Journal of the Linnean Society  , 
  90  ,   501   –   508  .  

    Verbeke  ,   G.    &    Molenberghs  ,   G    . (  1997  )   Linear Mixed Models. A 
SAS-Oriented Approach  .   Springer  ,   New York, NY  .  

    Watanabe  ,   M    . (  1991  )   Thermoregulation and habitat preference in two 
wing color forms of  Mnais  damselflies (Odonata: Calopterygidae)  . 
  Zoological Science  ,   8  ,   983   –   989  .  

    Watt  ,   W.B    . (  1968  )   Adaptive significance of pigment polymorphism 
in  Colias  butterflies. I. Variation of melanin pigment in relation to 
thermoregulation  .   Evolution  ,   22  ,   437   –   458  .  

    Willmer  ,   P    . (  1991  )   Thermal biology and mate acquisition in ecto-
therms  .   Trends in Ecology and Evolution  ,   6  ,   396   –   399  .  

    Willmer  ,   P.G.    &    Unwin  ,   D.M    . (  1981  ).   Field analyses of insect heat bud-
gets: reflectance, size and heating rates  .   Oecologia  ,   50  ,   250   –   255  .  

    Wong  ,   A.   ,    Smith  ,   M.L.    &    Forbes  ,   M.R.L    . (  2003  )   Differentiation be-
tween subpopulations of a polychromatic damselfly with respect 
to morph frequencies, but not neutral genetic markers  .   Molecular 
Ecology  ,   12  ,   3505   –   3513  .   

  Accepted 10 January 2008 
 First published online 19 March 2008          


