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                             Butterfl y species differing in mobility show different structures 
of dispersal-related syndromes in the same fragmented landscape      

    S.     Ducatez  ,       A.     Humeau  ,       M.     Congretel  ,       H.     Fr é ville     and         M.     Baguette            
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Cuvier, FR-75005 Paris cedex 5, France, and Station d ’ Ecologie Exp é rimentale du CNRS  à  Moulis, CNRS USR 2936, Moulis, FR-09200 
Saint-Girons, France.                              

 Mobility varies strongly between and within species, refl ecting diff erent dispersal strategies. Within species, such diff erences 
can imply suites of traits associated in syndromes. Diff erent syndrome structures have been found within species among 
populations diff ering in the selective pressures they are exposed to. Similarly, we expect species diff ering in mobility to show 
diff erent syndrome structures in response to similar selective pressures such as landscape fragmentation. Using butterfl ies 
originating from the same fragmented landscape, we investigated the diff erences in mobility syndrome between four 
common butterfl ies ( Pyronia tithonus ,  Pararge aegeria   Maniola   jurtina ,  Pieris rapae ) known to diff er in their mobility. 
We expected individuals from the less mobile species to display a resident strategy because of high dispersal cost in this 
fragmented landscape, and individuals from the more mobile species to display a larger range of movement strategies. 
Moreover, as syndromes can only be detected whenever individuals diff er in their dispersal strategies, we expected mobility 
syndromes to be observable only in populations where dispersal polymorphism is maintained. We thus expected stronger 
correlations between mobility-related traits in more mobile species. Using three mobility tests in controlled conditions 
designed to measure diff erent components of mobility, we showed that mobility-related traits were indeed correlated only 
in the most mobile species. Th e absence of correlation in the less mobile species may be explained by a low variation in 
movement strategies, dispersal being counter-selected. 

 Dispersal evolution is driven by the balance between 
fi tness costs and benefi ts associated with dispersal decision. 
Th is balance diff ers according to both external conditions 
and phenotypes, so that dispersal is both condition and 
phenotype dependent (Clobert et   al. 2012). Phenotypic 
diff erences between dispersers and residents are widespread 
across taxa, and such diff erences are supposed to refl ect a spe-
cialization in dispersal-related life-history strategy (Clobert 
et   al. 2009, 2012). Dispersal strategies (e.g. resident and 
disperser strategies) have been shown to involve suites of 
correlated traits called syndromes (Clobert et   al. 2009, Cote 
et   al. 2010). Associations between dispersal and morpho-
logical, physiological and behavioral traits are indeed 
expected to increase dispersal success by decreasing the costs 
associated with dispersal (Clobert et   al. 2009, Cote et   al. 
2010, Bonte et   al. 2012). For instance, in natural popula-
tions of great tits  Parus major , natal dispersal distance has 
been found to be correlated with exploratory behavior, 
immigrants being faster explorers than philopatric individu-
als (Dingemanse et   al. 2003). 

 Diff erences in dispersal strategies have been shown to 
be heritable in a variety of species, including birds 
(Hansson et   al. 2003, Doligez et   al. 2009, Charmantier 
et   al. 2011) and plants (Cheptou et   al. 2008). In butter-
fl ies, genotype-dependent dispersal has been documented 
in  Melitaea cinxia , where genetic variation at the metabolic 
enzyme phosphoglucose isomerase (Pgi) locus has been 
shown to correlate with variation in individual dispersal pro-
pensity in natural populations (Haag et   al. 2005, Niitepold 
et   al. 2009, Wheat 2012). Th is locus is known to infl uence 
physiological characteristics (e.g. fl ight metabolic rate) that 
likely aff ect fl ight, and thus dispersal ability. Overall, these 
results suggest that evolution by natural selection is likely 
to aff ect the maintenance of diff erent dispersal strategies 
(or dispersal polymorphism) in natural populations of 
many species. Within a species, the maintenance of dis-
persal polymorphism by natural selection may largely vary 
according to environmental conditions. Indeed, dispersal 
rate is known to vary according to environmental conditions 
(Clobert et   al. 2012). For instance, the level of landscape 
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fragmentation has been shown to aff ect the proportion of 
dispersing individuals in many species (Cheptou et   al. 2008, 
Baguette et   al. 2012, Clobert et   al. 2012, Van Dyck and 
Baguette 2012). Th is eff ect may refl ect a phenotypic response 
to landscape fragmentation, individuals directly responding 
to the environment when deciding to disperse, or a genetic 
response by microevolution, both aff ecting the mainte-
nance of dispersal polymorphism (i.e. diff erently specialized 
phenotypes) in a given environment. 

 In this framework, detecting dispersal syndromes, i.e. suites 
of correlated dispersal-related traits is expected only when 
diff erent dispersal strategies are maintained within popula-
tions. Although not focused on dispersal, some intraspecifi c 
studies have indeed shown variations in behavioral syndromes 
depending on environmental conditions (Dingemanse et   al. 
2007, 2009, 2012a, b). For instance, in the three-spined 
stickleback  Gasterosteus aculeatus , Dingemanse et   al .  (2007) 
have found a behavioral syndrome associating aggressive-
ness, activity and exploratory behaviors only in populations 
from large ponds where predators were present, suggesting 
that diff erent behavioral strategies are only maintained in 
the presence of predators. Similar patterns are expected with 
regards to dispersal syndromes whenever selective pressures 
arising from variations in environmental conditions such as 
landscape fragmentation aff ect the maintenance of dispersal 
polymorphism. 

 Th e balance between the costs and benefi ts of dispersal 
may also vary among species inhabiting the same landscape 
(Bonte et   al. 2012, Van Dyck and Baguette 2012), according 
to species diff erences in traits aff ecting dispersal costs such 
as mobility, social structure or habitat specialization. Similar 
environmental conditions may then lead to between-species 
diff erences in selective pressures acting on the maintenance 
of dispersal polymorphism. Such diff erences can be detected 
by testing for diff erences in syndrome structure across spe-
cies. For instance, at a high level of landscape fragmentation, 
poorly mobile species may entail strong dispersal costs, so 
that natural selection would select against dispersing phe-
notypes, and only resident phenotypes would remain in 
the population (Fig. 1). In this case, no dispersal syndrome 
would be detected. In contrast, in highly mobile species, 
lower dispersal costs may allow the maintenance of disperser 
and resident strategies at high levels of landscape fragmen-
tation, dispersal syndromes being then detectable (Fig. 1). 
More mobile species are thus expected to maintain a higher 
variation in dispersal strategies than less mobile species at 
high levels of landscape fragmentation (Fig. 1). However, to 
our best knowledge, no previous study has directly inves-
tigated inter-specifi c diff erences in dispersal syndromes for 
species inhabiting the same landscape, likely because of the 
diffi  culty to make reliable comparisons. 

 Mobility, defi ned here as the propensity to make 
displacements, is the net result of the interaction between 
morphology, physiological performances and movement 
decisions (Ducatez et   al. 2012). Th ese diff erent compo-
nents are likely to be interrelated in a common syndrome, 
provided that they experience similar selective pressures 
acting on mobility. Moreover, mobility is expected to 
strongly infl uence dispersal movements (Ronce 2007). 
We may thus expect to fi nd a strong association between 
mobility syndromes and dispersal, such a mobility syndrome 

being likely to refl ect diff erent mobility-dependent strategies 
that are related to dispersal. In this context, butterfl ies are 
particularly well-suited model species as mobility (i.e. the 
propensity to make displacements) and dispersal (i.e. the 
actual displacement from site of birth to site of reproduc-
tion, or between successive reproduction sites) are known 
to strongly vary both between and within species in this 
taxonomic group (Stevens et   al. 2010a, b). Accordingly, a 
mobility syndrome implying diff erent mobility-related traits 
has been found in the butterfl y  Pieris brassicae  (Ducatez 
et   al. 2012). Moreover, one of the traits involved in the 
syndrome (fl ight endurance under stressful conditions) has 
been shown to correlate with dispersal, butterfl ies fl ying a 
longer time in stressful conditions being also more likely 
to disperse in experimental metapopulations (D. Legrand 
pers. comm., Ducatez 2011). Th is mobility syndrome 
thus directly aff ects inter-individual variation in dispersal 
in this species. 

 In this study, we tested diff erences in dispersal-related 
mobility syndromes among four butterfl y species  Maniola 
jurtina ,  Pararge aegeria ,  Pieris   rapae  and  Pyronia tithonus  
inhabiting the same fragmented landscape, by measuring a 
set of mobility traits on individuals collected in an urban 
park situated in a highly urbanized area where they repro-
duce. Th ose four species have already been shown to diff er 
in their mobility in the wild (Th omas 1984, Pollard and 
Yates 1993, Dennis and Shreeve 1997, Cook et   al. 2001). 
Diff erences in dispersal syndrome among species are likely 
to be found at intermediate-high fragmentation of land-
scape because dispersal costs are high and only highly mobile 
individuals can overcome the costs of dispersal. We 
expected more mobile species to have stronger within-
individual consistency in mobility-related traits across time 
and stronger correlations between traits than less mobile 
species. To test those predictions, we fi rst measured three 
mobility-related traits in each species in controlled condi-
tions, using three tests specifi cally designed to measure 
diff erent components of mobility (Ducatez et   al. 2012), 
including movement capacity and movement decision to 
assess the validity of the ranking of inter-specifi c diff erences 
in mobility observed in other studies (Th omas 1984, Pollard 
and Yates 1993, Dennis and Shreeve 1997, Cook et   al. 2001). 
We also measured butterfl ies ’  heating rate as a physiological 
trait potentially aff ecting butterfl ies ’  mobility (Ducatez 2011, 
Ducatez et   al. 2013). We then tested whether species diff ered 
in the repeatability across time of mobility-related traits and 
tested whether the correlations between traits depended on 
species mobility ranks.  

 Material and methods  

 Study system 

 Th e four species are abundant in France and Europe 
(Lafranchis 2004) and have a wide distribution, from 
Maghreb to Russia or even Japan. Th ey are generalist spe-
cies, caterpillars feeding on a wide range of Poaceae species 
( M. jurtina ,  P. aegeria  and  P. tithonus ) and Brassicaceae species 
( P. rapae ). Th ey however diff er in their habitats (Lafranchis 
2004);  M. jurtina  and  P. tithonus  are grassland species, 
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whereas  P. aegeria  is a woodland species and  P. rapae  inhabits 
any type of open habitat.  M. jurtina ,  P. tithonus  and  P. aegeria  
are in the same Nymphalidae family whereas  P. rapae  belongs 
to the Pieridae family. Although no phylogenetic tree with 
branch lengths exists for European butterfl ies, informa-
tion on the four studied species ’  phylogenetic position is 
available in a consensual phylogenetic tree without branch 
length provided by Cizek et   al. (2006). According to this 
tree,  M. jurtina  and  P. tithonus  are the most closely related 
species among the four considered. Th ese two species and 
 P. aegeria  are then grouped in a clade,  P. rapae  being the 
most distant from the three other species. We collected 

butterfl ies with a net in the same urban park located in Brunoy 
(Essonne, France; lat: 48 ° 41 ′ 40.50 ″ N, long: 2 ° 29 ′ 47.71 ″ E) 
every day between 8 July 2010 and 24 August 2010 between 
10 am and 3 pm, weather permitting. We captured a 
total of 358 individuals (Fig. 2) that we kept in cages 
of 20    �    20  �    20 cm with artifi cial fl owers containing a 
solution of 10% sugar in water. We then measured mobility 
traits and heating rate for each individual on their capture day. 
Mean dry body mass, estimated from the butterfl ies used in this 
study, was as follows (mean  �  SE):  P. tithonus : 11.28    �    0.78 g, 
 M. jurtina : 19.84    �    1.34 g,  P. aegeria : 10.60    �    0.24 g, 
 P. rapae : 14.24    �    0.30 g.    

  Figure 1.     Hypothetical relationships between the expected dispersal polymorphism maintenance (maintenance of resident and disperser 
strategies) and dispersal costs associated with landscape fragmentation (3 upper graphs), and the resulting expected levels of fragmenta-
tion where mobility syndromes is detectable (3 bottom graphs). Note that to make the fi gure clearer and focus on the eff ects we aimed at 
testing (i.e. the evolution of dispersal polymorphism with species mobility), we here consider extreme cases, with no polymorphism at 
low and high fragmentation levels, and no evolution of species mobility with landscape fragmentation (i.e. species could only respond to 
landscape fragmentation by altering the proportion of dispersers and residents, but could not evolve higher mobility). Species mobility is 
considered here as a fundamental factor aff ecting dispersal costs (less mobile species entailing higher costs for a given fragmentation level), 
the interaction between landscape fragmentation and mobility thus aff ecting the maintenance of inter-individual variation in dispersal 
strategies and thus variation in dispersal-related phenotypes. Polymorphism in dispersal-related traits is expected for intermediate disper-
sal costs. Upper panel: grey areas represent landscape fragmentation levels where dispersal polymorphism is expected, making mobility 
syndromes detectable. At low fragmentation levels (left of the 3 graphs), we expect most individuals to have a disperser phenotype, as 
dispersal costs are very low. Poorly mobile species are however likely to entail comparatively more dispersal costs than more mobile spe-
cies, and thus to display some polymorphism in dispersal strategy. Increasing fragmentation will increase the costs of dispersal, and so 
more quickly for poorly mobile species. Th us, at intermediate fragmentation levels (middle of the 3 graphs), the maintenance of polymor-
phism is expected for species with intermediate mobility (and intermediate dispersal costs, middle graph), whereas we expect to fi nd 
mainly residents in poorly mobile species (and high dispersal costs, upper graph), and mainly dispersers in highly mobile species (and 
low dispersal costs, graph at the bottom). Finally, at high fragmentation level (right part of the three graphs), we expect dispersal 
polymorphism only in highly mobile species (graph at the bottom). Th e fragmentation level investigated in this study is expected to be 
intermediate to high (grey area on the fi gure). Bottom panel: for a given level of landscape fragmentation, mobility syndromes are detect-
able only when dispersal polymorphism exists, so in the grey area of the upper panel. Th e bottom panel details the relationship between 
the probability to observe dispersal syndrome and species mobility at three diff erent fragmentation levels. Arrows indicate the correspon-
dence between fragmentation levels on the upper and bottom panels. At low fragmentation level, the probability of detecting mobility 
syndromes will thus decrease with species mobility (poorly mobile species may show some polymorphism, whereas intermediate and 
highly mobile species will mainly be composed of dispersers). At intermediate fragmentation level, polymorphism in dispersal strategy is 
expected for species with intermediate mobility, so that a mobility syndrome can be detected for these species, but not for poorly or highly 
mobile species. Finally, at high fragmentation levels, polymorphism in dispersal strategy and the detection of a mobility syndrome are 
expected only for highly mobile species. Th is last graph corresponds to this study ’ s situation.  
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 Measurements of mobility-related traits 

 We characterized each individual of each species by measur-
ing in controlled conditions four traits that have been shown 
to refl ect diff erent behavioral and physiological components 
involved in mobility (Ducatez 2011, Ducatez et   al. 2012).   

 Greenhouse test 
 Th e greenhouse test was used to characterize in semi-
natural conditions both the physiological capacity of 
butterfl ies to move in the greenhouse and the exploration 
tendency (behavioral aspect) (Ducatez et   al. 2012). We 
supposed all individuals were physiologically able to cross the 
48 m long greenhouse. Th e four studied species are indeed 
known to travel over several hundreds of meters to several 
kilometers. However, some may perform better because of 
the variation in particular physiological traits such as tho-
rax muscular mass or fl ight metabolic rate that are likely 
to infl uence the exploration decision, or because of diff er-
ences in exploration tendency. Butterfl ies were individually 
released at 1-m height at the extremity of a 48 m long    �    8 m 
wide    �    4 m high greenhouse covered with a mesh and located 
in a fi eld at the Museum National d ’ Histoire Naturelle in 
Brunoy, France. We measured their fl ight distance (distance 
to the fi rst landing in meters) over four trials. For each indi-
vidual, the time elapsed between the fi rst and the fourth 
trial was between 30 and 60 min, which allowed repeatabil-
ity estimates (see below). Flight distance was estimated by 
dividing the greenhouse into 72 squares (the greenhouse was 
divided into 3 squares widthwise and 24 lengthwise), and 
recording the butterfl y landing square. We then calculated 
the Euclidean distance between the release point and the 
square center. Butterfl ies that fl ew the longer distances in the 
greenhouse were considered good explorers and performers, 
whereas butterfl ies that fl ew short distances were considered 
bad explorers and bad performers. Th is test was only 
performed on sunny days with ambient temperatures rang-
ing from 25 to 30 ° C, i.e. temperature conditions ensuring 
fl ight activity. As a result, only 289 individuals among the 
358 were tested in the greenhouse.   

 Tunnel test 
 Th e aim of the tunnel test was to measure movement 
willingness under stressful and unfamiliar conditions 
(Ducatez et   al. 2012). In a dark room held at a constant 
temperature of 24    �    1 ° C, butterfl ies were individually 
released at the entrance of a 3-m-long opaque pipe of 
80 cm diameter with a weak light source at its end. Each 
individual was released in the air, at a height of 40 cm, to 
avoid any take-off  eff ort so that test scores mainly depended 
on a behavioral choice rather than a physiological capacity. 
Th is test was specifi cally designed to test for the individual 
bold/shy tendency. Th e novelty of this experimental situa-
tion, in addition to the small diameter and the darkness of the 
tunnel, was particularly challenging to the butterfl ies. We 
thus expected butterfl ies with a bold temperament to go far 
in the tunnel, and butterfl ies with a shy temperament to 
stay at its entry. We observed strong behavioral diff erences 
among individuals: the distance individuals moved in the 
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  Figure 2.     Mean mobility scores of four butterfl y species measured 
for four mobility-related traits. Error bars are standard errors. 
Heating rate was corrected by thorax temperature diff erences at 
the beginning of the measure (see text for details). Species were 
ordered according to their mobility rank (see text), from the less 
mobile to the most mobile,  P. aegeria  and  M. jurtina  sharing the 
same rank. Th e signifi cance of between-species diff erences is 
presented for the two tests where the species eff ect was signifi cant 
(i.e. vortex and heating rate, see text for details).  
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(r ²     �    0.99    �    0.00). Note that, as individuals ’  temperature 
at the end of the cooling period diff ered as a possible con-
sequence of diff erences in body mass, the heating rate was 
regressed against the individual temperature at the beginning 
of the measure. We used the residuals of this regression to 
have a standardized estimate of heating rate (hereafter called 
heating rate). Butterfl ies that warmed up fast were character-
ized by high heating rate values.    

 Experimental protocol 

 Each individual experienced the same temporal sequence of 
mobility tests. Butterfl ies fi rst performed the greenhouse test, 
followed by the tunnel test. Th ey were then assessed for their 
heating rate and they fi nally performed the vortex test. For 
each individual, less than fi ve hours elapsed between the fi rst 
and last tests. One day after their capture, we photographed the 
butterfl ies for morphological measurements (Supplementary 
material Appendix 1) and estimated an age index based on 
the wear of the wings, varying from 1 [fresh] to 4 [extensive 
wing wear] (see capture mark recapture experiments on but-
terfl ies: Baguette and N è ve 1994). Th e greenhouse test and 
the warming experiment for the heating rate measurement 
were the most time consuming tests. For logistical reasons, 
and to maintain a fi xed duration between the fi rst test and 
the last one, we did not manage to test all individuals for 
those two tests: out of 358 collected butterfl ies, 289 per-
formed the greenhouse test and 302 were assessed for their 
heating rate. Although we initially aimed at testing  P. tithonus  
in the greenhouse, the small size of this species made it highly 
challenging to observe released individuals in the greenhouse 
and to fi nd them on the ground once they landed, so that we 
were not able to take four accurate measurements of green-
house distance for most  P. tithonus  captured at the beginning 
of the testing period. We thus fi nally decided not to test this 
species anymore in the greenhouse, and only present results 
for the 7  P. tithonus  individuals which were initially tested in 
the greenhouse. Th e remaining individuals were only tested 
in the tunnel and vortex tests. Th e number of tested individu-
als for each species and each test is given in Fig. 2.   

 Data analysis 

 We fi rst ranked species according to their expected 
mobility (Dennis and Schreeve 1997, Cook et   al. 2001). 
 Pieris rapae  is considered as having a nomadic strategy of 
space use (sensu Mueller and Fagan 2008), living in open 
populations whereas the three other species are supposed 
to live in closed populations (Th omas 1984, Pollard and 
Yates 1993). We thus attributed the highest mobility rank to 
 Pieris rapae  as compared to the three other species. In addi-
tion, according to migration indices measured through two 
diff erent methods (Dennis and Schreeve 1997, Cook et   al. 
2001),  P. tithonus  appears as having the lowest mobility, 
whereas  P. aegeria  and  M. jurtina  display intermediate levels 
of mobility. Th ese migration indices focus on the distances 
species have been recorded covering, and take into account 
diff erent components of movement including the occur-
rence of ex-habitat vagrants, recorded range expansions, 
at sea records and records of mass-movements (see Dennis 

tunnel ranged from 0 to 300 cm (i.e. the tunnel length). 
We performed fi ve trials carried out within less than an 
hour for each individual, to test for behavioral repeatability 
(see below). A test was considered as fi nished as soon as the 
butterfl y stopped moving during more than 5 s. For each 
trial, we recorded the travelled distance (tunnel distance), 
shy individuals being expected to travel shorter distances. 
Shy individuals could also be expected to cross the tunnel 
faster, in which case tunnel crossing could be considered as 
an escape behavior rather than result from a higher boldness. 
We would then expect individuals crossing the tunnel to be 
overall faster than those which stopped inside the tunnel. We 
however found that, within the 4 tested species, the relation-
ships between tunnel distance and time (i.e. the time needed 
to travel the tunnel distance; this variable is not further used 
in this study) were strong and linear (R ²     �    0.24 to 0.60 
according to species), and individuals crossing the tunnel did 
not show any tendency to be faster (data not shown). Th e 
tunnel distance variable thus provides a relevant measure of 
movement willingness under stressful and unfamiliar condi-
tions, which can be interpreted as an estimate of boldness.   

 Vortex test 
 Th e vortex test was designed to detect individual diff erences 
in fl ight endurance under stressful conditions (Ducatez et   al. 
2012). Each butterfl y was individually introduced within a 
25    �    10  �    10 cm plastic chamber perforated at its base and 
fi xed to a rapid agitator. Th e temperature of the chamber was 
kept constant at 25    �    1 ° C. We then turned the agitator on for 
one minute, resulting in strong shaking of the chamber which 
impeded the butterfl y to perch on the chamber ’ s wall. Each 
butterfl y could either fl y in a reduced volume or lay uncomfort-
ably at the bottom of the chamber in a reduced area strongly 
shaken, both behaviors likely to be resource demanding due 
to stressful conditions. We measured the cumulative time each 
individual spent fl ying during the test (hereafter referred to as 
fl ight time), higher values refl ecting better movement abili-
ties. Th e duration of this test was chosen to limit any negative 
eff ects on individual wings, wing morphology being measured 
the day after the tests (Supplementary material Appendix 1). 
For this reason, we did not measure the repeatability of fl ight 
time. Th is test has been found to positively correlate with dis-
persal in experimental metapopulations in  P. brassicae , dispers-
ers having signifi cantly higher vortex scores than residents (D. 
Legrand pers. comm., Ducatez 2011).   

 Heating rate measurement 
 We assessed the heating rate of individuals, a variable that 
has already been shown to be positively correlated with 
mobility in  P. brassicae  butterfl ies (Ducatez 2011). To do so, 
we performed a warming experiment in the laboratory. Each 
butterfl y was fi rst cooled in a refrigerator (4 ° C) for 10 min, 
and then warmed up at 27 ° C during 180 s under a 300 W 
Ultra vitalux solar lamp placed at a distance of 72 cm, while 
its thorax temperature was measured continuously with an 
infrared thermometer (emissivity  ε     �    0.95, one data point 
s  – 1  until 180 s). Th e heating rate was expressed as the slope 
of the thorax temperature versus time (log transformed) 
curve (Van Dyck and Matthysen 1998, Ducatez et   al. 2013); 
in our data, the corresponding linear regression very well 
described the increase in thorax temperature with time 
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repeatability varied with species mobility, we followed the 
procedure described in Dingemanse et   al. (2012b). For each 
test, we fi tted a LMM on the data pooled over the four spe-
cies (and thus three mobility ranks) and estimated individual 
and residual variance components for species of each mobil-
ity rank simultaneously, which we compared with a reduced 
model where individual variances of the species with each 
mobility rank were constrained to the same value. For this 
purpose, we standardized mobility scores across mobility 
ranks by rescaling the total variance within mobility rank 
to one, thereby ensuring that we tested for diff erences in 
repeatability rather than individual variance across species 
with diff erent mobility ranks. Models with diff erent random 
structures were compared using the AIC, as advised by 
Zuur et   al. (2009).   

 Correlations between mobility-related traits 
 We then tested for correlations between individual mobility 
scores across tests using linear models with the score at one 
test (or the mean score for tests with repeated measures) as 
response variable, the score at another test as an explanatory 
variable as well as species expected mobility rank, age and sex 
as fi xed variables. As we were primarily interested in testing 
whether the relationship between scores at two diff erent tests 
depended on species mobility rank, we tested the interac-
tion between test score and species mobility rank. Age was 
never signifi cant and was excluded from the models. We also 
considered potential eff ects of morphology (i.e. wing loading 
and aspect-ratio) on the correlations between traits, but it 
had no qualitative eff ect on the results (see Supplementary 
material Appendix 1 for details on morphology measure-
ments and models including morphology).     

 Results  

 Among-species differences in mobility-related traits 

 Mobility assessed with the vortex test was signifi cantly diff er-
ent among species mobility rank (Kruskall – Wallis  χ  ²     �    0.52; 
DF    �    2; p    �    0.008), whereas the mobility rank eff ect was 
marginally signifi cant for the tunnel test (p    �    0.078), and 
not signifi cant for the greenhouse test (p    �    0.863). Heating 
rate did not diff er among species with diff erent mobil-
ity ranks (p     �     0.210) (Table 1, Fig. 2). Species ranking 
diff ered among mobility-related traits (Fig. 2, Supplementary 
material Appendix 2). According to the vortex test,  P. rapae  
was the most mobile species, diff ering signifi cantly from 
 P. tithonus  (p    �    0.022) and  M. jurtina  (p    �    0.001). 

and Schreeve 1997, Cook et   al. 2001 for details).  Pyronia 
tithonus  was thus attributed a mobility rank of 1,  P. aegeria  
and  M. jurtina  a rank of 2 and  P. rapae  a rank of 3.  

 Among-species differences in mobility-related traits 
 We fi rst tested whether diff erences in mobility-related traits 
depended on species mobility rank by using linear mod-
els with mobility score at each of the tests as a response 
variable and mobility rank, age and sex, as well as their 
second order interaction as fi xed explanatory variables. 
Note for the tunnel test and the greenhouse test that each 
individual performed respectively fi ve and four times, we 
fi rst calculated a mean score for each individual. Second 
order interactions and age were never signifi cant, and we 
thus excluded them from the models. Considering the 
greenhouse test, we also added the time of the day and 
the date of the test as fi xed factors to correct for potential 
climatic diff erences experienced by individuals. Th ose latter 
factors were never signifi cant and were thus excluded from 
the models. Tunnel distance and greenhouse fl ight distance 
were log-transformed to achieve normality and homosce-
dasticity assumptions. Because fl ight time in the vortex 
was not normally distributed (even after transformation), 
we used non-parametric test to assess diff erences in fl ight 
time between species. We fi rst tested whether fl ight time 
diff ered across species using a Kruskal – Wallis test. Th en, 
we compared fl ight time between each pair of species using 
Wilcoxon rank order tests, and used Bonferroni corrections 
to account for multiple comparisons. We fi nally compared 
fl ight time between males and females within each species, 
after having corrected for multiple tests.   

 Individual repeatability of mobility score across time 
 For the tunnel test and the greenhouse test, we estimated 
individual repeatability for each test and tested whether it 
varied with species mobility rank. Individual repeatability 
was calculated as the ratio of the between-individual variance 
over the sum of the between- and within-individual vari-
ance (Lynch and Walsh 1998). Variance components were 
estimated from linear mixed models (LMM) with the test 
score as response variable, the trial rank as a fi xed eff ect and 
the individual as a random eff ect. Note that the trial rank 
eff ect was never signifi cant and was thus excluded from the 
models. Confi dence intervals and tests for signifi cance were 
computed following Nakagawa and Schielzeth (2010). We 
thus used the R package rptR and the rpt.remlLMM proce-
dure to test for the signifi cance of repeatability index with 
likelihood ratio tests and to estimate repeatability confi dence 
intervals using parametric bootstrapping. To test whether 

  Table 1. Models testing for interspecifi c differences in greenhouse, tunnel and heating rate scores. Females were taken as reference. 
Differences in vortex scores are not presented here as vortex fl ight time was not normally distributed (see text and Fig. 2 for details). 
Signifi cant effects are in bold.  

Response variable Explanatory variables Estimate  �  SE t p

Tunnel distance mobility rank 0.110    �    0.062 1.766 0.078
sex 0.135    �    0.086 1.562 0.119

Greenhouse fl ight distance mobility rank 0.015    �    0.086 0.172 0.863
 sex  0.612    �    0.094  6.51   �    0.001 

Heating rate mobility rank  � 0.080    �    0.064  � 1.256 0.21
 sex  0.273    �    0.084  3.267  0.001 
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greenhouse fl ight distance were signifi cantly correlated in 
 P. rapae  only (estimate    �    0.257    �    0.091, p    �    0.006; 
p    �    0.200 in the three other species),  P. rapae  butterfl ies 
travelling further in the tunnel also fl ying further in the 
greenhouse (Fig. 3a). Th e distance travelled in the tunnel 
was also positively correlated to the fl ight time in the 
vortex in  P. rapae  (estimate    �    0.017    �    0.005, p    �    0.001) and 
 P. aegeria  (estimate    �    0.010    �    0.003, p    �    0.005), but not in 
 M. jurtina  (p    �    0.429) and  P. tithonus  (p    �    0.616). Indeed, 
 P. rapae  and  P. aegeria  fl ying further in the tunnel also fl ew 
over a longer time in the vortex (Fig. 3b).    

 Discussion 

 Studies investigating mobility syndromes by jointly ana-
lyzing behavioral and physiological traits are rather rare, 
except in the rapidly growing fi eld of personality-dependent 
dispersal. In addition, in the larger context of behavioral 
syndromes, interspecifi c comparisons of syndromes often 
result from reviews and meta-analyses which combine spe-
cies-specifi c studies (R é ale et   al. 2007, Cote et   al. 2010). 
Such comparisons necessarily lead to biases related to dif-
ferences in the devices used to test the same behavior. Here, 
we used exactly the same devices in the same conditions to 
measure diff erent traits related to mobility in four butterfl y 
species in order to limit the possibility of bias arising from 
the experimental protocol.  

 Among-species differences in mobility-related traits 

 First, we found that species mobility rank explained diff er-
ences in species ’  scores at the vortex test measuring fl ight 
endurance under stressful conditions, whereas the eff ect of 
mobility rank on the scores at the tunnel test measuring 
fl ight willingness under stressful and unfamiliar conditions 
was only marginally signifi cant. Scores at the greenhouse test 
and heating experiment were not explained by species mobil-
ity. Intriguingly, species which showed the highest score at 
one test did not necessarily had a higher score at another test; 
for example,  M. jurtina  had the best mean score at the tunnel 
but the lowest at the vortex. Moreover, the species ’  mobility 
ranking in our study did not necessarily match those from 
the literature and depended upon mobility-related traits. 
Th e most striking diff erence was those observed between 
species ’  ranking on heating rate and those on any other traits 
(note however that mobility rank did not aff ect heating rate). 
Indeed, although the most mobile species in the wild  P. rapae  

Moreover,  M. jurtina  which obtained the lowest score in 
the vortex test was signifi cantly diff erent from  P. aegeria  
(p    �    0.005). Other between-species diff erences were not 
signifi cant (p    �    0.1). Strong between-sex diff erences that 
were consistent across species were also found for three of the 
four mobility-related traits, males being signifi cantly more 
mobile than females. Males fl ew further in the greenhouse 
(p    �    0.001; mean fl ight distance in males    �    11.02    �    0.76 m; 
in females    �    4.26    �    0.44 m; Fig. 2) and warmed up faster 
(p    �    0.002; mean heating rate in males    �    0.12    �    0.06; in 
females    �     – 0.16    �    0.05; Fig. 2). Males also tended to fl y 
longer in the vortex (except for  P. rapae  and  M. jurtina  where 
the diff erence was not signifi cant) (Fig. 2, Supplementary 
material Appendix 3).   

 Individual repeatability of mobility score across time 

 Whenever we could test for individual repeatability of 
mobility score, i.e. for greenhouse fl ight distance and tunnel 
distance, we found strong support for it for each mobility-
related trait within each species (Table 2). We only found 
null values of repeatability in  P. tithonus . Th e models allow-
ing each mobility rank to show diff erent intra-individual 
variation did not fi t the data better than those where 
intra-individual variation was constrained to the same 
value (the AIC value was greater when allowing diff erent 
mobility ranks to show diff erent intra-individual variation: 
 Δ AIC    �    5.3 for greenhouse fl ight distance,  Δ AIC    �    0.50 
for tunnel distance).   

 Correlations between mobility-related traits 

 Most mobility-related traits were inter-correlated, except 
heating rate that we found independent from any of the three 
other mobility-related traits (Table 3). Individuals fl ying 
over longer distances in the greenhouse fl ew during a longer 
time in the vortex (estimate    �    0.159    �    0.067; p    �    0.019), 
independently of species mobility rank. In contrast, the two 
correlations involving tunnel distance as a response vari-
able depended on the interaction between mobility rank 
and respectively, greenhouse fl ight distance and vortex fl ight 
time. To disentangle these interaction eff ects, we used linear 
models and tested the correlation between tunnel score and 
greenhouse score (resp. vortex score) within each species. 
Sex and its interaction with greenhouse score (resp. vortex 
score) were added in the models to account for potential sex-
dependent correlations, but they were never signifi cant and 
were further excluded from the models. Tunnel distance and 

  Table 2. Repeatability and mean values of greenhouse and tunnel scores. n    �    sample size; SE    �    standard error.  

Species Mean  �  SE Repeatability Repeatability confi dence interval p-value n

Greenhouse fl ight distance  P. tithonus 1.893    �    0.458 0 [0; 0.344] 0.458 7
 P. aegeria 4.984    �    0.422 0.134 [0.040; 0.219]  �    0.001 120
 M. jurtina 2.523    �    0.408 0.143 [0.002; 0.298] 0.005 44
 P. rapae 4.218    �    0.450 0.278 [0.182; 0.373]  �    0.001 116

Tunnel distance  P. tithonus 78.474    �    6.036 0.110 [0; 0.234] 0.138 50
 P. aegeria 97.714    �    5.183 0.207 [0.126; 0.285]  �    0.001 120
 M. jurtina 134.031    �    13.321 0.304 [0.141; 0.446]  �    0.001 47
 P. rapae 112.726    �    6.467 0.362 [0.272; 0.444]  �    0.001 116
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mobility-related traits across time. We did not fi nd any such 
pattern, as we did not detect any signifi cant diff erence in 
repeatability across time among species, neither in the green-
house nor in the tunnel. Given the large between-species 
diff erences in mean repeatability (for instance, from 0.11 
to 0.36 for the tunnel distance), and the large confi dence 
intervals obtained (Table 2), we may however expect that 
more substantial sample sizes are needed to detect meaning-
ful diff erences. Note that although not signifi cantly diff erent 
across species, estimates of repeatability for each test tended 
to rank according to species ’  mobility in the wild, the less 
mobile species ( P. tithonus ) having the lowest repeatability 
estimates, and the most mobile species ( P. rapae ) having the 
highest estimates. Species showed higher repeatability val-
ues in the tunnel test compared to the greenhouse, a pattern 
consistent with previous results in the large white butter-
fl y  Pieris brassicae  (Ducatez et   al. 2012). Th is may refl ect 
a larger environmental variance in semi-natural conditions 
than in the laboratory, increasing intra-individual varia-
tion in behavior. It is also noteworthy that  P. rapae  was the 
species whose repeatability estimates were the closest to 
repeatability estimates for  P. brassicae  (Ducatez et   al. 2012), 
a species which also has a nomadic strategy of space use and 
is highly mobile.   

 Species-specifi c patterns of correlation between 
mobility-related traits 

 According to our hypothesis, we expected more mobile 
species to show stronger correlations between traits than 
less mobile species. Indeed, most correlations between 
mobility-related traits depended upon species ’  mobility rank, 

also had higher scores than the less mobile  P. tithonus  in the 
wild for the three fl ight tests (greenhouse, tunnel and vor-
tex), the reverse was true for the heating rate (Fig. 2). Higher 
heating rate in  P. tithonus  as compared to the other species 
may be explained by the ability of the species to actively 
warm up using wing shivering. Indeed,  P. tithonus  individu-
als were observed shaking their wings during the heating rate 
measurements, refl ecting a strong activity of their thorax 
muscles likely to increase heating rate. Th is behavior was 
not observed in any of the three other species. Finally, our 
mobility tests did not systematically detect  P. aegeria  and 
 M. jurtina  as intermediate species regarding their mobility 
scores, as expected from the literature. Between-species dif-
ferences in physiology or behavior (such as the ability to cope 
with stressful conditions in captivity) might explain why 
species ’  ranking did not match exactly those observed in the 
wild, and need to be further investigated.   

 Individual repeatability of mobility score across time 

 Both the distances travelled in the tunnel and in the green-
house were signifi cantly repeatable in all the species but 
 P. tithonus , although the repeatability estimates were quite 
low given the short time interval between repeated measure-
ments. Th ese results show that, independently of the species, 
individuals tended to show consistent scores within each test. 
Th e absence of repeatability in  P. tithonus  may be explained 
by the low number of individuals that we tested, especially 
in the greenhouse (n    �    7). Measurements on a larger num-
ber of individuals are thus needed to conclude on this spe-
cies. According to our hypothesis, we expected more mobile 
species to show stronger within-individual consistency in 

  Table 3. Models testing for between-species differences in the relationships between the four tests. Type 3 sum of squares are presented. 
Signifi cant effects are in bold.  

Response variable Explanatory variables Sum of squares DF F p-value

Greenhouse fl ight distance  vortex fl ight time  4.569  1  8.509  0.004 
mobility rank 0.285 1 0.5302 0.467
vortex fl ight time  �  mobility rank 0.649 1 1.207 0.273
 sex  16.206  1  30.180   �    0.001 

Tunnel distance greenhouse fl ight distance 1.230 1 2.050 0.153
mobility rank 0.916 1 1.526 0.218
 greenhouse fl ight distance  �  mobility rank  2.487  1  4.145  0.043 
sex 1.035 1 1.710 0.192

Tunnel distance  vortex fl ight time  2.964  1  5.812  0.017 
 mobility rank  6.198  1  11.922   �    0.001 
 vortex fl ight time  �  mobility rank  7.962  1  15.316   �    0.001 
sex 0.067 1 0.128 0.721

Heating rate greenhouse fl ight distance 0.032 1 0.093 0.760
mobility rank 0.003 1 0.010 0.922
greenhouse fl ight distance  �  mobility rank 0.047 1 0.135 0.713
 sex  3.675  1  10.545  0.001 

Heating rate tunnel distance 0.272 1 0.376 0.376
mobility rank 0.335 1 0.326 0.326
tunnel distance  �  mobility rank 0.392 1 0.288 0.288
 sex  4.234  1  12.223   �    0.001 

Heating rate vortex fl ight time  �    0.001 1  �    0.001 0.983
mobility rank  �    0.001 1  �    0.001 0.993
vortex fl ight time  �  mobility rank 0.003 1 0.010 0.922
 Sex  3.493  1  9.835  0.002 
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time correlated signifi cantly (and positively) in the other 
intermediate species  P. aegeria . Th us higher mobility in the 
wild was associated with a stronger syndrome structure in 
our study, more mobile species having more specialized phe-
notypes with regards to mobility in our study site. 

 In our study, we chose to perform behavioral tests with 
the same temporal sequence of mobility tests. One might 
expect a negative correlation between scores at successive 
tests, whenever resources might be limiting. For example, 
individuals fl ying longer distance in the greenhouse test 
might use more energy and could thus perform worse in the 
vortex test. We did not fi nd any evidence that our results 
could be explained only by resource allocations. Indeed, we 
did not fi nd any signifi cant negative correlation between 
scores in any species, but positive ones for most pairs of tests, 
making this hypothesis unlikely. 

 Our results support the hypothesis that mobility syn-
dromes can only be observed for species where diff erent dis-
persal strategies co-occur (Fig. 1). We indeed expected a given 
landscape fragmentation level to induce diff erences in the 
maintenance of dispersal polymorphism according to species 
mobility. Our results suggest that in the highly fragmented 
urban area where we collected the four species, the highly 
mobile species  P. rapae  still shows a variety of movement 
strategies, from individuals displaying rather sedentary strat-
egies to nomadic individuals. In contrast, natural selection 
may have selected for a resident strategy in less mobile spe-
cies such as  P. tithonus , dispersal being likely to be too costly 
for such species in such a highly fragmented landscape. As a 
result, a mobility syndrome might also exist in less mobile 
species, although not detectable in such highly fragmented 
landscapes, where only individuals with the lowest mobility 
are found, and the between-individual variance in mobility 
is low. Obviously, the next step to our study would be to 
measure the syndrome structure of the four species in a larger 
panel of landscapes (e.g. with varying levels of landscape 
fragmentation) to better understand the interaction eff ects 
of landscape structure and species mobility on the detect-
ability of mobility/dispersal syndromes. In addition, measur-
ing dispersal in the fi eld or in experimental metapopulations 
(Legrand et   al. 2012) would help understanding whether the 
between-species diff erences in syndrome structure assessed 
from mobility-related traits are indeed related to diff erences 
in the level of polymorphism of dispersal strategies. 

 Whether the diff erences in syndrome structure and con-
sistency across time has a genetic origin, or can change by 
behavioral fl exibility according to the environmental con-
ditions, as found in sticklebacks (Bell and Sih 2007), also 
remains an important question. However, as the traits mea-
sured here in butterfl ies not only imply behavioral but also 
physiological characteristics, we may expect a lower fl exibil-
ity of this syndrome. Genetic and epigenetic factors already 
known to aff ect dispersal in butterfl ies are likely to play an 
important role in the origin and maintenance of this syn-
drome (Wheat 2012). 

 In this study, we interpreted our results according to 
between-species diff erences in mobility documented in 
the wild. However, the four species diff er in other traits, 
including ecological traits likely to aff ect their responses to 
landscape structure, and their movement strategies (Andr é n 
et   al. 1997). Especially,  P. rapae  is known as a habitat 

more mobile species showing stronger correlations between 
traits. In the most mobile species  P. rapae , tunnel distance 
was signifi cantly and positively correlated with both green-
house fl ight distance and vortex fl ight time. In contrast, these 
correlations were never signifi cant in the least mobile spe-
cies  P. tithonus  and the intermediate  M. jurtina . Th e absence 
of correlation in these species might however be explained 
by the lower statistical power due to lower sample sizes. 
However, the observation that the slopes of the relation-
ships between mobility related traits increased with species 
mobility suggest that the correlations were indeed weaker in 
these species (Fig. 3). Only tunnel distance and vortex fl ight 
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  Figure 3.     For the four butterfl y species, (a) relationship between 
the distance travelled in the tunnel and the distance travelled in the 
greenhouse, (b) relationship between the distance travelled in the 
tunnel and the fl ight time in the vortex test. Th e p-values indicate 
slopes ’  signifi cance (see text for details). Error bars are standard 
errors. Note that scores for greenhouse fl ight distance and vortex 
fl ight time were grouped into three categories to avoid overloading 
the fi gures, although both variables were considered continuous 
in the analyses. In  P. tithonus,  the maximum greenhouse fl ight 
distance was of 3.5 m.  
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bring more information on the importance of heating rate 
and more generally thermoregulation performances in the 
mobility syndrome.    

 Between-sex differences within species 

 We observed strong diff erences between sexes in three out 
of the four tests, males being more mobile than females. 
Males travelled a longer distance in the greenhouse, fl ew 
more time in the vortex and warmed up faster than females. 
Between-sex diff erences in selection pressures are likely to 
explain such patterns. Indeed, males have been shown to have 
better movement capacities than females in many butterfl y 
species (Karlsson and Wickman 1990, Berwaerts et   al. 2002, 
2008, Turlure et   al. 2010), a proximal explanation being that 
females are generally heavier than males and allocate more of 
their energy into abdomen biomass than do males, and thus 
have relatively fewer fl ight muscles than males per unit of 
body mass (Berwaerts et   al. 2002). 

 As illustrated by the absence of interaction eff ects 
between species and sex on the tests scores, the eff ect of 
sex was similar for the four species, except for the vortex 
test. Th e strength of the between-sex diff erences in mobil-
ity thus appears rather consistent across species. Th is result 
could seem rather surprising. Indeed, the four species have 
very diff erent reproductive behaviors associated with mobil-
ity. In  P. aegeria  for example, most males are territorial and 
display a  ‘ perching ’  strategy, where they wait for females 
at a particular place (Merckx and Van Dyck 2005). Such a 
behavior is not observed in the three other species, which 
are supposed to have a  ‘ patroller ’  strategy, where males 
actively search for females. Th e strength of sexual selection 
acting on mobility in both types of strategies could have 
led to strong inter-specifi c variations in the between-sex 
diff erences in mobility, as illustrated by stronger diff er-
ences between males and females scores at the vortex test 
in  P. aegeria  than in  M. jurtina  or  P. rapae . It is however 
noteworthy that mate locating strategies had no impact on 
dispersal, as shown by a quantitative analysis of life-history 
traits in European butterfl ies (Stevens et   al. 2012).   

 Conclusion 

 Overall, our results show diff erences in mobility related 
syndromes in four common butterfl y species originating 
from the same locality. Such a pattern raises the question 
of whether these diff erences indeed arise from diff erences 
in the degree of polymorphism in dispersal strategy in the 
sampled locality. Moreover, it raises the question of the prox-
imate mechanisms at the origin of the syndrome. Under an 
adaptive hypothesis, we can expect that selective pressures 
on resident/disperser or resident/resource tracking strategies 
resulted in diff erent traits associations in species with diff er-
ent dispersal costs in fragmented landscapes. A way to test 
this adaptive hypothesis would be to compare the syndrome 
structure of populations of these species collected in land-
scapes diff ering in their geometry. Landscape fragmentation 
has already been shown to infl uence mobility in diff erent 
species (Van Dyck and Matthysen 1999, Merckx et   al. 2006, 

generalist species, inhabiting any type of open habitat, 
whereas the three other species are more specialized in one 
type of land cover (e.g. forest or grasslands). Dispersal in 
urban areas might also be less costly for generalist species, 
as moving individuals are more likely to frequently encoun-
ter new suitable areas. Both a higher mobility and a lower 
specialization may explain the maintenance of multiple 
individual strategies in  P. rapae  compared to less mobile and 
more specialized species. In addition, although species are 
treated as fully independent units throughout the study, we 
could expect phylogenetic relationships to explain parts of the 
observed patterns. Th e most closely related species  P. tithonus  
and  M. jurtina  show no correlations between traits, whereas 
the strongest syndrome structure was observed in  P. rapae , 
the most distant species from the others. However, although 
 P. aegeria  is more closely related to  P. tithonus  and  M. jurtina  
(all three species are in the same family) than to  P. rapae , 
it shows an intermediate syndrome structure. In addition, 
the important diff erences in mobility test scores between 
the three most closely related species suggests that phylog-
eny was not a good predictor of species relative scores at the 
diff erent tests. Th is is in accordance with results obtained 
by Stevens et   al. (2012), which show that phylogeny has 
negligible infl uence on mobility in European butterfl ies. 

 Between individuals diff erences in condition could also 
have aff ected the results, so that poor condition individu-
als would consistently perform worth than good condition 
ones. However, we took this potential bias into account, 
using diff erent proxies of condition as explanatory variables 
in our analyses and did not fi nd any evidence that indi-
vidual conditions alone may explain our results. First, we 
tested for an eff ect of age using an age index classically used 
in the literature (Baguette and N è ve 1994) based on the 
wear of the wings and varying from 1 [fresh] to 4 [extensive 
wing wear]. We found that it did not aff ect mobility scores 
at any of the tests. Second, we ran an analysis including 
morphological variables (wing morphology and wing load-
ing) likely to be related to individuals ’  condition, as fi xed 
explanatory variables (Supplementary material Appendix 
1). None of these variables signifi cantly aff ected the scores 
at the diff erent tests, nor the correlations between tests 
scores. We also measured the number of days individu-
als survived in the lab after the tests (which varied from 
1 to 14), and found that it was not related to the mobility 
score at any of the 4 tests (results not shown). All together, 
these results suggest that between-individuals diff erences in 
condition did not aff ect our results. 

 In contrast to a previous study in  Pieris brassicae  
(Ducatez et   al. 2012), the patterns of correlation among 
mobility-related traits did not depend on sex or morphol-
ogy (see also Supplementary material Appendix 1). In addi-
tion, we did not fi nd any relationship between heating rate 
and the other tests, whereas individuals getting warm faster 
also had a higher fl ight time in the vortex in  P. brassicae  
in Ducatez (2011). Our experimental measure of heating 
rate however focused on passive heating capacity (except for 
the wing shivering species  P. tithonus , see above). Indeed, 
contrarily to heating in the wild, individuals could not raise 
their temperature by basking in sunlight, but could mainly 
passively reach the ambient temperature. Complementary 
experiments on heating rates in natural conditions might 
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