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ing promote fl ight performance, and therefore potentially 
movement and dispersal (Hill et al., 1999; Dudley, 2000; 
Hughes et al., 2003; Almbro & Kullenberg, 2012; Legrand 
et al., 2015). Often, males and females differ substantially 
in these traits, suggesting differential selection on fl ight-
related traits among sexes (Gilchrist, 1990; Berwaerts et 
al., 2002, 2006; Van Dyck & Wiklund, 2002; Ducatez et 
al., 2014). However, sexual differences may extend well 
beyond morphology, as sexes may differ with regard to the 
costs and benefi ts of movement and dispersal (Berwaerts 
et al., 2006). Thus, apart from fl ight capacity, behavioural 
traits such as exploration, territoriality, aggression and so-
ciability, which may well differ in the sexes, may affect the 
intrinsic motivation to move and disperse (Dingemanse et 
al., 2003; Duckworth & Badyaev, 2007; Cote et al., 2010a; 
Ducatez et al., 2012). For instance, individual variation in 
exploratory behaviour has been linked to variation in dis-
persal propensity, with explorative individuals being more 
likely to disperse (Fraser et al., 2001; Dingemanse et al., 
2003; Cote et al., 2010b). 

In this study we investigate small-scale patterns in 
movements (time until take-off, number of positions vis-
ited and distance moved), fl ight performance (endurance 
under stress) and morphology in males and females of the 
temperate-zone butterfl y Lycaena tityrus under laboratory 
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Abstract. Movements are involved in several routine processes and may scale up to important ecological processes such as 
dispersal. However, movement is affected by a wealth of factors including fl ight capacity and behavioural traits. Both frequently 
differ in the sexes, which may well affect movement. We here aim to disentangle the relative importance of sexual differences in 
fl ight capacity versus behaviour on small-scale movements under controlled laboratory conditions in the temperate-zone butterfl y 
Lycaena tityrus. The morphology of males is typically associated with increased fl ight capacity in this species. Nevertheless, the 
fl ight performances of the sexes did not differ, but the mobility of the females was higher. Thus, fl ight capacity and patterns of 
movement may not be intimately associated. Rather, the costs and benefi ts of fl ight seem to differ substantially between the sexes, 
with females being more mobile, potentially as a risk spreading strategy, while males are territorial and thus more sedentary. Thus, 
predictions regarding movement based on morphology are diffi cult.

INTRODUCTION

Movements affect several routine processes such as for-
aging, mate location and reproduction (Berwaerts & Van 
Dyck, 2004; Van Dyck & Baguette, 2005). Ultimately, this 
may infl uence important ecological processes including 
population connectivity, gene fl ow or range shift, provided 
there is a link between movements and dispersal (Bohonak, 
1999; Ronce, 2007; Bonte et al., 2012; Matthysen, 2012; 
Saastamoinen et al., 2018). Movements and thus potential-
ly dispersal though are affected by many external and in-
ternal factors. External factors comprise e.g. habitat quality 
and abiotic conditions such as temperature (Legrand et al., 
2015; Kuussaari et al., 2016). Regarding internal factors, 
movements are often related to fl ight performance in in-
sects, which is in turn associated with morphological traits. 
Examples of such traits are wing size, wing aspect ratio, 
body mass, wing loading, thorax mass, thorax-abdomen 
ratio, and energy reserves (Betts & Wootton, 1988; Ber-
waerts et al., 2002; Niitepõld et al., 2009; Ducatez et al., 
2012; Therry et al., 2014). 

The above mentioned internal traits basically refl ect an 
individual’s condition, i.e. the morphological and physi-
ological capacity to fl y. For instance, it has been shown 
that increased wing size, thorax mass, thorax-abdomen 
ratio, and storage reserves as well as decreased wing load-
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Flight behaviour
The freshly emerged butterfl ies were individually marked on 

their left hindwing, males and females were separated and placed 
into population cages (50 × 50 × 50 cm). On the following day, 
cages with butterfl ies were transferred to an experimental cham-
ber (28°C, 60% r.h.) and allowed 1 h to acclimatize before the 
start of a trial. The volume of the chamber was 48 m3 (5 × 4 × 2.4 
m). The small size may certainly bias the results obtained. How-
ever, it is a standard method for estimating small-scale move-
ments in butterfl ies (e.g. Saastamoinen & Hanski, 2008; Saas-
tamoinen et al., 2012; Reim et al., 2018b, 2019b). The ground 
area was divided into 20 squares of 1 × 1 m each, which were 
marked with letters (A–T). Five feeding sites were established, 
with each site providing fresh fl owers, oviposition plants, water 
and a highly concentrated sucrose solution (Fig. 1). At 10 a.m., 
population cages were opened and the position (square A–T) of 
each butterfl y was recorded every 15 min for 6 h, starting at 10.15 
a.m. Observations were made by a single person as careful as 
possible in order to minimise their effect on the animals’ behav-
iour. The positions of butterfl ies sitting on the wall or ceiling were 
assigned to the respective ground fi eld, because most butterfl ies 
stayed near the ground. After 6 h of observation, butterfl ies were 
caught and subjected to a fl ight performance test (see below). 
Five such climate chamber trials were carried out consecutively, 
resulting in a total of 180 tested butterfl ies (as on the last day 
only 20 instead of 40 butterfl ies were available for testing). We 
calculated for each butterfl y (1) the number of squares visited, (2) 
total distance moved and (3) step length. To calculate the total 
distance, we summed all individual movements recorded during 
the observation based on the centres of the squares approached. 
Step length was calculated as the total distance divided by the 
number of squares visited. 

Flight performance: Vortex test
Butterfl ies were tested for fl ight performance using a well-es-

tablished assay, which was designed to observe a forced activity 
under stressful conditions comparable to short stressful situations 
in the wild (cf. Ducatez et al., 2012, 2013). Each individual was 
placed in a plastic chamber (30 × 16 × 14 cm), which was perfo-
rated at its base and fi xed to a rapid agitator (IKA Vortex 4 digi-
tal). After a habituation period of 30 s, the vortex was switched 
on to strongly shake the chamber, preventing the butterfl y from 
holding onto the walls. Thus, during the test, butterfl ies had to 
fl y or were lying at the bottom of the shaking chamber. The time 
an individual butterfl y spent fl ying was recorded for 60 s, with 

conditions. We predict that (1) males have morphologies 
associated with increased fl ight performance and (2) a con-
comitantly increased fl ight performance, while (3) females 
are more mobile. Hypotheses (1) and (2) are based on pre-
vious fi ndings on other butterfl ies, showing that males have 
typically a better fl ight performance than females (Ber-
waerts et al., 2002; Saastamoinen et al., 2012; Ducatez et 
al., 2014). However, females may nevertheless be the more 
dispersive sex in butterfl ies (hypothesis 3), because of the 
need to spread the risk when ovipositing, while males are 
often territorial, as is the case in L. tityrus, and thus more 
sedentary than females (Ebert & Rennwald, 1991; Fischer 
et al., 1999; Hopper, 1999; Fischer & Fiedler, 2000a). We 
thus aim to disentangle the relative importance of fl ight 
capacity versus sex-specifi c behavioural differences for 
movement under controlled laboratory conditions. This 
issue, i.e. the potentially important role of variation in be-
havioural traits in addition to fl ight capacity for movement 
is ecologically important but requires further investigation 
(e.g. Cote et al., 2010a; Réale et al., 2010; Steyn et al., 
2016).

MATERIAL AND METHODS
Study organism and animal rearing

Lycaena tityrus (Poda, 1761) is a widespread temperate-zone 
butterfl y with a range from Western Europe to central Asia (Ebert 
& Rennwald, 1991). It is currently expanding its range towards 
higher latitudes and altitudes, which is assumed to be largely 
driven by anthropogenic climate change (Brunzel et al., 2008; 
Settele et al., 2008). This species is bivoltine with two discrete 
generations per year in most parts of its range, although popu-
lations with one or three generations per year occur. Larvae of 
the last brood enter diapause, overwintering as half-grown larvae 
in the third instar. The principal larval host-plant is Rumex ace-
tosa L. (Polygonaceae), but some congeneric Rumex species are 
utilized as well (Ebert & Rennwald, 1991; Tolman & Lewing-
ton, 1998; Settele et al., 2008). Adults are nectar feeders, using 
a wide array of species including several Asteraceae (Ebert & 
Rennwald, 1991). For this study, offspring (F1) of 30 fi rst-gener-
ation female butterfl ies collected in June 2016 from a population 
in north-eastern Germany, i.e. near the city of Greifswald, were 
used. Larvae were reared under conditions inducing diapause, 
and subsequently kept in a climate cabinet at a constant tempera-
ture of 2°C (8L : 16D) for hibernation. After a diapause of about 9 
months, larvae were reared under controlled environmental con-
ditions (i.e. 22°C, 70% relative humidity, 12L : 12D cycle) until 
pupation. Throughout, larvae were reared individually in small 
plastic boxes (125 mL) and had access to an ample supply of 
food. Boxes contained moistened fi lter paper and fresh cuttings of 
the host plant (R. acetosa and acetosella). Resulting pupae were 
transferred to a climate cabinet set at 15°C (60% r.h., 18L : 6D) 
in order to retard further development. One day before the start of 
the respective experiment, pupae were transferred in batches of 
40 each to 28°C to facilitate quick and synchronized adult emer-
gence. Resulting adult butterfl ies were weighed at emergence 
(emergence mass), and were afterwards used to investigate the 
effects of sex and various morphological and physiological traits 
on fl ight behaviour and performance in captivity. Thus, we exclu-
sively used laboratory-reared animals to effectively control for 
environmentally induced variation among individuals. Note that 
as a consequence phenotypes may differ to some extent from the 
ones found in nature.

Fig. 1. Diagram of the experimental chamber (48 m3) showing 
the positions of the squares on the ground and feeding sites. The 
cages containing the Lycaena tityrus individuals were placed on 
squares O and T.
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higher values refl ecting a better fl ight performance. This essay 
has been repeatedly shown to be correlated with mobility and 
dispersal (e.g. Ducatez et al., 2012; Legrand et al., 2015). Ex-
periments were performed in the same experimental chamber as 
above (see fl ight behaviour), using identical conditions. After the 
performance test, butterfl ies were frozen in liquid nitrogen for 
later analyses of potentially fl ight-related parameters. 

Morphological and physiological analyses
First, adult body mass was determined to the nearest 0.01 

mg (Sartorius CPA225D). Then, head, legs and wings were re-
moved, and thorax and abdomen separated and afterwards also 
weighed. Abdomen fat content was measured following Fischer 
et al. (2003), but using the less poisonous acetone instead of di-
chloromethane. Therefore, abdomens were fi rst dried to constant 
weight for two days at 70°C. Abdomen dry mass was measured. 
Afterwards, fat was extracted twice for 48 h each, using 1 ml 
of acetone (C3H6O) per butterfl y. Solutions were exchanged be-
tween both fat extractions. Then, abdomens were dried again for 
two days at 70°C, after which the fat-free dry mass was measured. 
Absolute (mg) and relative (%) fat contents were determined as 
the mass difference between abdomen dry mass and the remain-
ing dry mass after the two fat extractions. Forewing length (from 
basis to apex) and area were measured using digital images of the 
undersides of left forewings (photographed using a digital cam-
era mounted on a stereo microscope) and NIS elements software 
3.22.15 (Nikon, Tokio, Japan). Wing loading was calculated as 
total body mass divided by forewing area and wing aspect ratio 
as 4 × forewing length2 divided by the forewing area (Berwaerts 

et al., 2002). Thorax-abdomen ratio was calculated by dividing 
thorax through abdomen mass. 

Statistical analyses
Sexual differences in morphological, physiological, and fl ight 

parameters were analysed using the Mann-Whitney U-test. To 
test for the effects of continuous variables (morphology, physio-
logy) on fl ight parameters, we fi rst performed principal com-
ponent analyses (PCAs), owing to the strong inter-correlations 
among traits (Table A1). PCAs were calculated separately for 
males and females, as sexes differed strongly in a variety of traits 
(see below). We used the fi rst four principal components (PCs) 
for further analyses, having Eigenvalues between 1.1 and 5.2 for 
males (Table 1a) and 1.0 and 4.7 for females (Table 1b). Thus, 
all PCs explaining ≥ 8.8% of the variance were included. Data 
on fl ight behaviour (number of squares, total distance and step 
length) were analysed using general linear models, using test day, 
the respective PCs and fl ight performance as covariates, followed 
by a stepwise backwards elimination of non-signifi cant factors. 
Data on fl ight performance were analysed in a similar way. Dif-
ferences in the spatial distribution of males and females within 
the climatic chamber (based on the number of observations per 
square) were determined using Chi2-tests. Please note that we did 
not consider family effects to account for the non-independency 
of the offspring produced by a specifi c mother throughout, as we 
did not record to which family individuals belonged. However, 
please also note the high number of founding females (30) rela-
tive to the number of individuals tested (180). Therefore, any po-
tentially confounding effects due to this neglected source of vari-
ation should be small. All statistical tests were performed using 
Statistica 12.0 (Tulsa, StatSoft, OK). All means are given ± 1 SE. 

RESULTS

Signifi cant sex differences were found for all morpho-
logical and physiological traits except forewing length 
(Table 2), indicating that females had on average a higher 
abdomen and adult body mass, wing loading, and a higher 
absolute but lower relative fat content, lower thorax mass, 
thorax-abdomen ratio, and wing aspect ratio, and larger 

Table 1. Results of principal component analyses for males (a) and 
females (b), including Eigen values, percentages of the variance 
explained, cumulative percentages of the variance explained, and 
r-values of correlations with continuous variables for principal com-
ponents 1–4, respectively. r-values > 0.6 in bold.

No. Parameter PC1 PC2 PC3 PC4
a – males

1 Eigen value 5.2 1.8 1.6 1.1
2 Variance explained (%) 47.7 16.6 14.5 10.2
3 Cumulative variance (%) 47.7 64.3 78.8 89.0
4 Adult mass at emergence –0.778 –0.253 –0.128 0.006
5 Adult body mass –0.961 –0.190 0.007 0.024
6 Abdomen mass –0.900 –0.368 0.158 –0.057
7 Thorax mass –0.776 0.099 –0.387 0.308
8 Thorax-abdomen ratio 0.396 0.393 –0.606 0.437
9 Fat (mg) –0.583 0.608 0.473 0.210

10 Fat (%) –0.337 0.694 0.567 0.258
11 Wing length –0.714 0.250 –0.496 –0.012
12 Wing area –0.728 0.392 –0.423 –0.323
13 Wing loading –0.777 –0.452 0.248 0.207
14 Aspect ratio 0.224 –0.397 –0.061 0.758

b – females
1 Eigen value 4.7 2.1 1.7 1.0
2 Variance explained (%) 43.0 19.1 15.7 8.8
3 Cumulative variance (%) 43.0 62.1 77.8 86.6
4 Adult mass at emergence –0.631 0.119 –0.064 0.494
5 Adult body mass –0.958 0.183 –0.030 –0.074
6 Abdomen mass –0.821 0.464 0.217 –0.007
7 Thorax mass –0.789 –0.135 –0.294 –0.162
8 Thorax-abdomen ratio 0.542 –0.398 –0.535 0.013
9 Fat (mg) –0.512 –0.658 0.446 –0.251

10 Fat (%) –0.241 –0.791 0.431 –0.260
11 Wing length –0.573 –0.278 –0.692 –0.084
12 Wing area –0.658 –0.462 –0.474 0.243
13 Wing loading –0.840 0.391 0.145 –0.183
14 Aspect ratio 0.197 0.397 –0.440 –0.677

Table 2. Mann-Whitney U-test results for sexual differences in mor-
phological, physiological and fl ight parameters in Lycaena tityrus. 
Given are means ± 1 SE. Group sample sizes range between 63 
and 115 individuals. 

Parameters Z Females Males P
Morphology
Adult mass [mg]
at emergence –6.7 61.9 ± 1.30 51.8 ± 0.99 < 0.0001

Adult body mass [mg] –8.4 52.0 ± 1.03 39.5 ± 0.78 < 0.0001
Abdomen mass [mg] –10.5 24.4 ± 0.65 10.8 ± 0.49 < 0.0001
Thorax mass [mg] 3.0 19.1 ± 0.42 20.6 ± 0.32 0.0026
Thorax-abdomen ratio 10.6 0.8 ± 0.05 2.1 ± 0.03 < 0.0001
Wing length [mm] –1.5 15.7 ± 0.07 15.6 ± 0.05 0.1376
Wing area [mm²] –7.4 102.1 ± 0.87 92.2 ± 0.66 < 0.0001
Wing loading –7.4 50.9 ± 0.92 42.7 ± 0.70 < 0.0001
Aspect ratio 10.3 9.7 ± 0.04 10.6 ± 0.03 < 0.0001
Physiology   
Fat [mg] –5.7 1.2 ± 0.06 0.69 ± 0.04 < 0.0001
Fat [%] 6.0 12.4 ± 0.83 18.8 ± 0.63 < 0.0001
Flight
Squares [n] –2.3 7.0 ± 0.37 0.0220
Distance [m] –1.4 16.5 ± 1.05 0.1745
Step length [m] 1.2 2.3 ± 0.10 0.7027
Flight performance [s] 0.2516
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wings than males (Fig. 2). A signifi cant sex difference was 
also found in the number of squares visited, with females 
approaching more positions than males (Fig. 2C), but not 
for total distance moved and step length (Table 2). 

General linear models for the total distance moved re-
vealed a signifi cant effect of PC1 in males and a tendency 
in terms of fl ight performance in females (Table 3a; see Fig. 
A1 for plots of signifi cant covariates). The distance moved 
was positively correlated with PC1 in males (beta 0.28 ± 
0.09), which was in turn (negatively) correlated with meas-
ures of body size. Thus, smaller males fl ew longer distanc-
es. The distance moved tended to be negatively correlated 
with fl ight performance in females (beta –0.26 ± 0.13). 
Thus, females covering longer distances in the climate cab-
inet tended to have (subsequently) a worse performance in 
the vortex test. The number of squares was signifi cantly 
affected by PC1 and PC3 in males and PC1 and fl ight per-
formance in females (Table 3b). The number of positions 
was positively correlated with PC1 in males and females 
(beta 0.31 ± 0.09 and 0.32 ± 0.13, respectively) and with 
PC3 in males (beta 0.21 ± 0.09), but negatively with fl ight 
performance in females (beta –0.29 ± 0.13). Thus, smaller 
individuals and males with shorter wings approached more 
positions, and females that approached more positions 
had (subsequently) a poorer fl ight performance. For step 
length, the models revealed a signifi cant effect of fl ight 
performance in males and test day in females (Table 3c). 
Step length was positively related to fl ight performance in 
males (beta 0.19 ± 0.10). Hence, males with longer steps 
had a better fl ight performance, while females only showed 
signifi cant variation across test days. 

Flight performance in females was signifi cantly affected 
by PC1, while in males no factor was selected (Table 3d). 

Flight performance and PC1 were positively related in fe-
males (beta 0.27 ± 0.12), which was in turn (negatively) 
correlated with measures of body size. Thus, smaller fe-
males had a better fl ight performance. Additionally, PC4 
tended to positively affect fl ight performance in females 
(beta 0.22 ± 0.12). PC4 in turn was most strongly (posi-
tively) correlated with aspect ratio, hence a higher aspect 
ratio increased fl ight performance in females. 

The distribution of butterfl ies within the experimental 
chamber was not even (Chi2 = 386.4, p < 0.0001, Table 
A3). The most frequented fi eld was P, which was not a 
feeding site (cf. Fig. 1). In general, the peripheral fi elds 
were preferred over the central fi elds, while feeding sites 
were not generally preferred. Separate analyses for females 
and males revealed similar results (females: Chi2 = 252.2, 
p < 0.0001; males: Chi2 = 159.3, p < 0.0001; Table A3). 
Overall, the distribution of both sexes was strongly posi-
tively correlated (r = 0.92, p < 0.0001, n = 20).

Fig. 2. Adult body mass (A), thorax-abdomen ratio (B), number of 
squares (positions) visited within a climate cell (C), and fl ight per-
formance (D, non-signifi cant) of Lycaena tityrus in relation to sex.

Table 3. General linear model results for males and females for the 
effects of test day, PCs 1–4, and fl ight performance (vortex test) on 
(a) the total distance moved within a climate cell, (b) the number of 
squares (positions) visited, (c) the length of steps, and for the ef-
fects of PCs 1–4 on the fl ight performance (d, vortex test) of Lycae-
na tityrus. Models were constructed for each sex separately using 
a stepwise backwards elimination of non-signifi cant factors. Only 
the selected factors are shown in the tables. In Table 3d no factor 
was selected for males. Signifi cant p-values are given in bold. 

(a)
Distance – Males MS d.f. F P
PC1 553.4 1 10.0 0.0021
PC3 106.1 1 1.9 0.1697
PC4 130.8 1 2.4 0.1277
Error 55.5 110
Distance – Females MS d.f. F P
Vortex test 300.8 1 3.7 0.0591
PC1 172.2 1 2.1 0.1504
Error 81.0 55
(b)
Squares – Males MS d.f. F P
PC1 81.1 1 11.9 0.0008
PC3 37.3 1 5.5 0.0209
PC4 12.3 1 1.8 0.1818
Error 6.8 109
Squares – Females MS d.f. F P
Vortex test 50.1 1 5.5 0.0229
PC1 60.5 1 6.6 0.0129
Error 9.2 59
(c)
Step length – Males MS d.f. F P
Vortex test 2.9 1 4.0 0.0494
Error 0.7 106
Step length – Females MS d.f. F P
Test day 1.3 4 4.2 0.0049
Error 0.3 59
(d)
Vortex test – Females MS d.f. F P
PC1 1632.5 1 4.7 0.0338
PC4 1145.1 1 3.3 0.0739
Error 345.8 59
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DISCUSSION

Sexual differences in morphological traits
Our study revealed that females were heavier than males, 

which is typically explained by fecundity selection for 
large body size in females, as both traits are often positive-
ly related (Honek, 1993; Blanckenhorn, 2000). According-
ly, the difference in mass between the sexes was caused by 
variation in abdomen mass (and concomitantly absolute fat 
content), enabling high fecundity and large energy reserves 
to fuel egg production in females (Eaton, 1988; Tammaru 
et al., 1996; Berwaerts et al., 2002). This in turn results in 
a higher wing loading in females, which increases the cost 
of fl ying (Wickman, 2009; Saastamoinen et al., 2012). In 
contrast, male insects usually develop faster and emerge as 
adults earlier (protandry) to maximize mating opportuni-
ties, which may be traded off against body size (Wiklund 
& Fagerström, 1977; Fischer & Fiedler, 2000b; Karl & Fis-
cher, 2008a). 

Also, sexes typically differ with regard to selection pres-
sures on fl ight performance in insects, which may result 
in sex-specifi c morphologies (Gilchrist, 1990; Van Dyck 
& Wiklund, 2002; Merckx & Van Dyck, 2005; Berwaerts 
et al., 2006). Male insects often spend much more time in 
fl ight locating mates or fi ghting rivals (Wickman, 1992; 
Saastamoinen et al., 2012). Females, in contrast, fl y more 
slowly and cover relatively short distances per bout, such 
as from one nectar or host plant to another (Shreeve, 1986; 
Berwaerts et al., 2006; Reim et al., 2018a). This latter type 
of fl ight may benefi t from low aspect ratios and therefore 
wider wings (Betts & Wootton, 1988; Berwaerts et al., 
2002; Karl et al., 2008b; Hassall, 2015). Accordingly, we 
found clear morphological differences between the sexes 
as predicted, with females having wider wings, as indi-
cated by a lower wing aspect ratio, compared with males, 
resulting in larger wing areas. Males, in contrast, had rela-
tively long and elongated wings, which has been shown to 
increase acceleration (Berwaerts et al., 2002; Berwaerts & 
Van Dyck, 2004). Additionally, thorax mass and thorax-
abdomen ratio were higher in males, which may increase 
their fl ight performance (Berwaerts et al., 2002; Berwaerts 
& Van Dyck, 2004; Karl et al., 2008b). Finally, relative fat 
content was higher in males, perhaps to fuel the high fl ight 
activity (Zera et al., 1998; Karl et al., 2008b). In summary, 
males showed morphologies indicative of increased fl ight 
performance in agreement with hypothesis 1, which may 
be benefi cial in male-male competition and mate location 
(Davies, 1978; Fischer & Fiedler, 2000b; Saastamoinen 
et al., 2012). These conclusions rest on laboratory-reared 
animals, but very likely also apply in nature (Van Dyck & 
Wiklund, 2002; Günter et al., 2019). 

Sexual differences in fl ight behaviour and capacity
We only found a sexual difference in the number of 

squares visited, with females approaching more positions 
than males, but not in the total distance moved or step 
length. While we had no clear predictions regarding step 
length, we expected females to fl y greater total distances. 
It is likely, however, that the restricted space in the climate 

cell was not suitable for revealing such a difference. Any-
way, the difference in the number of squares visited fi ts 
hypothesis 3 and the results of studies on L. tityrus under 
semi-natural conditions (Reim et al., 2018b). While males 
typically show a high fl ight activity, they are more bound 
to specifi c places than females due to their territorial be-
haviour (Fischer & Fiedler, 2001; Reim et al., 2018b, c). 
Females, in contrast, often fl y less, but do not tend to re-
turn to specifi c places. Rather, they move through the land-
scape in search of nectar necessary for egg production and 
oviposition sites (Arrese & Soulages, 2010; Karl et al., 
2011; Reim et al., 2018a). Additionally, females may try 
to escape male harassment (Hovestadt & Nieminen, 2009; 
Trochet et al., 2013). Surprisingly, fl ight performance did 
not differ signifi cantly among the sexes, which is contrary 
to what is reported for this species (thus challenging hy-
pothesis 2; Reim et al., 2018c, 2019a). One reason might 
be that butterfl ies were tested only after the fl ight experi-
ment in the climate cabinet, which may have introduced 
variation among individuals. We exclusively used freshly 
emerged and unmated butterfl ies in our study. Thus, the re-
sults obtained may differ if using mated butterfl ies or other 
age classes. However, dispersal and emigration propensity 
in butterfl ies and probably other insects seems not to be 
strongly related to age (Baguette et al., 2014; Reim et al., 
2018b). Furthermore, L. tityrus is very territorial (Reim et 
al., 2018b, 2018c), which is unlikely to change with age 
(Fischer et al., 1999; Fischer & Fiedler, 2001). 

Regarding the infl uence of morphological traits, we 
found that movement was linked to body size and wing 
length, and fl ight performance to body size and wing as-
pect ratio in females. Smaller and thus lighter individuals 
tended to be the most mobile, probably due a reduced need 
for energy for fl ight (Berwaerts & Van Dyck, 2004; Reim 
et al., 2018b). It is likely that the same reasoning applies to 
the fact that smaller females showed a better fl ight perfor-
mance. Furthermore, the females’ fl ight performance was 
reduced when covering longer distances and approaching 
more positions in the experimental chamber, potentially as 
a result of exhaustion and resource depletion. Males mak-
ing longer steps had a better performance in the vortex test, 
indicating that both proxies of fl ight performance are posi-
tively correlated. As in any laboratory study, the question 
is to what extent these fi ndings apply to natural situations. 
Potential caveats are that laboratory rearing may induce 
slightly different phenotypes, and that the space used to 
explore fl ight behaviour was very restricted. Nevertheless, 
this study revealed mainly clear and interpretable results. 

CONCLUSIONS

This study revealed sexual differences in morphology 
and partly in fl ight behaviour, with females approaching 
more positions than males. Thus, females tended to be 
more mobile, although males showed morphologies typi-
cally associated with increased fl ight performance (Gil-
christ, 1990; Berwaerts et al., 2006; Saastamoinen et al., 
2012; Ducatez et al., 2014). We believe that this discrep-
ancy results from the territorial behaviour of male L. tityrus 
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(Fischer & Fiedler, 2001; Reim et al., 2018b, c). Therefore, 
males show a high fl ight activity (Reim et al., 2018a), but 
tend to come back to the same spot, while females search 
for nectar and oviposition sites. Accordingly, female L. 
tityrus have been shown to have a higher dispersal propen-
sity than males (Reim et al., 2018b). These results indicate 
that an extrapolation from fl ight capacity to actual patterns 
of movement is very diffi cult, as the latter are subject to 
a variety of infl uences including environmental conditions 
and motivation.
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Table A1. Correlations among morphological parameters in L. tityrus. Given are correlation coeffi cients (r) with signifi cant correlations in 
bold.

 Adult body 
mass at 

emergence

Adult 
body 
mass

Abdomen 
mass

Thorax 
mass

Thorax-
abdomen 

ratio 
Fat (%) Fat (mg) Wing 

length
Wing
area

Wing 
loading

Aspect 
ratio

Adult body mass
at emergence 1.000 0.686 0.671 0.272 –0.510 0.352 –0.166 0.440 0.585 0.589 –0.404

Adult body mass 0.686 1.000 0.907 0.513 –0.693 0.554 –0.183 0.490 0.708 0.935 –0.538
Abdomen mass 0.671 0.907 1.000 0.147 –0.883 0.526 –0.349 0.304 0.630 0.846 –0.647
Thorax mass 0.272 0.513 0.147 1.000 0.163 0.216 0.234 0.538 0.370 0.493 0.082
Thorax-abdomen ratio –0.510 –0.693 –0.883 0.163 1.000 –0.505 0.351 –0.109 –0.506 –0.643 0.698
Fat (%) 0.353 0.554 0.526 0.216 –0.505 1.000 0.471 0.304 0.549 0.434 –0.517
Fat (mg) –0.166 –0.183 –0.349 0.234 0.351 0.471 1.000 0.033 –0.091 –0.188 0.179
Wing length 0.440 0.490 0.304 0.538 –0.109 0.304 0.033 1.000 0.799 0.242 –0.027
Wing area 0.585 0.708 0.630 0.370 –0.506 0.549 –0.091 0.799 1.000 0.418 –0.621
Wing loading 0.589 0.935 0.846 0.493 –0.643 0.434 –0.188 0.242 0.418 1.000 –0.382
Aspect ratio –0.404 –0.538 –0.647 0.082 0.698 –0.517 0.179 –0.027 –0.621 –0.382 1.000

Table A2. Results of Chi2 tests testing for signifi cant differences in the distribution of all butterfl ies, males and females within the experi-
mental chamber (observed versus expected; expected = equal frequencies). Fields C, H, J, K, and R (in bold) provided food and plants 
for oviposition.

Field

All individuals Males Females

Observed 
frequency 

Excepted 
frequency

Frequency 
(observed 

– expected)
χ² Observed 

frequency
Excepted 
frequency

Frequency 
(observed

– expected)
χ² Observed 

frequency
Excepted 
frequency

Frequency 
(observed

– expected)
 χ²

A 49 43 6 0.84 32 26 6 1.38 17 16 1 0.06
B 33 43 –10 2.33 24 26 –2 0.15 9 16 –7 3.06
C 39 43 –4 0.37 25 26 –1 0.04 14 16 –2 0.25
D 43 43 0 0.00 30 26 4 0.62 13 16 –3 0.56
E 50 43 7 1.14 30 26 4 0.62 20 16 4 1.00
F 54 43 11 2.81 32 26 6 1.38 22 16 6 2.25
G 8 43 –35 28.49 4 26 –22 18.62 4 16 –12 9.00
H 14 43 –29 19.56 5 26 –21 16.96 9 16 –7 3.06
I 11 43 –32 23.81 9 26 –17 11.12 2 16 –14 12.25
J 23 43 –20 9.30 15 26 –11 4.65 8 16 –8 4.00
K 67 43 24 13.40 38 26 12 5.54 29 16 13 10.56
L 14 43 –29 19.56 10 26 –16 9.85 4 16 –12 9.00
M 9 43 –34 26.88 7 26 –19 13.88 2 16 –14 12.25
N 10 43 –33 25.33 5 26 –21 16.96 5 16 –11 7.56
O 39 43 –4 0.37 17 26 –9 3.12 22 16 6 2.25
P 118 43 75 130.81 72 26 46 81.38 46 16 30 56.25
Q 75 43 32 23.81 46 26 20 15.38 29 16 13 10.56
R 68 43 25 14.53 41 26 15 8.65 27 16 11 7.56
S 45 43 2 0.09 27 26 1 0.04 18 16 2 0.25
T 86 43 43 43.00 59 26 33 41.88 27 16 11 7.56
Ʃ 855 860 –5 386.44 528 520 8 252.23 327 320 7 159.31

Fig. A1. Relationships between the variables (a) distance and PC1 (males), (b) squares visited and PC1 (males), (c) squares visited and 
PC3 (males), (d) Vortex test and squares visited (females), (e) squares visited and PC1 (females), (f) Vortex test and step length (males), 
and (g) Vortex test and PC1 (females).
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