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OIKOS 95: 416-424. Copenhagen 2001 

Dispersal behaviour of individuals in metapopulations of two 
British butterflies 

L. Conradt, T. J. Roper and C. D. Thomas 

Conradt, L., Roper, T. J. and Thomas C. D. 2001. Dispersal behaviour of individuals 
in metapopulations of two British butterflies. - Oikos 95: 416-424. 

Dispersal patterns are important in metapopulation ecology because they affect the 
dynamics and survival of populations. However, because little empirical information 
exists on dispersal behaviour of individuals, theoretical models usually assume 
random dispersal. Recent empirical evidence, by contrast, suggests that the butterfly 
Maniola jurtina uses a non-random, systematic dispersal strategy, can detect and 
orient towards habitat from distances of 100-150 m, and prefers a familiar habitat 
patch over a non-familiar one ('homing behaviour'). The present study (1) investi- 
gated whether these results generalise to another butterfly species, Pyronia tithonus; 
and (2) examined the cause of the observed 'homing behaviour' in M. jurtina. P. 
tithonus used a similar non-random, systematic dispersal strategy to M. jurtina, had 
a similar perceptual range for habitat detection and preferred a familiar habitat patch 
over a non-familiar one. The 'homing behaviour' of M. jurtina was found to be 
context-dependent: individual M. jurtina translocated within habitat did not return 
towards their capture point, whereas individuals translocated similar distances out of 
habitat did return to their 'home' patch. We conclude that butterfly 'homing 
behaviour' is not based on an inherent preference for a familiar location, but that 
familiarity with an area facilitates the recognition of suitable habitat, towards which 
individuals orient if they find themselves in unsuitable habitat. Contrary to conven- 
tional wisdom, we suggest that frequent, short 'excursions' over habitat patch 
boundaries are evolutionarily advantageous to individuals, because increased famil- 
iarity with the surrounding environment is likely to increase the ability of a straying 
animal to return to its natural habitat, and to reduce the rate of mortality experi- 
enced by individuals attempting to disperse between habitat patches. We discuss the 
implications of the non-random dispersal for existing metapopulation models, includ- 
ing models of the evolution of dispersal rates. 

L. Conradt and C. D. Thomas, School of Biology, Univ. of Leeds, Leeds, UK LS2 9JT 
(bgylc(leeds.ac.uk). - T. J. Roper, School of Biological Sciences, Univ. of Sussex, 
Falmer, Brighton, UK BNI 9QG. 

Dispersal patterns have important effects on the dy- 
namics and survival of animal populations, especially 
when habitat fragmentation has caused small 'local 
populations' to become spatially isolated (e.g. Demp- 
ster 1991, Harrison et al. 1993, Ims and Yoccoz 1997). 
In such circumstances, regular recolonisation of extinct 
local populations through dispersal from other local 
populations plays an important role in the survival of 
the metapopulation (i.e. the network of local popula- 
tions) as a whole (e.g. Levins 1969; see also Hanski 

1998 for a review). However, although the pattern of 
dispersal is a crucial part of all metapopulation models, 
detailed information about how animals disperse is 
scarce because of the difficulty of keeping track of 
dispersing individuals in the field (see Zollner and Lima 
1999a). Because of this lack of empirical information, 
most metapopulation models simply assume random 
dispersal and generate colonisation patterns for 
patches, depending on patch size and isolation, accord- 
ing to this assumption (see Hanski 1998 for a review). 
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Recently, Conradt et al. (2000) described a non-ran- 
dom, systematic search strategy in dispersers of a spe- 
cies which has a metapopulation structure, namely, the 
meadow brown butterfly Maniola jurtina. Rather than 
flying in a random pattern (i.e. a random walk or 
random diffusion, see Turchin et al. 1991), dispersers 
flew in large ellipses in a succession of petal-like loops 
around their starting point. Conradt et al. (2000) fur- 
ther observed that the perceptual range from which 
dispersers can detect suitable habitat was about twice 
(100-150 m) the average dispersal distance in M. ju- 
rtina (40-70 m: Brakefield 1982), and that dispersers 
could distinguish between familiar and non-familiar 
habitat patches: they were more likely to orient towards 
a familiar habitat patch when given the choice ('homing 
behaviour'). These results all undermine the assumption 
of random dispersal and could have far-reaching impli- 
cations for colonisation patterns, and for models of 
metapopulation dynamics and the evolution of disper- 
sal, in particular in landscapes with a clumped distribu- 
tion of habitat patches (Conradt et al. 2000). 

The results of Conradt et al. (2000) raise two impor- 
tant empirical questions for metapopulation ecology. 
Firstly, are they unique to M. jurtina or do they also 
hold for other species with a metapopulation structure? 
Secondly, the finding that M. jurtina return preferen- 
tially to familiar habitat (Conradt et al. 2000) leaves 
open a question as to the mechanism involved. One 
possibility is that the higher return rate to familiar than 
to non-familiar habitat was due to a genuine preference 
for the individual's familiar home range. Alternatively, 
dispersers might have returned to a familiar patch more 
frequently because it was easier for them to recognise it 
as suitable habitat from a distance ('perceptual facilita- 
tion'). The answer to this second question is important 
to metapopulation ecology because of its implications 
concerning the behaviour of individuals at patch 
boundaries. If individuals prefer a familiar home range, 
the spontaneous rate of habitat patch boundary cross- 
ings should be low (Coulon and Bell 1991). On the 
other hand, if perceptual facilitation leads to detection 
of suitable habitat beyond the individual's home range, 
we would expect frequent crossing of habitat 
boundaries since short, exploratory 'excursions' would 
give increased familiarity with the surrounding environ- 
ment and could thereby increase the rate of success in 
subsequent dispersal attempts. 

Our aim was to investigate these two questions. 
Firstly, we repeated the dispersal experiments of Con- 
radt et al. (2000) on a second species, the gatekeeper 
butterfly Pyronia tithonus. Dispersal was simulated by 
releasing individual adults in unsuitable habitat at vari- 
ous distances from suitable habitat (see Harrison 1989, 
Zollner and Lima 1997, 1999b, Conradt et al. 2000) and 
following them individually. The objectives were (1) to 
examine whether individuals returned to suitable habi- 
tat by flying randomly from the release point or non- 

randomly by means of navigation or systematic search 
behaviour; and (2) to investigate whether butterflies 
flew preferentially to the closest, the most obvious, or 
their 'home' habitat patch. Secondly, to examine the 
causes of the observed 'homing behaviour' in M. jurtina 
(Conradt et al. 2000), we transported individuals within 
suitable habitat and monitored their subsequent move- 
ments. We predicted that, if individuals preferred a 
familiar range, transported individuals should show 
higher movement rates than non-transported individu- 
als and should aim to return to their original site. If, on 
the other hand, homing behaviour results from percep- 
tual facilitation, we would predict no preference for the 
animal's original home range. 

Materials and methods 

Study area 
The study was conducted from July to August 2000 in 
the Cambridgeshire fens, UK. The study area consisted 
of a 220-m-wide short-cropped pasture field bordered 
on opposite sides by strips of unmown, calcareous 
grassland in which P. tithonus and M. jurtina bred 
prolifically (Fig. 1). One strip of grassland consisted of 
part of the 'Devil's Dyke', an elongated man-made 
earthwork about 8.5 km long, 20 m wide and 5 m high; 
the other consisted of a roadside verge about 5 m wide 
and 2 m high. We refer to these strips of unmown 
grassland as 'dyke habitat' and 'road habitat', respec- 
tively. The short-cropped pasture field contained no 
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Fig. 1. Schematic drawing of the study site (not to scale); a: 
final angular divergence; A: starting angular divergence at 10 m 
from the release site. (Note that the shown flight path was 
arbitrarily chosen to best demonstrate the definition of a and 
f3, and it does not represent an observed flight path). 
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oviposition plants and very few nectarine plants, so it 
constituted unsuitable habitat for both butterfly species. 
Apart from the 'dyke habitat' and 'road habitat', there 
was no other suitable habitat for either species within 
400 m of the study site. 

Procedure 

Experiment I 
Experiment 1 aimed to see whether individual P. 
tithonus, released in unsuitable habitat, would find their 
way to suitable habitat. Butterflies were caught alter- 
nately on the dyke (N = 72 'dyke butterflies') and in the 
road habitat (N = 73 'road butterflies'), sexed, marked 
and immediately transported to a release site located in 
unsuitable habitat (the pasture field). Release sites were 
at distances of 70 m/150 m, 135 m/85 m, 170 m/50 m 
and 200 m/20 m from the dyke/road habitat, respec- 
tively. At the release site, butterflies were transferred to 
a release box (12 x 12 x 12 cm) covered in fine nylon 
mesh, were given 3 min to settle, and were then released 
by opening the box by means of a string pulled by an 
observer standing 5 m away (see Conradt et al. 2000). 
The observer followed each butterfly (from a distance 
of > 30 m) until it either (1) returned to suitable 
habitat (dyke or road habitat); (2) had reached a dis- 
tance of > 150 m from the release point without find- 
ing suitable habitat (however, butterflies that were 
released > 150 m from habitat were counted as having 
'arrived' in habitat, if they flew straight into habitat 
after crossing this 150 m threshold); or (3) was lost 
from view prematurely. The 150 m termination 
threshold was chosen to reduce the problem that non- 
navigating butterflies may eventually fly into habitat by 
chance (see Goodwin et al. 1999). 

Multiple linear regression was used to investigate the 
influence of release distance and environmental factors 
on various aspects of the butterflies' flight pattern 
subsequent to release. To examine the habitat finding 
abilities of butterflies, we investigated the behaviour of 
butterflies towards their familiar 'home' habitat patch 
(i.e. for Dyke butterflies: the dyke; and for Road but- 
terflies: the road habitat), and towards the unfamiliar 
habitat patch (i.e. for Dyke butterflies: the road habitat; 
and for Road butterflies: the dyke). To examine poten- 
tial homing behaviour, we compared the behaviour 
between Dyke and Road butterflies towards (1) the 
dyke; and (2) the road habitat. If butterflies distin- 
guished between their home habitat patch and a non-fa- 
miliar habitat patch, we would expect a significant 
difference in behaviour between Dyke and Road but- 
terflies (1) towards the dyke, and (2) towards the road 
habitat; while Dyke butterflies are expected to behave 
towards the dyke in a similar manner as Road butterfl- 
ies towards the road habitat, i.e. we do not expect a 
difference in behaviour between Dyke and Road but- 

terflies towards their own respective familiar (and non- 
familiar) habitat patches. 

We recorded starting angle and flight time at 10 m 
from the release point; total flight time; flight height 
(scale 1-6); flight speed (scale 1-3); final position; 
angle of final position relative to release point (includ- 
ing butterflies which either returned to habitat or ex- 
ceeded a distance of 150 m from the release point); 
arrival habitat; approximate flight path; and approxi- 
mate flight length. We also measured the following 
environmental factors: wind speed and direction; sun 
direction; temperature; humidity; and cloud cover and 
the proportion of time for which the sun was behind 
clouds during a flight, which we combined to classify 
flights as occurring during 'sunny' conditions or 
'cloudy' conditions. We defined 'angular divergence' 
from a habitat patch as the difference in angular direc- 
tion between the position of a butterfly and the nearest 
point of the habitat patch, as seen from the release 
point (see Fig. 1). Thus, angular divergence was maxi- 
mally 1800. Since we did not observe significant differ- 
ences between sexes or wing-wear classes, data were 
combined from all butterflies. To determine whether 
butterflies flew in a non-random, orientated manner 
when looking for suitable habitat, we tested whether 
the starting angular divergence and the final angular 
divergence were lower, and the arrival rate at habitat 
higher, than expected by a random flight (i.e. a random 
walk). The expected values for a random flight were 
determined in the following manner: Firstly, for a linear 
random flight the expected values can be calculated 
analytically. They are 90? for the starting and final 
angular divergence and cos(release distance/150 m)/ 
1800 for the arrival rate. Secondly, a non-correlated 
random walk with a small step length (5 m) was used in 
computer simulations to predict final angular diver- 
gence and arrival rate for an uncorrelated random flight 
from release distances of 20 m, 25 m, 50 m, 70 m, 75 m, 
85 m, 135 m, 150 m, 170 m and 200 m (n= 1000 
simulations for each distance). Note that the expected 
value for the starting angular divergence is 90? for all 
types of random flights. Thirdly, because the problem 
of chance wandering into habitat decreases with in- 
creasing degree of correlation (Goodwin et al. 1999, 
Conradt et al. 2000), the expected value for all random 
flights with a correlation lower than 1 (i.e. a linear 
random flight) and higher than 0 (i.e. an uncorrelated 
random flight) lies between the values for these two 
extreme types of random flight. Note also that an 
uncorrelated random flight with a small step length to 
determine expected random values is very conservative, 
since random flights with a very low degree of correla- 
tion are unlikely to occur in theory (Zollner and Lima 
1999b), and are contrary to most empirical observa- 
tions (Turchin et al. 1991, Conradt et al. 2000). Fur- 
ther, theoretical models of metapopulation dynamics 
tend to assume random flights with a high degree of 
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correlation (compare to Hanski 1998). Because but- 
terfly orientation behaviour depended on the distance 
to suitable habitat, we used the regressions of starting 
angular divergence, final angular divergence and the 
arrival rate at habitat, respectively, on distance to suit- 
able habitats in order to estimate the maximum dis- 
tances up to which orientation towards suitable habitat 
was significantly better than expected by a random 
flight. 

Experiment 2 
Experiment 2 aimed to investigate whether individuals 
of M. jurtina preferred a familiar range within their 
habitat patch. Two points ('East' and 'West') were 
chosen 100 m apart along the dyke. Butterflies were 
captured at both locations and were released either at 
the point of their own capture, or translocated and 
released at the other capture point. Thus, butterflies 
received one out of four treatments. In the first treat- 
ment, butterflies were captured within + 20 m of the 
point 'East', marked and released at the point 'East' 
(treatment 'East-East', n = 63). In the second treatment, 
butterflies were also captured within + 20 m of the 
point 'East', marked and then transported in the net 
and released at the point 'West' (treatment 'East-West', 
n = 55). In the third treatment, butterflies were cap- 
tured within + 20 m of the point 'West', marked and 
released at the point 'West' (treatment 'West-West', 
n = 60). In the fourth treatment, butterflies were also 
captured within + 20 m of a point 'West', marked and 
then released at the point 'East' (treatment 'West-East', 
n = 50). We chose a transportation distance of 100 m 
because this is roughly double the average ranging 
distance for M. jurtina within habitat (Brakefield 1982), 
so that most transported butterflies will have found 
themselves outside their 'home range'. Also, 100 m is 
below the distance up to which M. jurtina was reported 
to 'home' and could find back to its familiar habitat 
patch when released in unsuitable habitat (Conradt et 
al. 2000). 

During the 9 d following the release of marked 
butterflies, intensive recapturing was conducted in an 
area along the dyke from 150 m westwards of point 
'West' to 150 m eastwards of point 'East', in as homo- 
geneous a manner as possible, starting the day after 
release. In view of Conradt et al.'s (2000) results, it was 
assumed that 24 h was more than sufficient time for the 
butterflies to 'home'. Seventy-four M. jurtina were re- 
captured on 93 occasions. Moved distances were inde- 
pendent of time elapsed until first recapture after 
marking, and individuals were counted as 'moved', if 
they had moved > 50 m and 'not moved' if they had 
moved <50 m at first recapture. Accordingly, they 
were counted as 'moved towards opposite release 
point', if they had moved > 50 m towards the other 
release point than the one at which they had been 
released (i.e. in case of transported butterflies this 

k-WA1 10 m 

Road 
habitat 

Fig. 2. Example of flight pattern of type 2. Note that the scale 
refers to the flight path only: the habitat patch is not drawn to 
scale. 

means towards their original capture point). The num- 
bers of females were very small so, since there were no 
obvious sex differences, data for both sexes were 
lumped for analysis. 

Results 

Experiment 1 

Flight patterns of P. tithonus 
Flight patterns in P. tithonus fell clearly into one of two 
categories. Some butterflies (n = 69) flew relatively lin- 
early with few large-scale changes of direction so as to 
move steadily further away from the release point 
('flight type 1'), while others (n = 19) flew in large 
ellipses in a flower-petal like fashion around the release 
site, returning one to several times to within 10 m of the 
release point ('flight type 2') (see Fig. 2). 

Non-random dispersal in P. tithonus 
Starting angle. Starting angle was influenced by wind 
direction (F1,28 = 15.0, p <0.0001) and we therefore 
controlled for wind direction in the analysis. The start- 
ing angular divergence of butterflies relative to their 
familiar home habitat patch increased significantly with 
release distance (F1,127 = 8.6, p <0.001; see Fig. 3a). 
Using the regression of starting angular divergence on 
distance to the familiar habitat patch, we estimated that 
up to a release distance of 115 m, butterflies could 
orient themselves towards their familiar habitat patch 
from start onwards significantly better than expected 
from a random flight (t-test: t = 1.95, df= 127, p = 
0.05). In spite of large differences in the morphology (in 
particular, height) of the dyke and road habitat strips, 
which was likely to make the dyke more obvious, there 
was no significant difference in orientation towards 
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their familiar home habitat patch between Dyke and 
Road butterflies (F1 126 = 0-9, p > 0.2, n.s.; i.e. Dyke 
butterflies behaved towards the dyke habitat in the 
same way as Road butterflies behaved towards the 
road habitat). Since butterflies oriented towards famil- 
iar habitat up to a distance of more than half the 
distance between the familiar and the non-familiar 
habitat, starting orientation towards familiar and to- 
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Fig. 3. Flight performance of P. tithonus relative to home 
habitat patch at different release distances: (a) mean starting 
angular divergence ( + s.e.): filled squares, solid line: regression 
curve, dashed line: divergence expected by random flight; (b) 
mean final angular divergence (? s.e.): filled squares, solid 
line: regression curve, finely dashed line: divergence expected 
by linear flight in random direction, coarsely dashed line: 
divergence expected by an uncorrelated random flight; (c) rate 
of successful return ( ? binomial error), open squares: Dyke 
butterflies, filled circles: Road butterflies, solid line: logistic 
regression curve, finely dashed line: expected rate of return 
from linear flight in random direction, coarsely dashed line: 
expected rate of return from uncorrelated random flight. 

wards non-familiar habitat was likely to overlap at 
release distances in the middle between the two 
patches. Therefore, in order to investigate orientation 
towards non-familiar habitat, we first excluded but- 
terflies from the analysis that oriented at start within 
+ 600 towards their home habitat patch. For the re- 
maining butterflies, the predictions for a random 
flight are that half of the butterflies start within + 
600 towards the non-familiar habitat patch, and the 
other half start either within + 60' to + 120? or 
within - 600 to - 1200 relative to the non-familiar 
habitat patch. Using these predictions for random 
flight and logistic regression, we estimated that up to 
a release distance of 85 m from the non-familiar 
habitat patch, butterflies started within + 600 (and, 
thus, oriented) towards the non-familiar patch at a 
significantly higher rate than would be expected by a 
random flight (i.e. at a rate significantly exceeding 
0.5; t = -2.05, df= 81, p <0.05). 

Final angle. Final angular divergence also increased 
significantly with release distance (F1,99 = 51.1, p < 
0.0001; see Fig. 3b). Using the regression of final an- 
gular divergence on distance to familiar habitat, we 
estimated that up to a release distance of 95 m, but- 
terflies ended in a direction towards their home habi- 
tat patch with a significantly lower divergence than 
expected by a linear random flight (t-test: t = 2.30, 
df = 99, p = 0.02) and up to a release distance of 90 
m with a significantly lower divergence than expected 
from an uncorrelated random flight (t-test: t = 1.98, 
df = 99, p = 0.05). Again, there was no significant dif- 
ference in final orientation towards their familiar 
habitat patch between Dyke and Road butterflies 
(F1,98 = 0.00, p > 0.5, n.s.). Likewise, using a regres- 
sion of final angular divergence on distance to non- 
familiar habitat, we estimated that up to a release 
distance of 65 m from the non-familiar habitat patch, 
final angular divergence towards the non-familiar 
patch was significantly smaller than expected by a 
linear random flight (t = 2.28, df= 95, p = 0.02). In 
addition, there was no significant difference in final 
angular divergence between butterflies that flew rela- 
tively linearly (flight type 1) and butterflies that flew 
in a relatively complex non-linear flight pattern (flight 
type 2: F1 84= 0.32, p > 0.5, n.s.), additionally sup- 
porting our results of better-than-random-orientation 
in comparison to non-linear random flights (see Con- 
radt et al. 2000 for detailed mathematical arguments). 

Rate of successful return to habitat. Rate of successful 
return to the familiar habitat patch decreased 
significantly with release distance (F1 II1 = 53.0, 
p <0.0001; see Fig. 3c). Using the logistic regression 
of arrival rate in familiar habitat on distance to fa- 
miliar habitat, we estimated that up to a release dis- 
tance of 150 m from the road, Road butterflies 
successfully arrived at the road habitat with a rate 
that was significantly higher than expected by a linear 
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random flight (t-test: t = 2.58, df = 110, p = 0.01). Fur- 
thermore, significantly more butterflies arrived success- 
fully in familiar habitat from release distances of up to 
150 m than expected by an uncorrelated random flight 
(X2-test: x2= 15.0, df= 1, n = 87). However, success- 
rate for Road butterflies at longer release distances 
from the road might have been overestimated: more 
Road butterflies were lost prematurely (before 'success' 
could be determined) at further release distances from 
the road than at closer release distances (t-test: t = 4.87, 
df= 71, p < 0.0001). This bias in loss did not occur in 
Dyke butterflies (t-test: t = 1.04, df= 70, p > 0.2, n.s.), 
and using only Dyke butterflies in the logistic regres- 
sion, we estimated that butterflies arrived with a signifi- 
cantly higher success rate at the familiar habitat patch 
only from release distances of up to 85 m (t-test: 
t = 2.03, df = 110, p < 0.05). Likewise, using a logistic 
regression of arrival rate in non-familiar habitat on 
distance to non-familiar habitat, we estimated that up 
to a release distance of 55 m from the non-familiar 
habitat patch, butterflies arrived with a significantly 
higher rate in the non-familiar habitat patch than ex- 
pected by a linear random flight (t = 2.08, df = 111, 
p < 0.05). However, this distance might have been an 
underestimation because of the bias in loss of Road 
butterflies (see above). After excluding Road butterflies 
from the analysis, we estimated that Dyke butterflies 
arrived with a significantly higher rate in non-familiar 
habitat than expected up to a release distance of at least 
65 m from the road (t = 2.14, df= 50, p < 0.05). Fur- 
ther, there was no significant difference in success rate 
between butterflies that flew relatively linearly (flight 
type 1) and butterflies that flew in a relatively complex 
non-linear flight pattern (flight type 2: F1,84 = 0.00, p > 
0.5, n.s.), additionally supporting our result of better- 
than-random-arrival in comparison to non-linear 
random flights (see Conradt et al. 2000 for detailed 
mathematical arguments). 

Homing behaviour in P. tithonus 
When released at the same point, Road butterflies were 
significantly more oriented initially towards road habi- 
tat than were Dyke butterflies, and Dyke butterflies 
were significantly more oriented towards the dyke than 
were Road butterflies (by an average difference of 20?: 
F1,132= 5.2, p =0.02; see Fig. 4a). There was also a 
trend at the end of observations for Road butterflies to 
be more oriented towards the road than Dyke butter- 
flies and for Dyke butterflies to be more oriented 
towards the dyke than Road butterflies (by an average 
difference of 17?: F1,98 = 3.27, p = 0.07, n.s.; see Fig. 
4b). Road butterflies also arrived with a significantly 
higher rate at road habitat than Dyke butterflies 
(F1,107 = 6.46, p <0.02; see Fig. 4c). However, Dyke 
butterflies only showed a non-significant trend to arrive 
with a higher rate at the dyke than Road butterflies 
(F1 1II = 3.32, p = 0.07, n.s.; see Fig. 4c). 
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Fig. 4. Mean flight performance of P. tithonus relative to road 
habitat (open columns) and dyke habitat (filled columns): (a) 
mean starting angular divergence ( ? s.e.); (b) mean final angu- 
lar divergence ( s.e.); and (c) arrival rate in habitat (+ bino- 
mial error). 

Experiment 2 

Homing behaviour in M. jurtina 
Since results for butterflies in the 'East-East' treatment 
did not differ from those in the 'West-West' treatment, 
and results for the 'East-West' treatment did not differ 
from those in the 'West-East' treatment, data for treat- 
ments 'East-East' and 'West-West' were lumped in the 
category of 'non-transported butterflies' (n = 123), and 
treatments 'East-West' and 'West-East' as 'transported 
butterflies' (n = 105). Transported M. jurtina were not 
more mobile than non-transported M. jurtina: they did 
not move more frequently than non-transported but- 
terflies (X2 = 0.4, df = 1, p > 0.5, n.s.; n = 34 transported 
and n = 40 non-transported butterflies; see Fig. 5a); did 
not move further (t-test: t= 0.54, df= 73, p > 0.2, n.s.; 
n = 34 transported and n =40 non-transported butter- 
flies; see Fig. Sb); and were not less likely to be recap- 
tured (X2 = 0.0, df = 1, p > 0.5, n.s.; n = 123 transported 
and n = 105 non-transported butterflies; see Fig. 5c). 
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Moreover, transported M. jurtina did not move with a 
higher frequency towards the opposite release point (i.e. 
towards their original capture point) than did non- 
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Fig. 5. Differences between M. jurtina that were or were not 
transported by 100 m within suitable habitat with respect to 
(a) proportion (? binomial error) of butterflies which had 
moved at first recapture > 50 m from their release site; (b) 
mean (?+ s.e.) distance moved between release and first recap- 
ture; (c) proportion (? binomial error) of butterflies which 
were recaptured; and (d) proportion (? binomial error) of 
butterflies which had moved at first recapture > 50 m in direc- 
tion to the opposite capture site. 

transported individuals (X2 = 0.2, df= 1, p > 0.5, n.s.; 
n = 34 transported and n = 40 non-transported butterfl- 
ies; see Fig. 5d). Thus, there was no evidence that the 
butterflies tried to return to their familiar range within 
their home habitat patch. 

Discussion 
Experiment 1 provides three reasons for supposing that 
individual P. tithonus disperse non-randomly. Firstly, 
22% of butterflies that were released in non-habitat flew 
in large loops in a flower-petal-like manner around the 
release point before heading off in a particular direc- 
tion. This behaviour, suggestive of a distinct systematic 
search strategy, was the same as that reported by 
Conradt et al. (2000) in M. jurtina. Similar behaviour 
has been described in various species of central-place 
foraging invertebrates when searching for their nest 
sites (e.g. Wehner and Srinivasan 1981, Hoffmann 
1983, Mueller and Wehner 1994, Durier and Rivault 
1999) but, as far as we know, Conradt et al. (2000) were 
the first to suggest that dispersing individuals could use 
it to detect suitable habitat patches. An obvious advan- 
tage of this particular search pattern is that it enables 
the disperser to return to the starting point, which 
could be advantageous in a fragmented landscape 
where the probability of finding another habitat patch 
may be low, so that the disperser has either to abandon 
the search for a new patch altogether or return to its 
original patch to replenish its resources before embark- 
ing on further search. In landscapes with a clumped 
distribution of habitat patches, this systematic search- 
ing strategy has the further advantage that it concen- 
trates the search in the vicinity of the starting point 
(e.g. Mueller and Wehner 1994) and, thus, within the 
'clump' of habitat patches. The searching strategy has, 
therefore, important implications for metapopulation 
models, specifically for models which deal with the 
evolution of dispersal rates in metapopulations, because 
disperser survival and successful arrival in another 
habitat will both be influenced by the dispersal strategy 
employed (e.g. Zollner and Lima 1999a, Conradt et al. 
2000). 

The second evidence of non-random dispersal is that 
P. tithonus, when released in unsuitable habitat, actively 
directed their movements towards a familiar habitat 
patch from distances of at least 85 m, and towards an 
unfamiliar patch from a distance of at least 65 m. This 
'perceptual range' is similar to, or higher than, the 
average dispersal distance in satyrid butterflies (e.g. M. 
jurtina: 40-70 m; Brakefield 1982) and comparable to 
the usual scale of fragmentation of P. tithonus habitat 
within the UK (Dover 1996, Cowley 2000). This means 
that most dispersing P. tithonus will find themselves for 
most of the time well within the perceptual range of 
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either their familiar starting habitat patch or a suitable 
new habitat patch, and it is, therefore, very unlikely 
that they are forced to disperse randomly. Moreover, 
these relatively large perceptual ranges not only offer 
the chance for dispersers to abandon an unsuccessful 
dispersal attempt and return safely to their starting 
patch, but also offer the possibility of step-wise disper- 
sal: a butterfly could use intermittent habitat patches 
(which are within its perceptual range) as stepping 
stones to disperse safely to habitat patches which are 
further away. Thus, the question of whether intermit- 
tent habitat patches act as barriers to long distance 
dispersal or enhance it (Hanski et al. 1994, Neve et al. 
1996, Bevers and Flather 1999, Gandon and Rousset 
1999) needs to be addressed with respect to the percep- 
tual abilities of dispersing individuals relative to the 
scale of fragmentation of their landscape (e.g. Haddad 
2000). 

Thirdly, experiment 1 showed that P. tithonus could 
distinguish and returned preferentially to a familiar 
habitat patch when given a choice between this and an 
unfamiliar patch, as has been reported for M. jurtina 
(Conradt et al. 2000). 

Experiment 2 showed that the 'homing behaviour' of 
M. jurtina (and, by implication, that of P. tithonus) was 
not due to an underlying preference for a familiar home 
range within the butterflies' own habitat patch: when 
we transported M. jurtina 100 m away from their 
capture point within suitable habitat, they did not show 
any signs of returning to the capture location. We 
therefore conclude that homing from non-habitat is due 
to better recognition of a familiar than a non-familiar 
habitat patch. Our results differ from those of Keller et 
al. (1966), who observed in the lycaenid butterfly 
Philotes sonorensis a preferential return to the original 
capture site when displaced between suitable habitat 
patches. However, in Keller et al.'s (1966) study the 
habitat patches differed in topography and floristic 
composition, and the authors concluded that local 
adaptation was the motive for the butterflies' return. 
M. jurtina is less specialised and more mobile than P. 
sonorensis, and, therefore, less likely to be adapted to 
small-scale local conditions. Furthermore, Keller et al's 
(1966) study suggests that the ability to distinguish 
between, and orient back towards, a familiar habitat 
patch is not limited to satyrid butterfly species. 

The apparent better recognition (but not preference) 
by M. jurtina of familiar habitat relative to a non-famil- 
iar habitat has implications for expected behaviour at 
habitat patch boundaries. In the past, it has generally 
been assumed that individuals should avoid crossing 
boundaries from suitable into non-suitable habitat (un- 
less they were about to disperse: e.g. Marsh 1995), and 
empirical work has concentrated on the ability of ani- 
mals (including P. tithonus: Thomas 1983) to recognise 
areas of habitat transition such as patch boundaries 
(Coulon and Bell 1991, Marsh 1995). By contrast, if 

familiarity with the surrounding environment gives an 
advantage in detecting habitat patches, then we predict 
that sporadic short 'excursions' over habitat patch 
boundaries should be advantageous to individuals and 
should occur frequently, because this would increase 
the rate of success in subsequent dispersal attempts as 
well as enabling an animal to return to habitat if it is 
accidentally displaced. Theoretical dispersal models 
that argue on the basis of random encounter and 
crossings of habitat patch boundaries (see Marsh 1995) 
might need to take such active, pre-dispersal boundary 
crossing behaviour into account. 

To summarise, our results and those of Conradt et al. 
(2000) undermine the assumption that individual mem- 
bers of metapopulations disperse randomly. Yet ran- 
dom dispersal of animals, including butterflies, is 
assumed by the majority of metapopulation models (see 
Hanski and Gilpin 1997, Hanski 1998 for a review). 
Conradt et al. (2000) have discussed the potential impli- 
cations of non-random dispersal for existing metapopu- 
lation models: but only simulation models can 
determine the specific consequences, for models of 
metapopulation viability and dynamics, of violation of 
the assumption of random dispersal. Non-randomness 
in dispersal is also relevant to evolutionary studies 
since, in existing models, the mortality of migrant indi- 
viduals is estimated on the assumption of random 
dispersal and predictions concerning the evolution of 
dispersal rates in fragmented landscapes depend greatly 
on the mortality rates of migrants (e.g. Travis and 
Dytham 1998). 
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