
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Endemism in Sardinia: Evolution, ecology, and conservation in the butterfly
Maniola nurag

Grill, A.

Publication date
2003

Link to publication

Citation for published version (APA):
Grill, A. (2003). Endemism in Sardinia: Evolution, ecology, and conservation in the butterfly
Maniola nurag. [Thesis, fully internal, Universiteit van Amsterdam]. IBED, Universiteit van
Amsterdam.

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/endemism-in-sardinia-evolution-ecology-and-conservation-in-the-butterfly-maniola-nurag(1fa873ba-08f1-4620-8ffc-dab74021b9c6).html


VI. . 
Thee evolutionary perspective of ecological differences: 

thee endemic Maniola nurag and the widespread 
ManiolaManiola jurtina 

withh Nicolas Schtickzelle, Daniel Cleary, Gabriel Nève, and Steph Menken 
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Abstract t 
Recentlyy refined evolutionary theories have highlighted that ecological interactions 
andd environmental gradients can play a major role in speciation processes. This 
paperr summarizes a three-year-field study, where ecological differences between 
twoo congeneric species are used to explore the environmental factors that determine 
theirr spatial distribution. We then infer the processes that might have initiated 
theirr divergence. The butterfly Maniola nurag is endemic to the Mediterranean 
islandd Sardinia, while M. jurtina is widespread all over Europe. In Sardinia, the 
twoo species are locally sympatric. The endemic Maniola nurag is restricted to areas 
abovee 500 m, as opposed to Maniola jurtina which has its largest populations at 
seaa level. Mark-rel ease-recapture experiments on both species were combined 
withh measures of environmental variables in fifteen 100x100 m plots, established 
inn areas of potential habitat for the butterflies. Constrained linear models were 
parameterisedd from mark-recapture data to estimate individual (survival and 
capturee probability) and population parameters (population size and recruitment). 
Resultss reveal the two species' similarities in demography, movement patterns, 
lif ee history and behaviour. Population sizes during the flight season follow a 
parabolicc distribution. Survival probability between sampling events decrease 
towardss the end of the flight period. Quantifiable differences include population 
size,, adult phenology and habitat parameters. There is an alritudinal gradient in 
emergencee time and flight period. Long-distance movements larger than 1.5 km 
weree observed regularly, suggesting a substantial amount of gene-flow between 
populations.. Multivariate analyses revealed four main environmental gradients 
determinedd by vegetation cover and structure. Each species is correlated with 
aa different gradient. Our results show that when sympatric, the two species 
respondd to subtle differences in micro habitat-structure, which might originally 
havee induced their divergence. 

Keywords:: butterflies - environmental gradients - mark-release-recapture 
-- demography - aestivation - speciation - Nymphalidae 

Introduction n 

Att the foot of a ladder in the 'Hell' panel of Hieronymous Bosch's "Garden of Earthly 

Delights""  painted around 1485, a bird-like creature with butterfly wings clings to 

onee of the rungs. The wings are of a female Meadow Brown butterfly, Maniola jurtina 

(Lepidoptera,, Nymphalidae) (L.). This is probably the earliest illustration of M. 

jurtina,jurtina, which was scientifically described only about three centuries later. Another 

twoo centuries later, M. jurtina was proposed as an interesting model organism for 

thee study of sympatric speciation, because of the large amount of morphological 

variationn this species exhibits in different geographic areas as well as within single 

populationss (Ford, 1945; Dowdeswell, 1961; Thomson, 1973; Brakefield, 1979; 
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Goulson,, 1993). Numerous studies have further demonstrated that population 

structure,, dynamics, and ecology of M. jurtina are highly variable depending on 

thee specific habitat occupied (Dowdeswell, 1981; Shreeve, 1989; Goulson, 1993 

andd references therein). Time of emergence is well adapted to the environmental 

conditionss of a particular site, and in the southern areas of the Palaearctic females 

performm an imaginal diapause (aestivation) during the hottest part of the summer, 

aa lif e history trait that is paralleled by a delayed ovarian maturation (Verity, 1953; 

Scali,, 1971,1973; Masetti & Scali, 1972; Garcia-Barros, 1987). 

Inn spite of its widespread distribution in the Western Palaearctic, M. jurtina has 

nott vet been used to investigate evolutionary questions, particularly field studies 

comparingg M. jurtina with other congeneric species, are still entirely missing. But 

exactlyy the investigation of ecological differences between closely related species 

iss likely to lead us to an understanding of the processes that incite differentiation 

andd speciation. There is increasing theoretical evidence, that ecological contact 

mayy often be the driving force for speciation, and environmental gradients, like 

altitudee and temperature, can play a major role in speciation processes (Schluter, 

1999;; Doebeli & Dieckmann, 2000, 2003; Ogden & Thorpe, 2002). 

Consequently,, field studies exploring ecological differentiation under sympatric 

conditionss are frequently asked for, but rarely put into practise (Schluter, 1999; 

Doebelii  & Dieckmann, 2003). 

Inn Sardinia, the distribution area of the pan-european M. jurtina overlaps with 

thee range of an endemic congeneric, Maniola nurag (GHILIANI) , whereas usually in 

butterfliess the distribution areas of widespread species and their endemic relatives 

aree disjunct (Dennis et ai, 2000). Maniola nurag has been considered a close relative 

too M. jurtina since the time of its description (Simmons, 1930; Thomson, 1987; 

Jutzelerr et ai, 1997; Grill et ai, 2003). It is restricted to the mountainous areas of the 

island,, while M. jurtina is most abundant at sea level, but their distribution areas 

overlapp at intermediate altitudes. This situation provides a laboratory in natura 

too study the plausibility of sympatric speciation along environmental gradients, 

aa scenario for which growing theoretical evidence has been presented recently 

(Doebelii  & Dieckmann, 2003). 

Inn contrast to allopatric models of speciation, where complete geographic isolation 

iss the barrier to gene-flow between the differentiating populations, sympatric 

speciationn occurs when segments of a panmictic population differentiate from 

eachh other despite high initial gene-flow (Bush, 1969). Parapatric speciation takes 

placee if continuous populations with substantial gene-flow between them diverge 
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(Futuymaa & Mayer, 1980), e.g., as a result of adaptation to different ecological 

niches.. Allopatric speciation through vicariance or dispersal, is commonly agreed 

too be the prevalent mode of speciation in animals (Mayr, 1963; Futuyma & Mayer, 

1980;; Tautz, 2003). It is intuitively more plausible, and there are many examples 

forr speciation events under apparently allopatric systems (especially from islands, 

seee for example Grant, 1998 and references therein), but only very few empirical 

exampless of sympatric speciation. Frequently cited are the case of Geospiza 

consirostris,consirostris, the large cactus finch {Grant & Grant, 1989) or Rhagoletis pomonella, 

thee apple maggot fly (Feder et al., 1993), Sympatric speciation is primarily driven 

byy disruptive, frequency- or density dependent natural selection on resource 

use.. It may initiate when in a group of individuals sharing the same resources, 

somee of them shift in resource preference (e.g., host plant or habitat). In such a 

situation,, there is increasing competition among those individuals that are best 

adaptedd to the particular ecological niche the population is using, because they 

aree the most abundant ones (frequency-dependent-competition). The individuals 

mostt unlike the others experience the least competition and wil l therefore be 

favouredd by inverse frequency-dependent natural selection (Pfennig & Murphy, 

20022 and references therein). Selection wil l enhance mating preference and act to 

reinforcee reproductive isolation (Dobzhansky & Pavlovsky, 1957; Kondrashov 

&&  Kondrashov, 1999). The result is that speciation is speeded. Differentiation 

thuss seems to be particularly incited, if the differences of the ecological niche the 

divergingg groups of individuals occupy are small (Doebeli & Dieckmann, 2003). 

Inn this paper, we compare Sardinian populations of M. nurag with those of M. 

jurtina.jurtina. During a three-year field study, we collected ecological data of both species, 

examiningg phenology, demography (survival, sex-ratio, recruitment, population 

size,, residence time), lif e history, and behaviour, as well as habitat characteristics 

(vegetation,, topography), in order to answer the following questions: 

(I)) Do M. nurag and M. jurtina differ in (a) phenology, (b) demography, 

(c)) movement and/or dispersal ability, (d) behaviour? 

(II )) Which are the ecological parameters determining the occurrence of a 

M.M. nurag or M. jurtina population in an area? 

(III )) Do they occupy different ecological niches along an environmental 

gradient? ? 

Wee discuss these field data on the ecological differences between the Sardinian 

populationss of M. nurag and M. jurtina in the context of a sympatric speciation 

scenario,, as an alternative to the more common hypothesis that island endemics 
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resultt from vicariance or dispersal. 

Materialss and methods 

M M 

Studyy organisms 

ManiolaManiola species are univoltine, and protandric, with males hatching at least one 

weekk earlier than females, initially causing a male-biased sex ratio (Hesselbarth 

etet al. 1995). Larvae of M. nurag have been 

11 ^^nd/-A / reared on Festuca morisiana (Tutzeler ef <?/., 
 CORSICA  x 

1997).. The larvae of M. jurtina feed on a 

widee range of grass species including 

PoaPoa spp., and Festuca spp. (Brakefield, 

1982;; Schneider et al., 2003). in the final 

stagee of their development, the larvae 

off  M. nurag remain hidden close to the 

groundd during the day, and only come 

outt to feed at night. This behaviour is 

too avoid dehydration during the hot 

hourss of the day. Adults of both species 

usee different nectar sources, including 

CistusCistus monspeliensis and Carlina corymbosa 

(Grill ,, 2001). These two thistle species are 

particularlyy important nectar sources 

att the end of the summer, after the 

aestivationn period when females deposit 

theirr eggs. Adults of M. nurag are on the 

wingg from May to September depending 

onn altitude and local weather conditions, 

M.. jurtina flies in Sardinia from late April 

too June. 

Figuree 1. Distribution areas of M. jurtina and M. nurag and location of the popula-
tionss studied in mark-release-recapture experiments. Maniola jurtina has its main 
populationss at sea level (light grey area) whereas M. nurag is restricted to the 
mountainouss areas of Sardinia (>500 m a.s.1.). White circles indicate the highest 
topss of Sardinia (>1000 m) where exclusively M. nurag occurs. The zone of overlap, 
wheree the two species fly sympatrically is shown in dark grey. The study sites 
aree situated at three different altitudes: 1 = low M. jurtina population (50 m), 2 = 
intermediatee site where both species fly (720 m), 3 = high altitude population of 
M.M. nurag. 
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Studyy area and data collection 

Thee study area, situated in south-east Sardinia, Italy (Figure 1), is a degraded 

Mediterraneann shrubland (Garrigue) with patches of dense shrub (Macchie), and 

bothh evergreen and deciduous trees. Predominant plant species include Cistus 

sahiifolius,sahiifolius, Cistus monspeliensis, Arbutus unedo, Erica arborea, Euphorbia dendroides, 

AsphodelusAsphodelus aestivus, and Quercus spp. 

Mark-release-recapture Mark-release-recapture 

Twoo Sardinian populations of M. mirag and two populations of M. jurtina 

weree studied by mark-release-recapture (MRR) techniques. The study sites are 

locatedd at three different altitudes between sea level and 1000 m a.s.L. The first 

'low'' site is situated at 'S. Isidoro' (32S 0526643/UTM 4346633) at 50 m a.s.l. in 

ann abandoned agricultural terrain, and is occupied by a M. jurtina population. 

Thee second 'intermediate' site is located at 720 m a.s.l. at 'Sedda Su Staulis' (32S 

0534042/UTMM 4344398), an open shrubland extensively grazed by goats; it is here, 

thatt both species fly sympatrically. The third 'high' site is at the top of the 'Monte 

Eccas'' at an altitude of 925 m a.s.l. (32S 0535551/UTM 4346011), where a M. nurag 

populationn flies. 

Adultt butterflies were captured with a hand-held net (Nabokov, 2000), marked 

withh an individual number on the underside of one hind wing using a thin-point 

permanentt marker pen (StaedtIer®Lumocolor 303F) and released immediately 

afterr marking. Handling time was less than a minute. 

Forr each (re)capture we recorded: mark, sex, age (estimated by wing-wear on an 

arbitraryy scale from 0 = fresh individual to 3 = worn individual with destroyed 

wings),, date, hour, wind intensity (estimated from 0 = no wind to 3 = strong wind, 

treess moving heavily), GPS position (Garmin 12 XL), and behaviour. Behaviour 

wass assigned to six categories: bask, court, feed, fly, mate, or rest. In case of an 

interactionn between two butterflies (court, mate), we recorded if the interaction 

wass intra- or interspecific. Movement distances were calculated from the distances 

betweenn two points (recorded by GPS position) where a butterfly was captured 

andd recaptured consecutively. 

Populationss were monitored in three consecutive years (2000 - 2002) during the 

flightt period of the adults. As both M. nurag and M. jurtina are univoltine species, 

dataa sets collected in different years represent independent samples. 
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EcologyEcology and habitat choice 

Withinn the same region in south-east Sardinia, fifteen 100x100m plots were 

assignedd randomly to a 500 ha area of potential habitat for butterflies. Sites were 

selectedd a priori  using a topographical map. In these 15 plots, the three mark-

release-recapturee sites were included, because the target species of our study were 

knownn to occur there, and we wanted to understand and quantify their habitat 

requirements.. Each plot was georeferenced (GPS). Habitat structure variables 

weree measured in relation to butterfly abundance. For butterfly sampling, 10 

observationn hours were spent in each plot. The plot was crossed repeatedly from 

onee end to the other, butterflies were mostly identified on the wing, or caught with 

aa hand held net and released immediately after identification. Butterflies were 

sampledd across the entire plot, while habitat structure variables were sampled 

inn single systematically placed subplots of 20 x 20 m size. Twelve such subplots 

weree sampled in each plot. In each subplot 20 variables were measured, including: 

slope,, presence of water, estimated cover of: trees, shrubs, rocks, herbs, moss, 

ferns,, grass, bare ground, Cistus spp., Asphodelus spp„  Erica spp., Arbutus spp., 

InulaInula spp., Quercus spp., flower abundance, and moisture. Water and moisture 

weree relatively invariable among plots and were therefore not included in further 

analysiss (variables listed in Table 3). 

Analysis s 

Demography Demography 

Demographicc parameters (recapture, survival and recruitment rates, population 

size)) were estimated using Constrained Linear Models (CLM). CLM models are 

aa refined version of the Jolly-Seber models (Jolly, 1965; Seber, 1965) and allow the 

estimationn of demographic parameters on basis of MRR data. A set of candidate 

modelss is constructed (details in Schtickzelle ct al,t 2002), which represent 

biologicallyy plausible descriptions of the variation in demographic parameters 

inn terms of external factors (e.g., individual or environmental attributes). Each 

modell  is adjusted to the data by maximum likelihood techniques (UFIT option in 

POPAN-5:: Arnason & Schwarz, 1999), and its fit quantified and estimates for its 

parameterss formed. From this set of candidate models, the best model is selected 

byy means of Akaike's Information Criterion corrected for small samples (AICc: 

Burnhamm and Anderson, 1998) defined as: 

AICcAICc = - 2ln(L) + 2nv + [2np(nr-l)]/[n efnA] 

withh ln(L) the log-likelihood of the model, n the number of parameters estimated 

117 7 



inn the model and neff the effective sample size of the data set (total number of 

releases:: each time an individual is caught and released counts as 1, whether it 

iss a new capture or not). AICc therefore represents a trade-off between model fit 

andd parsimony, i.e., between bias and precision in the estimates formed by the 

model.. The lower the AICc the better the model is supported by the data, and the 

betterr is the trade-off. As long as models differ by less than two units in AICc from 

thee best one, they are substantially supported by the data. Among the supported 

modelss we chose the most parsimonious one, i.e., the one with the smallest number 

off  parameters. Notation follows the ANOVA type introduced by Lebreton et al. 

(1992):: cj> represents the survival, p the catchability, and B the recruitment;  stands 

forr a constant effect; t stands for an effect changing with each sample occasion, but 

withh no relation between the sample times; tlin infers a linear trend to the time 

effect. . 

Thee low number of females captured did not allow for demographic model 

selection.. Therefore, full CLM selection was performed only on males, and male 

demographicc parameters obtained from the best model for each data set. For 

females,, no estimates of population size were conducted, and only the sex ratio at 

capturee is given (Table 1). 

Forr all butterflies captured consecutively within the same site, residence time in 

thee population (et) (i.e., lifetime expectancy, since we cannot differentiate between 

emigrationn and death) on day t was calculated from daily survival estimates, as the 

ratioo between remaining butterfly-days til l the end of the flight season (Jt) and the 

numberr of surviving individuals (S): 

k k 

HabitatHabitat structure 

Parameterss describing major patterns of habitat structure in the different sampling 

sites,, were assessed by Principal Component Analysis (PCA) (Statistica for 

Windows,, 1996) on log]Q (x+1) transformed environmental parameters. Varimax-

normalisedd rotation was used to maximise the variation of the squared and 

normalizedd factor loadings. Rotation is used to obtain a clear pattern of factor 

loadings.. From the PCA we extracted the first four factors and used them to assess 

thee main environmental gradient. Factor loadings above 0.50 were considered to 

havee substantially contributed to separation along the axes. Species' abundance 
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wass then tested for association with the first four axes using a Pearson-Moment 

correlation. . 

SpatialSpatial autocorrelation 

Wee tested for significant spatial autocorrelation of butterfly abundance using 

Moran'ss I with the programme R 4.0 (Casgrain and Legendre, 2001). In our analysis 

wee present correlograms that quantify the spatial dependance of abundance at five 

equidistantt classes based on a spatial matrix of Euclidean distances obtained from 

UTM-coordinatess at each plot. At each distance we tested if there was significant 

positivee or negative spatial autocorrelation (Legendre & Legendre, 1998) using a 

Bonferronii  correction for the number of distance classes. 

BehaviourBehaviour and movement 

Chi-squaree tests and logistic regression were used to seek out differences in 

behaviourr and movement patterns. Spearman rank correlations were used to test 

thee influence of (1) age of the butterfly (wingwear), and (2) wind intensity on flight 

distances;; this non-parametric method is appropriate since the absolute value of 

aa point is replaced by its rank, so that a few very large movement events wil l not 

disproportionallyy influence the correlation. 

Results s 

Inn the three years of MRR a total of 2565 individuals were marked (Table 1). 

M.M. jurtina male were caught on average 1.3 times, M. nurag males 1.5 times, M. 

jurtinajurtina females 1.0 time, M. nurag females 1.2 times. Males were thus captured 

moree often than females. These estimates include multiple captures of the same 

individuall  during one sampling occasion. In all three years, the number of females 

capturedd and marked was significantly smaller than the number of males (M. 

jurtina:jurtina:  p<0.001, df=4,; M. nurag: p<0.0001, df=4). Both species are protandric and 

thee sex ratio at capture was male-biased at all three sites for both species for all 

populationss in all three years (Table 1). Towards the end of the flight period the 

proportionn of females among the captured individuals increased; during the last 

samplingg occasion there were usually only females encountered. 
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Tablee 1. Capture events in male (m) and female (f) M. jurtina and M. nurag during 
thee three sampling occasions (2000, 2001, and 2002). Sex ratio based on capture is 
stronglyy male biased in all populations for all years. 

species s 

M.M. jurtina 

M.M. nurag 

M.M. jurtina 

M.M. nurag 

M.M. jurtina 

M.M. nurag 

year r 

2002 2 

2001 1 

2000 0 

Low w 

m m 

437 7 

391 1 

f f 

81 1 

121 1 

Intermediate e 

mm f 

1344 11 

2522 20 

600 7 

1422 30 

1088 10 

1900 31 

High h 

m m 

340 0 

157 7 

f f 

33 3 

10 0 

Tablee 3. Summary statistics for the 20 environmental variables at the four FCA 
ordinations.. See text for details. 

Environmentall Variable PCA-1 PCA-2 PCA-3 PCA-4 

Maximumm slope 

Coverr trees > 10 m 

Coverr trees > 5 m 

Coverr shrubs < 2.5 m 

Coverr shrubs < 0.5 m 

Coverr Rocks 

Coverr Herbs 

Coverr Moss 

Coverr Ferns 

Coverr Grass 

Coverr Bare ground 

Flowerr Abundance 

Coverr Cistus spp. 

Coverr Asphodelus spp. 

Coverr Erica spp. 

Coverr Arbutus unedo 

Coverr Inula viscosa 

Coverr Quercus spp. 

Variationn Explained 

Proportionn of Total 

0.51 1 

0.86 6 

0.85 5 

0.04 4 

-0.88 8 

0.21 1 

-0.64 4 

0.62 2 

0.30 0 

-0.26 6 

-0.33 3 

-0.15 5 

-0.80 0 

-0.49 9 

-0.20 0 

0.18 8 

-0.08 8 

0.82 2 

5.26 6 

0.28 8 

-0.21 1 

0.37 7 

0.38 8 

0.08 8 

0.07 7 

-0.33 3 

-0.15 5 

0.10 0 

0.10 0 

-0.52 2 

0.65 5 

-0.85 5 

0.28 8 

-0.09 9 

0.18 8 

0.05 5 

-0.87 7 

0.03 3 

2.87 7 

0.15 5 

0.73 3 

0.07 7 

0.07 7 

0.21 1 

0.00 0 

0.82 2 

-0.20 0 

0.19 9 

0.39 9 

-0.26 6 

0.48 8 

-0.22 2 

0.03 3 

-0.27 7 

0.64 4 

0.34 4 

0.40 0 

0.01 1 

3.32 2 

0.17 7 

0.26 6 

0.30 0 

0.31 1 

0.84 4 

0.26 6 

0.24 4 

-0.67 7 

0.56 6 

-0.69 9 

-0.64 4 

0.22 2 

-0.19 9 

0.02 2 

-0.76 6 

0.04 4 

0.80 0 

0.15 5 

0.31 1 

4.18 8 

0.22 2 



Tablee 2. Starting and supported JS models (survival, catchability, and recruitment) 
forr M. jurtina and M. nurag. The best model is given in bold. AIC = Akaike's Infor-
mationn Criterion corrected for small samples, nrff= number of individuals marked; 
nn = number of parameters. See text for notation details. 

Yearr Population Model l AICc c 

2000 0 M.. jurtina 
intermediate e 

200 0 0 

2001 1 

2001 1 

2002 2 

2002 2 

2002 2 

2002 2 

M..  n  «r a ;S;^ ^ 

20011 M. jurtina 
intermediate e 

20011 M. nurag 
intermediate e 

M.. nurag 
high h 
M.. jurtina 
low w 

M.. jurtina 
intermediate e 

M.M. nuras 
intermediate e 

M.. nurag 
high h 

M.M. jurtina 
low w 

<pOp(.)8(tlin+tlin<pOp(.)8(tlin+tlin22) ) 
y(tiin)p(.)B(tl>ny(tiin)p(.)B(tl>n++ tlintlin 22) ) 
<f>(t)p(.)B(tlin+tlin<f>(t)p(.)B(tlin+tlin 22) ) 
<p(.)p(t)B(tlin+tlirr) <p(.)p(t)B(tlin+tlirr) 
<p(tlin)p(t)B(tlin+tlin<p(tlin)p(t)B(tlin+tlin 22) ) 
<p(t)p(t)B(Hin+tlin<p(t)p(t)B(Hin+tlin 22) ) 
<p(t)p(t)B(t) <p(t)p(t)B(t) 
q>Up(t)B(tlin+tUnq>Up(t)B(tlin+tUn22) ) 
r i ' " " ^ i ' ' " ii ' / 

tpWpMBitlin+tlintpWpMBitlin+tlin11) ) 
<p(tiin)p(.)B(tlin+t\m<p(tiin)p(.)B(tlin+t\m22) ) 
<p(.)p(.)B(tlin+tIin<p(.)p(.)B(tlin+tIin 22) ) 
(p(t)p(.)B(tlin+tlin-) (p(t)p(.)B(tlin+tlin-) 
<p(t)p(t)B(t) <p(t)p(t)B(t) 
<p(.)p(.)B(t) <p(.)p(.)B(t) 

<pQp(t)B(tiin+tlin<pQp(t)B(tiin+tlin22) ) 
y(t)p{t)B(t!in+tliny(t)p{t)B(t!in+tlin 22) ) 
<p(t)p(t)B(Üin+tlin<p(t)p(t)B(Üin+tlin 22) ) 
<p(t)p(t)B(t) <p(t)p(t)B(t) 
<p(t)p(.)B(tlin+tlm<p(t)p(.)B(tlin+tlm22) ) 
<p(.)p(.)B(tiin+tlm<p(.)p(.)B(tiin+tlm22) ) 
<p(tlm)p(.)B(tlin+tlin<p(tlm)p(.)B(tlin+tlin22) ) 
<p(t)p(t)B(t) <p(t)p(t)B(t) 

cp(t)p(tfB(tlin+tlincp(t)p(tfB(tlin+tlin22) ) 
<p(.)p(t)B(tlin+tlin<p(.)p(t)B(tlin+tlin 22) ) 
f(t)p(t)B(t) f(t)p(t)B(t) 
<p(.)p(.)B(tlin+tlin<p(.)p(.)B(tlin+tlin 22) ) 
<p(tlin)p(.)B(tlin+t)irt<p(tlin)p(.)B(tlin+t)irt 22) ) 
<p(,)p(.)B(ttin+Stlin<p(,)p(.)B(ttin+Stlin22) ) 
(f>(tlm)p(.)B(ttin+tUn-) (f>(tlm)p(.)B(ttin+tUn-) 
(p(.)p(t)B(t!in+tlin(p(.)p(t)B(t!in+tlin22) ) 
(p(tlin)p(t)B(tlin+tlin(p(tlin)p(t)B(tlin+tlin 22) ) 
(p(t)p(t)B(tlin+tlin(p(t)p(t)B(tlin+tlin22) ) 
(p(t)p(.)B(tlin+tlin(p(t)p(.)B(tlin+tlin22) ) 
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Populationn parameters 

Phenology Phenology 

Emergencee time varied with altitude and local weather conditions. As commonly 

observedd in many butterfly species, females emerged about one week later than 

males.. In the 'low' population of Al jurtina, adult males started flying in the first 

weekk of May, reached their peak in the second half of May and disappeared by 

midd June (Figure 2a). In the 'intermediate' population, M. jurtina emerged in 

thee second half of May (20 - 25) and flew until the second week of June (12-15) 

(Figuree 2b). At sea level, the species' flight period was thus 1-2 weeks longer than 

att higher altitudes. Similarly, M, mirag males in the 'intermediate' population 

emergedd around the 20th May, reached their peak by the end of the month, until 

theyy disappeared during the second week of June or, in case of females, started 

aestivationn (Figure 2c). In the 'high' population M. nurag reached its peak a few 

dayss later, in the first week of June (Figure 2d). Like the southern populations of 

M.. jurtina, also M. nurag females oviposited only after the aestivation period and 

nott immediately after mating. 

DemographicDemographic models 

Tablee 2 lists the models considered as candidates and the one selected as best 

amongg them for each data set. For two ('low' M. jurtina 2001 and 'high' M. nurag 

2001)) of the 10 data sets, model selection was not possible due to low abundance of 

recaptures,, or convergence problems of the estimation algorithm for some models. 

Parameterr estimates were then obtained using a general model, that had proven to 

bee suitable for the data from other, comparable populations (see Table 2). 

Constantt survival probability over the flight season was the best model in four 

off  the ten studied populations, while it varied with time in the four others (Table 

2).. For the 'low' M. jurtina population 2001 and the 'high' population of M. nurag 

2002,, a linear trend could be inferred; in the 'low' M. jurtina population and 

thee 'intermediate' population of M. nurag 2002, the time effect on survival was 

categorical,, which means that a different parameter is computed for each sampling 

timee and there is no relation between the sampling times. 

Catchabilityy was time dependent in the best model for four populations, and 

constantt for the four others. The real situation is most probably that, like survival, 

catchabilityy varies in relation to time, due to differences in weather conditions 
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Figuree 2. Phenology of M. jurtina and M. nurag at the three different sites, in 2001 
(== black bars) and 2002 (= striped bars). (A) M. jurtina low site, (B) M. jurtina in-
termediatee site, (C) M. nurag intermediate site, (D) M. nurag high site. Estimates of 
populationn size based on Jolly Seber models. Start date is 7 May (= 7.5.). 

and/orr catch intensity; but there is probably not enough information in the data to 

detectt such variations. 

Recruitmentt is best modelled as a parabolic distribution in eight of ten samples 

(Tablee 2). This kind of pattern has earlier been found for other univoltine butterfly 
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speciess (Schtickzelle et al, 2002; Baguette and Schtickzelle, 2003). In the post-

aestivationn no marked females could be found and as a consequence no estimates 

couldd be conducted for this period. 

PopulationPopulation size 

Estimatess of total population size per year {Figure 3) showed that the population 

sizee of both species was lower in the 'intermediate' site where the two butterfly 

speciess co-exist, than in the 'low' or 'high' sites where the respective species occurs 

alone.. No strong fluctuations in population size between consecutive years were 

observed,, except for the 'high' population of M. nurag, which doubled from 2001 to 

20022 and was then even larger than the 'low' M. jurtina population. 

ResidenceResidence time in a population 

Fromm the daily survival estimates, we calculated the residence time of an individual 

inn a population, in relation to its emergence date. For all populations, residence 

timee generally decreased as the butterfly emerged later in the year. It changed in 

aa similar manner for both species at the site where they occur together, but was 

shorterr for M. jurtina at the high altitude site. Maximum residence time for males 

inn 2002 was 4,7 days for the 'low' M. jurtina population, but only 2.6 days for the 

'intermediate'' population. For M. nurag in the same year, it was 3.6 days for the 

'high'' population and 3.0 days for the 'intermediate' population (Figure 4). 

AgeAge structure 

Onn the first sampling occasion of all populations in all different years, a large 

proportionn of butterflies captured were fresh individuals. This indicates that 

samplingg indeed started well at the beginning of the flight period. In males the 

proportionn of age-class-3 individuals started to increase by the middle of the male 

flightt period, around 12-14 May for M. jurtina and 27-30 May for M. nurag. In 

femaless of both species, the proportion of age-class-0 individuals was larger than in 

males,, and in most samples fresh females were found until the end of the sampling 

period.. In four samples, no age-class-3 females were recorded; two of them 

containedd only age class 0-1 observations and not a single 2-3 female. A second 

peakk of fresh males appeared about 7-10 days after the first emergence. They were 

smallerr in size and less numerous than the first wave of emergingadults, indicating 

bimodall  emergence pattern. 
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Figuree 3. Total male population sizes of M. jurtina and M. nurag in three different 
yearss (2000, 2001, 2002) at the three sites in comparison. Population sizes are based 
onn Jolly Seber estimates. 

MovementMovement and dispersal 

Theree were no differences in the movement rates of the two species (Figure 5), nor 

didd the distance moved depend on the sex of a butterfly (Wald Chi-square test: 

Chi-square=1.153,, df=l, p=0.283). Flight distances were not significantly associated 

withh wingwear or wind intensity: Spearman rank correlation: M.jurtina, wingwear: 

r=-0.024,, p-0.781; wind: r=-0.074, p=0.496; M. nurag: wingwear: r=-0.073, p=0.112; 

wind:: r=-0.040, p=0.387). Due to the absence of recaptures of females after the 

summerr diapause, female movement in the post-aestivation period could not be 

quantified.. Most individuals of both species showed home range behaviour in that 

theyy were observed at the same site for several days or even weeks, often using the 

samee flower resources. In M. nurag, we detected three long distance movements 

(>500m)) in 2001 and 13 in 2002, and in M. jurtina there were 3 (>500m) in 2002. The 

maximumm flight distances recorded were 2116 m for M. jurtina and 1565 m for M. 

nurag.nurag. The majority of butterflies of both species were resighted within 100 m of 

thee first capture point (Figure 5). There was some exchange of individuals between 

thee 'high' and the 'intermediate' site. This includes individuals of M. jurtina, that 

weree occasionally recaptured at the 'high' site, although no stable populations of 

thiss species occur at this location. No exchange was detected between the 'low' site 

andd any of the other two sites. Notably, after the aestivation, M. nurag females were 

onlyy resighted at 'high' site the 'intermediate' site was empty. 

Beha'oiour Beha'oiour 

Mostt of the observed individuals were flying or resting at the moment they 
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Figuree 4. Residence time of the two species in 2002. Lifetime expectancy of an in-
dividuall  was calculated from survival probability estimates obtained from mark-
recapturee data. (A) M. jurtina males at the FM site, (B) comparison of M. nit rag 
(dashedd line) and M. jurtina (full line) males at the FM sites, (C) M. nurag males at 
thee S. Isidoro site. 

weree recorded (Figure 6). Differences in the frequency of observed behavioural 

categoriess were larger between sexes than between species. The largest difference 

wass that males were significantly more active fliers than females. This was apparent 

inn both species (logistic regression on 'fly ' vs. 'other behaviours': Wald Chi-square 

test:: species: Chi-square = 1.35, df = 1, p = 0.25; sex: Chi-square = 69.12, df = 1, p < 
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Figuree 6. Frequency of observed behavioural 
categoriess summarized from all populations 
studiedd in the three years (N=10) for M. jn-
rtinartina and M. nurag males (white bars) and 
femaless (black bars).. 

0.0001;; species*sex: Chi-square = 1.81, df 

== 1, p = 0.18). The frequencies of non-fly 

Figuree 5. Histogram of distances 
movedd by individuals of (A) M. 
nuragnurag and (B) M.jurtina. The max-
imumm flight distances recorded behaviours differed between M. nurag and 

weree 2116 m for M. jurtina and M. jurtina in males, but in females showed 
(B)) 1565 m for M. nurag. (Note n o s i g n i f i c a nt d i f f e r e n ce ( l o g i s t i c r e g r e Ssion: 
thee different scales of Figure A _ ' 

andd B ) Wald Chi-square test: species: Chi-square = 

3.71,, df = 1, p = 0.05; sex: Chi-square - 0.08, df 

== 1, p = 0.78; species*sex: Chi-square = 8.65, 

dff  = 1, p = 0.003). Maniola nurag and M.jurtina interacted with each other, i.e., flew 

aroundd each other in circles; but no interspecific mating was observed. 

HabitatHabitat choice and environmental gradients 

Thee first four axes of the PCA analysis explained 82% of the variation in our dataset 

(Figuree 7, Table 3). The first gradient (28%) separates sites with a high shrub 

(particularlyy Cistus spp.) and herb cover and sites with high tree (particularly 

QuercusQuercus spp.) and moss cover. The second gradient (15%) separates plots with 

highh grass and Inula viscosa cover and high flower abundance and plots with 

predominantlyy bare ground. The third gradient (17%) is a topographical gradient, 

determinedd by the steepness of the slope in the plot, and reaches from plots with 

highh cover of Erica spp. and rocks to plots with a low cover of Erica spp. and 

rocks.. The fourth gradient (22%) finally represents plots with a high shrub and 
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nificantt relationships are depicted with a dashed line (M. jurtina), solid line (M. 
nurag). nurag). 

ArbutusArbutus unedo cover to plots with M,™-̂  

highh fern, grass, and Asphodelus 

spp.. cover. Both species seem 

too respond similarly to these 

environmentall  gradients with a 

positivee relationship with PCA-1, 

aa negative relationship to PCA-2, 

andd littl e response to the two other 

gradients.. There are, however, 

somee intraspecific differences: 

thee abundance of M. jurtina was 

significantlyy correlated to PCA-1 (r 

== 0.616, p = 0.019), but for M. nurag 

thee relation was not significant (r = 

0.370,, p = 0.192). Conversely, there 

wass a significant correlation for M. 

nuragnurag along PCA-2 (r = -0.707, p 

== 0.005) but not for M. jurtina (r = 

0.412,, p = 0.143). Both species have a nonsignificant relationship with PCA-3 and 

PCA-4. . 
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Figuree 8. Microdistribution of M. jurtina 
andd M. nurag at the intermediate altitude 
sitee where they are sympatric. Data based 
onn GPS coordinates taken at recapture. 
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Species'' abundances were not significantly correlated with the spatial location of 

thee plots (p > 0.05). Moran's I ranges close to 0, thus the abundances of neither 

speciess were dependent upon the geographic distance between sampling sites. 

Thee results of the mark-release-recapture experiments show, that at the site where 

M.M. nurag and M. jurtina fly sympatrically, both species are similarly aggregated in 

thee landscape (Figure 8). In an area of 500 x 500 m of potential habitat they both 

gatheredd in a quadrate of approximately 150 x 150 m. 

Discussion n 

Ecologicall  differences between M. nurag and M. jurtina are small, but significant. 

Wheree flying sympatrically at the same altitude, both species emerge in synchrony 

andd are similarly distributed in the landscape. However, they seem to respond to 

slightlyy distinct environmental variables, indicating subtle differences in habitat 

preferences.. M. nurag abundance was significantly correlated to an environmental 

gradientt from high grass-cover and flowerhead-abundance to bare ground, 

whereass M jurtina abundance was significantly correlated to a successional 

gradient,, from predominantly herb and low shrub dominated sites to tree and 

highh shrubs dominated sites. Hence, despite the overlap in many ecological 

characteristics,, the species seem to occupy different ecological niches. 

Usually,, butterflies of the genus Maniola are lowland species (Thomson, 1987), 

andd although M. jurtina can occur up to 1500 m, it is most frequent at much lower 

altitudess (Higgins & Riley, 1970). The Sardinian endemic M. nurag is a mountain 

species,, well adapted to the environmental conditions in the mountainous 

midlandd of Sardinia, viz., extreme aridity and heat in the summer, cold winters, 

andd potentially large oscillations between day and night temperature. This 

mightt explain why the species has never been recorded in Corsica, while most 

otherr Sardinian butterflies are distributed over both or more Tyrrhenian islands 

(Kleinekuhle,, 1999). A similar association with flowers as we found it in M. nurag, 

wass shown for Swedish M, jurtina populations, where the variable 'flower density' 

wass correlated to the number of residents, emigrants and immigrants (Schneider 

ett al. 2003). 

Populationn parameters 

Wee found an altitudinal gradient in emergence time: lowland M. jurtina emerge 

first,, 'intermediate' M. nurag about two weeks later, synchronously with 

'intermediate'' M. jurtina populations. The 'high' M. nurag emerge thus about 1 
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monthh later than the 'low' M. jurtina population. The flight period of the 'low' 

M.M. jurtina population is almost twice as long as that of the populations at higher 

altitudes// and the emergence curve is smoother for M. jurtina than for M. nurag. 

Thee endemic species' populations emerge very rapidly, reach the peak quickly and 

att the end of the pre-aestivation phase disappear almost instantaneously from one 

dayy to the next. 

Thee population sizes we estimated varied according to altitude and species. 

Intra-specificc competition and/or sub-optimal habitat could be important factors 

explainingg this variation. The 'intermediate' M. jurtina population is significantly 

smallerr than the 'low' population, a difference that we constantly found over the 

years.. An explanation for this could be interspecific competition at the sites where 

thee two butterfly species are sympatric. Given that niche differentiation between 

thee two species is small, in coexistence, it is possible that interspecific competition 

forr limited resources depresses the population sizes of both. Competition might 

alsoo explain the shorter maximum residence time of M. jurtina individuals at the 

'intermediate'' site. If smaller population sizes indeed reflect competition, the 

twoo species must share some important resources, probably larval host plants. 

However,, another interpretation would be, that the 'intermediate' location is a 

sub-optimall  habitat for M. jurtina, so that it produces less offspring than at sea-

level,, where conditions are more favourable for this species. At the site where both 

speciess occur in sympatry, M. nurag was always found to outnumber M. jurtina, 

neverthelesss population size was smaller than in the M. nurag population at the 

'high'' site. The 'intermediate' site appears therefore sub-optimal for both species. 

Fromm the fact that the 'intermediate' population of M. nurag are larger than the 

onee of M. jurtina, we conclude that the endemic is well adapted to the congeneric 

competitor. . 

Thee differences between males and females we found in capture probabilities 

havee also been observed in other recent studies on butterflies (Petit et al. 2001, 

Schtickzellee et al. 2002, and references therein). Sex ratios biased towards males, 

suchh as we observed in both species, are expected to increase the evolutionary 

stablee amount of protandry in the population. Models for the evolution of 

protandryy in butterflies indicate that the maintenance of protandry depends on 

thee assumption that females only mate once while males are capable of multiple 

matingss (Zonneveld and Metz, 1991). These authors also point out that protandry 

dependss on the rate of encounter between sexes and on the sex ratio. Protandry 

maximizess the number of unmated females which a male is likely to encounter 

inn its lifetime (Wiklund & Fagerstróm, 1977; Iwasa et al., 1983). The amount of 
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protandryy is supposed to decrease if the rate of encounter between males and 

femaless decreases and the death rate increases. In our system, we found that 

earlierr emerging males have a higher residence time than males emerging later. 

Thiss might compensate for encounter probabilities, of the early emerging males. 

Thee fact that survival probability varies in relation to time confirms what has already 

beenn discussed in similar mark-recapture-work (Petit et at. 2001, Schtickzelle et al. 

2002):: butterfly survival rate depends on daily variation in weather conditions as 

welll  as the climatic conditions of the particular season. The fact, that models with 

survivall  constant in relation with time turned out to be the best for some data sets, 

probablyy indicates that the recapture rale, and Iherefoie the iniuiuiatiuii cuiiiaineu 

inn the data, is too low to detect time variation. 

Lifee history 

Ourr results confirm earlier anecdotal evidence (Simmons 1930), stating that M. 

nuragnurag females aestivate during the hottest part of the summer, a behaviour that has 

alsoo been described from Maniola megala, Maniola telmessia, Maniola halicarnassus 

andd Maniola chia, all of which inhabit dry hot habitats in the south eastern part 

off  Europe (Van Oorschot & Brink 1992). Post-aestivating M nurag females can 

bee found scarcely until September. In continental populations of M. jurtina a few 

maless seem to undergo a summer diapause as well (Scali 1971), but in Sardinia 

exclusivelyy females were observed in the post-aestivation period. Aestivation 

involvess a postponement of gonad development (Scali 1971) and eggs ripen only 

whenn the first rains have fallen and grasses start to vegetate again. Eggs are then 

fertilizedd with the sperm stored a couple of weeks or even months earlier (Scali 

1971).. The crucial point for the persistence of a M. nurag population is thus female 

survivall  rate during aestivation. As these patterns are controlled by ecological 

characteristicss (temperature, availability of food-plants, humidity) of the site 

wheree a population flies, the Sardinian species might be highly vulnerable to 

extinctionn when global warming becomes continues: as populations would start 

too emerge earlier in spring, and autumn rains would arrive later, the summer 

diapausee would have to be much longer than it is now, and consequently increase 

thee risk that females die before oviposition. 

Behaviour r 

Thee most conspicuous difference in the behavioural classes we studied was, 

thatt males were more active fliers than females. This may be due to males 

activelyy 'patrolling' in search for females, while females, on the other hand, only 

undertakee flights to localize nectar sources and, after aestivation, oviposition 
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sites,, but otherwise spend most of the time resting. The interspecific differences 

wee found for males in the non-fly behavioural classes are significant, but might 

bee an artefact due to the larger number of observations in M. jurtina. In Maniola, 

maless exhibit the most conspicuous secondary sexual characters (dark upper fore 

wingg brands), which differ between species. Female choice is therefore expected 

too be the most important factor governing species-specific mating, and may 

alsoo have been important in the development of assortative mating in the initial 

phasee of speciation. We never encountered a copula consisting of individuals of 

M.M. nurag and M. jurtina, and as far as we know, no interspecific hybrid has ever 

beenn described between these two species. Nevertheless, hybridisation is probably 

possible,, given the overlap in phenology of the two butterflies, and their closely 

relatednesss (Grill et al, 2003). 

Movementt & dispersal 

Butterfliess move through the landscape to forage, locate mates, and for oviposition. 

Species'' mobility may vary in terms of the distance moved or in the frequency of 

inter-patchh movements (Shreeve, 1995; Norberg et al, 2002). The dispersal curves 

wee observed in M. jurtina and M. nurag correspond to the leptokurtic distribution 

off  movement distances, that is commonly found in dispersal data from various taxa 

(Nathan,, 2001; Morales, 2002). They are probably the result of movement behaviour 

interactingg with heterogeneous landscape structure. When small numbers of 

individualss move longer distances than the majority, population heterogeneity 

generatess the distributions we found for our two species. Morales (2002) found 

thatt long leptokurtic tails were particularly frequent when individuals reacted 

too habitat boundaries, and when as species experienced the landscape as coarse-

grained,, i.e., consisting of relatively large, distinct patches. The pattern we found in 

thee dispersal curves of both Maniola species indicate, that habitat boundaries (edge 

effect)) and landscape heterogeneity are influencing their dispersal behaviour. 

Differencess in dispersal ability between the two study species are most relevant 

forr our research question. Is one of them more willin g to cross unsuitable habitat 

andd consequently more likely to colonize new patches and extend its distribution 

area?? Is M. jurtina more prone to fly longer distances because it is larger than M. 

nuragnurag and therefore has stronger thorax muscles, which is supposedly favourable 

forr flying longer distances (Norberg et al, 2002)? We did not find significant 

differencess in movement ability between the two species, which confirms what 

hass been shown earlier (Conradt et ah, 2000, 2002): Meadow Brown butterflies have 

ratherr small, well-defined home ranges, with mostt of the individuals never leaving 

thee population. Mean and maximum movement distances were similar to those 
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shownn in similar studies on M. jurtina from Northern Europe {Schneider et al., 

2003).. Considering, that the number of long distance movements that we detected 

probablyy only included a small proportion of the individuals that are actually 

dispersingg (e.g., Schneider, 2003), we conclude that there is a considerable amount 

off  gene-flow between neighbouring, and even more distant populations, a finding 

thatt is also supported by population genetic data (Grill et al, 2003). We also might 

speculate,, that single butterflies are able to move larger distances than the 1.5 - 2 

kmm we observed. It is possible, that there is an exchange of M jurtina individuals 

betweenn Sardinia and the neighbouring islands, in particular Corsica, where this 

speciess also flies. 'Backpacking' of butterflies on human means of transport could 

furtherr result in a very low level exchange of individuals between the island and 

thee continent. 

Surprisingly,, we never resighted any M. nurag female at the intermediate site after 

thee aestivation period, but only at the high site, possibly indicating unidirectional 

uphilll  movement before aestivation. Although, we have no empirical evidence for 

suchh an uphill movement (as no marked females were recaptured after aestivation), 

itt could be a female strategy to bring their offspring into more favourable habitats: 

att higher altitudes the vegetation stays green longer and conditions are cooler 

andd more humid and thus better for young larvae than at intermediate altitudes. 

Suchh behaviour would support the hypothesis, that M. nurag originated as a real 

mountainn species and later slowly colonized areas below 1000 m. On the other 

hand,, it would mean that the lower habitats have to be recolonized each year, 

whichh seems unlikely. 

Habitatt choice and environmental gradients 

Forr both species we found a significant relationship between abundance and 

environmentall  variables, but no evidence for a relationship between abundance 

andd distance. Individuals were, however, clearly aggregated at the landscape scale. 

Thee environmental conditions of a specific site are thus more important for the 

presencee of M. nurag, than its geographic location in the landscape. 

Althoughh M. nurag and M. jurtina utilize the same space in the landscape, their 

ecologicall  niches seem to be differentiated, which is reflected in differences in 

habitatt structure variables. The differences in habitat preference that the two 

speciess show in the adult stage, might be even greater in the larval stage. Larvae 

aree much more spatially associated with their host plants than adult butterflies 

withh their nectar sources, and oviposition sites, and we assume, that the endemic 
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speciess has a much narrower spectrum of larval host plants than the widespread 

species.. The environmental gradient we found in the habitat use of our two target 

species,, could make them an example for a sympatric speciation scenario, where 

ecologicall  contact facilitates speciation, potentially more than spatial isolation, as 

hass been theoretically predicted by recently published speciation models (Doebeli 

&&  Dieckmann 2003). In such a scenario, local adaptation along an environmental 

gradientt increases the degree of frequency dependence in spatially localized 

ecologicall  interactions, and hence the likelihood that these interactions generate 

disruptivee selection. We conclude that the subtle ecological differences we found 

couldd have played an important role in the differentiation of M. nurag and M. 

jurtinajurtina in Sardinia. 
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