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A B S T R A C T

Classic metapopulation theory assumes relatively frequent population extinctions and col-

onisations on local habitat patches and consequently its interest is focused on spatial pres-

ence–absence patterns rather than on local population densities and their dynamics.

However, the latter may also be important for metapopulation functioning, especially in

the case of low turnover of local populations. We investigated spatial occurrence and abun-

dance patterns of three species of endangered Maculinea butterflies in the Kraków region,

southern Poland, in relation to various habitat parameters. For all three species investi-

gated we found almost complete occupancy of their foodplant patches. The few patches

lacking Maculinea populations were significantly smaller and more isolated. Foodplant

availability proved to be the main factor limiting population densities for M. alcon, but

not for M. teleius and M. nausithous, for which patch size and shape mattered the most.

Small and highly internally fragmented patches supported higher densities of these two

species. We hypothesise that the negative density–area relationship as well as positive

impact of patch fragmentation on butterfly densities derive from differences in relative

abundance of Myrmica ant hosts, which are a vital resource for myrmecophilous Maculinea

butterflies. Since ants are under strong parasite pressure from Maculinea within their food-

plant patches, and spread mainly through nest budding from surrounding refuge areas,

their densities can be expected to be higher on small and fragmented patches. This under-

lines the importance of not only foodplant patches, but also their surroundings for the con-

servation of Maculinea butterflies.

� 2007 Elsevier Ltd. All rights reserved.

1. Introduction

With many species living nowadays in increasingly frag-

mented landscapes metapopulation theory has become a par-

adigm in biodiversity conservation (Hanski and Gaggiotti,

2004). In its classic form, exemplified by Levins’ (1970) model

or Hanski’s (1994) incidence function model, this theory as-

sumes high frequency of extinction and colonisation events
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onet.pl (P. Skórka), josef.settele@ufz.de (J. Settele), rowoycie@cyf-kr.edu.pl (M. Woyciechowski).

B I O L O G I C A L C O N S E R V A T I O N 1 4 0 ( 2 0 0 7 ) 1 1 9 – 1 2 9

ava i lab le a t www.sc iencedi rec t . com

journal homepage: www.elsevier .com/ locate /b iocon



Author's personal copy

in local habitat patches. Consequently its main interest is fo-

cused on spatial presence–absence patterns rather than on

abundance patterns. Only recently there have been attempts

to incorporate local population sizes and their dynamics into

metapopulation models (Keeling, 2002; Ovaskainen and Han-

ski, 2004). On the other hand, many authors have argued that

classic metapopulations are in fact rare in the real world (Har-

rison and Taylor, 1997; Szacki, 1999; Smith and Green, 2005).

Butterflies are believed to be one of the groups that best fit

the theoretical framework of the classic metapopulation the-

ory, but even among them there are exceptions (Thomas and

Hanski, 1997, 2004; Baguette, 2004).

Large Blue butterflies of the genus Maculinea, which over

the last two decades have become the ‘flagships’ of biodiver-

sity conservation in Europe (Thomas and Settele, 2004),

obviously experience severe fragmentation of their habitats

(Munguira and Martin, 1999). Nevertheless, based on their

biology one may expect Maculinea not to be particularly prone

to exist in classic metapopulations. They are characterised by

unique life cycles requiring specific foodplants and host ants

in the larval period (Elmes and Thomas, 1992; Thomas, 1995).

Due to high density-dependant mortality experienced by lar-

vae (Hochberg et al., 1992, 1994) populations of Maculinea are

typically small, but remarkably demographically stable (Tho-

mas et al., 1998a; Nowicki et al., 2005a,b). Apart from this,

mobility of Maculinea is very low compared to most other but-

terflies (Nowicki et al., 2005b,c). Both features reduce the turn-

over of local populations and thus should increase the

importance of their sizes and dynamics for the functioning

of metapopulations.

The aim of the present study was to test (i) how well in

reality Maculinea butterflies conform to the classic metapop-

ulation theory, and (ii) which factors affect their occurrence

and abundance patterns. Identifying such factors is per se

crucial for Maculinea conservation, but it is also important

to know whether the probability of occupancy of local habi-

tat patches and population densities on them are deter-

mined by the same or different habitat parameters. The

former situation would allow monitoring the success of con-

servation activities with presence–absence data, which are

much easier to obtain than abundance estimates. It would

also make possible to apply relatively simple classic meta-

population models, e.g. for testing future management sce-

narios. The opposite situation, in which occupancy

probabilities and population densities are shaped by differ-

ent habitat parameters, would obviously be less desirable

for conservation, because it may involve conflicting manage-

ment recommendations and the need to choose between

different priorities, e.g. high occupancy rates vs. high local

densities. To achieve our goals we surveyed occurrence and

local densities of M. teleius, M. nausithous, and M. alcon on

habitat patches in the Kraków region, southern Poland,

where the three species live sympatrically in very large (ex-

cept for M. alcon) metapopulations (Nowicki et al., 2005c,d).

Subsequently we analysed this information against a wide

range of habitat parameters derived from a GIS analysis. In

particular we were interested in assessing the relative

importance of factors reflecting habitat quality of Maculinea

foodplant patches versus spatial characteristics of these

patches.

2. Materials and methods

2.1. Study area

The study area comprised ca. 35 km2 wet meadow complex

located in the Vistula river valley (50�01 0 N; 19�54 0 E) at an alti-

tude of 200-240 m above sea-level. The meadows have been

mostly abandoned for almost two decades and only a small

fraction (ca. 5%) of their area is still mown annually in late

spring. They include 61 patches of Sanguisorba officinalis

(Fig. 1) – the foodplant of M. teleius and M. nausithous (Thomas,

1984; Thomas et al., 1998a) – with the total area of ca. 211 ha

(range: 0.005–33 ha). The distances between neighbouring

patches are usually within the range of 100–300 m. Due to

the abandonment of the meadows S. officinalis is the domi-

nant plant wherever it occurs, typically reaching over 1-m

height and >50% of the vegetation cover. Within the S. offici-

nalis patches there are 18 patches of Gentiana pneumonanthe

(Fig. 1), which is the foodplant of M. alcon (Thomas et al.,

1998a). Compared to S. officinalis patches they are consider-

ably smaller (range: 0.001–3 ha; total area of ca. 8 ha) and also

more isolated from one another (typical distances between

neighbouring patches reaching 300–700 m). All potential Myr-

mica ant host species, i.e. M. scabrinodis, M. rubra, and M. rug-

inodis, are widespread in the area, but their local densities

vary considerably (Skórka et al., 2006; Witek et al., 2006;

authors’ unpubl. data).

2.2. Field methods

We mapped all the foodplant patches in 2001–2002 with ca.

1-m precision using GPS Magellan ProMark X (Magellan Sys-

tem Corp., USA). Foodplant patches were defined as distinct

if separated by a clear barrier to Maculinea movements, such

as a forest strap, built-up area, highway, dyke etc., or lying

at least 50 m from each other. In the two following years we

surveyed all the patches with the Braun–Blanquet method

in the case of S. officinalis, and by sampling along 2-m wide

and 90–520-m long transects on larger patches (>0.25 ha) or

total count on smaller ones in the case of G. pneumonanthe.

Simultaneously with gentian surveys we counted M. alcon

eggs laid on them, which is a standard method for assessing

abundance of this species (Maes et al., 2004). The numbers of

adult butterflies present on each of the patches were calcu-

lated assuming 150 eggs per female and 1:1 sex ratio as in

Hochberg et al. (1992) for M. rebeli, which is currently regarded

as conspecific with M. alcon (Als et al., 2004). The female

fecundity estimate of Hochberg et al. (1992), based on sam-

pling adults with MRR and simultaneous egg count, remains

the best available even though Maes et al. (2004) considered

50–100 eggs per females more realistic. Nevertheless, it

should be stressed that the only results influenced by the fe-

male fecundity assumed in our study are M. alcon population

and metapopulation sizes, whereas all the spatial and tempo-

ral abundance patterns investigated are not affected.

Abundances of M. teleius and M. nausithous, for which the

egg count method cannot be applied as their eggs are laid

deep within the inflorescences of S. officinalis flowerheads

(Thomas et al., 1991), were instead assessed with the catch-

per-time-unit method, tested and parameterised on three
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patches intensively investigated with mark-release-recapture

sampling (Nowicki et al., 2005c). The method was based on

the following principles: (1) capture frequencies proved to be

highly correlated with butterfly densities on a given day

(r = 0.78, n = 85, P < 0.0001) and this relationship was patch-

and species-independent; (2) thirteen people involved did

not differ in their capture efficiency (ANOVA: F12,89 = 0.92,

P = 0.5350 in 2003; F12,25 = 1.11, P = 0.3931 in 2004); (3) time of

day, tested in four 2-h periods between 9:00 and 17:00, had

no significant effect on capture frequencies (ANOVA:

F3,216 = 1.35, P = 0.2594).

On each of 61 S. officinalis patches in the region we cap-

tured and individually marked butterflies for 1–2 h in fine

weather on 17–18 July 2003 and 26 July 2004, i.e. roughly at

peak time of both species. In the latter year we could not re-

peat the sampling for a second day because of a long spell of

bad weather that started on 27 July. In 2003 the total number

of captured individuals reached 1707 (with 270 of them

recaptured) for M. teleius and 620 (110) for M. nausithous,

whereas in 2004 the respective figures were 636 (67) and 343

(54). The estimates of daily numbers were converted into sea-

sonal population sizes of both species on the basis of the pro-

portion of individuals flying on the survey days on the

intensively investigated patches, since within-season popula-

tion dynamics appeared ideally synchronised across the en-

tire region. It must be stressed that the daily estimates

yielded by the catch-per-time-unit method were highly con-

cordant with mark-release-recapture ones (r = 0.78, n = 31,

P < 0.0001, and r = 0.86, n = 20, P < 0.0001 for M. teleius;

r = 0.84, n = 7, P = 0.0172, and r = 0.89, n = 12, P = 0.0001 for M.

nausithous respectively in the two consecutive years), which

were available for the patches with high enough numbers of

recaptures.

In addition, patches with no M. teleius and M. nausithous

individuals observed on the sampling days were repeatedly

checked later in the season in order to avoid situations where

any of the two species was in fact present on a patch, but at

too low a density to be detected through relatively non-inten-

sive sampling.

2.3. GIS and statistical analysis

Prior to proper analyses we checked for possible spatial auto-

correlations in local population densities (D) of the three Mac-

ulinea species, calculated as average values for the two years

of the study (Di = avg.{Dit,Dit+1}), as well as in their relative

year-to-year changes (Dit+1/Dit); only the populations present

in both years of the study were included. Neither of two test-

ing methods applied provided the slightest evidence for spa-

tial autocorrelations. Mantel test r values (Mantel, 1967)

were invariably below 0.07 and far from statistical signifi-

cance level, implying no global pattern. The analysis of auto-

correlograms (Johnston, 1998) indicated the same at a fine

scale, because even for the closest-lying patches (<200 m dis-

tant in the case of S. officinalis patches and <500 m distant in

the case of G. pneumonanthe patches) Moran’s I did not exceed

0.18. Consequently, all the local populations were treated as

independent demographic units in the subsequent analyses.

Using GIS software ArcView 3.2 (ESRI, 1996) and Idrisi 2.0

(Eastman, 1997) for all the foodplant patches we derived val-

ues of several environmental and spatial parameters that

were subsequently used as predictors in models for occu-

pancy and abundance of the three Maculinea species. These

parameters, described in detail in Table 1, included all impor-

tant factors potentially affecting habitat quality of Maculinea

butterflies, except for the abundance of Myrmica ant hosts.

Fig. 1 – Map of foodplant patches (grey = Sanguisorba officinalis; black = Gentiana pneumonanthe) of Maculinea butterflies in the

Kraków region, southern Poland. Several small patches had to be slightly expanded to make them visible.
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However, the abundance of Myrmica ants is typically strongly

associated with vegetation height and mowing regime (Elmes

et al., 1998). Although field techniques for sampling ants are

fairly simple (Underwood and Fisher, 2006), the problem in

their effective use to assess abundance of particular Myrmica

species lies in extremely high within-site variation in ant nest

densities. Consequently, to provide relatively precise esti-

mates samples would have to be taken in hundreds per site

and later examined to identify species, which is substantially

more time-consuming (Underwood and Fisher, 2006). To sum

up, Myrmica ant abundance remains impractical to measure

in large-scale research, and even more so in conservation pro-

grammes. Admittedly, with tremendous labour investment

we could assess host ant abundance for all the foodplant

patches, but this would be against the principles of the study,

in which we focused on habitat parameters that can be easily

monitored in conservation programmes.

The effects of habitat parameters on presence–absence

patterns of the three Maculinea species were tested with mul-

tiple logistic regression models, while their effects on local

densities of these butterflies were tested with multiple linear

regression models. In both analyses a forward stepwise vari-

able selection procedure was applied, however it should be

stressed that a backward elimination would not make any dif-

ference as it always yielded identical results. With a clear def-

icit of permanently unoccupied patches, those on which a

given species was absent in at least one of the two years of

the study were treated as zeros in the logistic regression anal-

ysis. Maculinea densities and several predictor parameters

(see Table 1) were logarithmically transformed in order to

achieve normal distributions. Pearson’s correlations among

the predictor parameters were below 0.4 with the exception

of patch area and two indices of fragmentation among which

the correlations were mostly stronger, but still at a moderate

level (at maximum r = 0.58).

In addition, we analysed density dependence of year-

to-year changes in M. teleius and M. nausithous populations.

We did not attempt a similar analysis for M. alcon, because

year-to-year changes of its populations were usually very

small, often within the confidence limits of seasonal esti-

mates, and also sample size appeared insufficient. The den-

sity dependence function fitted to the densities recorded in

both years of the study across all the populations of a given

species was: Dit+1 = kR0Dit/(k + R0Dit), where R0 represents basic

reproductive rate, and k is parameter related to the carrying

capacity density DK (for which Dit+1 = Dit) that can be calcu-

lated as k(R0 � 1)/R0. Since basic reproductive rate can be prac-

tically approximated by growth rate achieved at minimal

initial density, we used maximum year-to-year population in-

creases recorded for M. teleius and M. nausithous (in fact at

very low initial densities) as R0 in order to facilitate function

fitting, which could otherwise have lead to unrealistic esti-

mates of R0.

The density dependence function applied is a simplified

version of the HTE model formula for year-to-year population

change in M. rebeli (Hochberg et al., 1992). The simplification

stems from the fact that only one stage of density depen-

dence, i.e. larval competition in ant nests, is assumed. It is

reasonable to neglect larval competition in foodplants, be-

cause S. officinalis flowerheads are superabundant in our sys-

tem – their number can be estimated at ca. 20–1000 per single

Maculinea egg (P. Nowicki, unpubl.). Having tested the basic

version of the density dependence model, we then tried to

improve its fit through introducing a term that would account

Table 1 – Parameters of foodplant (i.e. Sanguisorba officinalis or Gentiana pneumonanthe) patches used as predictors in the
analyses of presence–absence patterns and densities of Maculinea butterflies

Parameter Description Comment

Foodplant abundancea Mean cover of S. officinalis (%) or density of G. pneumonanthe

(ha�1)

In the case of S. officinalis density would be

impractical and less informative, because of

extremely high variation in individual plant sizes

Vegetation height Mean height of vegetation on patch (cm) Equivalent to the height of S. officinalis, which was

the dominant plant on the patches

Mown proportion Total mown area divided by patch area (%) Mowing patterns in the region are consistent

between years

Distance from buildingsa Mean distance of points within patch from the nearest

building (m)

Adopted as a measure of potential

anthropopressure

Patch areaa Total area covered with foodplant (ha) Internal gaps without foodplants were excluded

Connectivity Sum of the negative exponentials of the distances,

expressed in km, to all other patches: R exp(�dij) where

i 5 j

Hanski et al.’s (1994) I3 index of connectivity as

adopted by WallisDeVries (2004) for M. alcon. It

decreases with patch isolation

Edge proportion

Compactness

Area of 3-m wide edge zone divided by patch area (%)

Mean distance of points within patch from its edge

divided by the square root of patch area

Adopted as two measures of internal patch

fragmentation, however they both perform in a

different way. Edge proportion increases with

fragmentation and is mostly affected by patch edge

length, while compactness decreases with

fragmentation and is mostly affected by overall

patch shape. Three-metre width of the edge zone

was assumed as a typical budding distance of ant

colonies (Hochberg et al., 1994) and thus it reflects

the possibility of ant colonies entering the patch

from outside

a Log10-transformation was applied to achieve normality.
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for heterogeneity in habitat quality among foodplant patches.

This was achieved by substituting k with aAb, where A repre-

sents the factor predominantly affecting local densities of M.

teleius and M. nausithous as revealed by the multiple regres-

sion analysis, while a and b are the function parameters. An

exponential function was used, because the effects of habitat

factors were tested against logarithmically transformed

Maculinea densities.

All the statistical analyses were conducted with the Statis-

tica 6.0 software (StatSoft, 2003), with the exception of Mantel

tests for which the program Zt (Bonnet and Van de Peer, 2002)

was used.

3. Results

In 2003 M. teleius could be observed on every single S. officinalis

patch in the region, but in the following year there were four

patches without the species. M. nausithous was in turn absent

from 10 patches in 2003, and it apparently managed to (re)col-

onise 7 of them by 2004. M. alcon occupied the same 14 G.

pneumonanthe patches in both years of the study (Table 2).

The total metapopulation size of M. teleius was estimated at

almost 150 thousand individuals in 2003 and about two thirds

of this in 2004, whereas the M. nausithous metapopulation re-

mained at the level of ca. 50 thousand individuals in both

years. Overall numbers of M. alcon were two orders of magni-

tude smaller, only slightly exceeding 500 individuals (Table 2).

Local populations of M. teleius and M. nausithous typically

consisted of several hundreds to slightly over one thousand

individuals, but a few of them (six of M. teleius and two of

M. nausithous) were considerably larger, exceeding 5000 indi-

viduals. M. alcon rarely reached more than a hundred individ-

uals on a single G. pneumonanthe patch, nevertheless despite

their very small size its populations were the most stable

among the three species investigated as implied by the lowest

coefficient of variation (Table 2). Maximum year-to-year pop-

ulation increase recorded for M. alcon was also lower than that

of the two other species (3.0 versus 4.3).

Among butterflies recaptured in 2003 only 4.1% of M. teleius

individuals and 3.6% of M. nausithous individuals changed

patch within 24-h period, which corresponds to respectively

9.2% and 12.1% per season after the longer adult life expec-

tancy of M. nausithous is accounted for (see Nowicki et al.,

2005c, for details of the calculation). Moreover, we should

stress that all the recorded inter-patch movements occurred

between nearest neighbouring patches. The maximum ob-

served distances of inter-patch movements were 346 m for

M. teleius and 193 m for M. nausithous.

According to the outcome of the multiple logistic regres-

sion analysis the only factor significantly affecting the occur-

rence of M. teleius was foodplant patch area (Table 3), with all

the patches lacking the species in 2004 being extremely small

(<0.1 ha, Fig. 2). For M. nausithous and M. alcon we additionally

detected the significant effect of patch connectivity; in both

cases smaller and more isolated patches had lower probabil-

ity of occupancy (Table 3, Fig. 2).

Local densities of M. teleius and M. nausithous were strongly

negatively correlated with patch area (Table 4). Apart from

this, secondary effects of edge proportion found for the for-

mer species, and patch compactness for the latter suggest

that internal patch fragmentation positively influenced abun-

dances of both species. Patch area and its fragmentation ap-

peared to have relatively good predictive power as together

they explained almost 55% and 80% of variation in local den-

sities of M. teleius and M. nausithous respectively (Table 4). M.

alcon densities showed a different pattern as they predomi-

nantly depended on densities of its G. pneumonanthe foodplant

(Fig. 3). Nevertheless, the positive effect of internal patch frag-

mentation appeared quite likely for this species as well, since

edge proportion almost reached statistical significance in the

Table 2 – Basic characteristics of metapopulations of Maculinea butterflies in the Kraków region, southern Poland

Species Number (and proportion) of occupied
patches

Total metapopulation size
(N ± SE; in thousands)

Local population sizes

2003 2004 2003 2004 Min–max.a CVb Max. increase

M. teleius 61 (100%) 57 (93%) 148 ± 15 94 ± 9 27–ca. 18,500 0.48 4.3

M. nausithous 51 (84%) 58 (95%) 55 ± 10 44 ± 5 28–ca. 8000 0.42 4.3

M. alcon 14 (78%) 14 (78%) 0.53 ± 0.06 0.57 ± 0.08 2–146 0.29 3.0

a Average values for the two years of study.

b Coefficient of variation, calculated for each population first and then averaged for all populations of a given species.

Table 3 – Results of the multiple logistic regression analysis of factors affecting presence–absence patterns of three
Maculinea species

Species (with sample size) Parameter estimates (±SE) Model fit

Intercept Log10(patch area) Connectivity v2 P R2

M. teleius (n = 61) 7.37 ± 2.68 4.60 ± 1.94 – 6.71 0.0096 0.23

M. nausithous (n = 61) �2.28 ± 2.09 0.82 ± 0.36 0.38 ± 0.16 10.75 0.0046 0.20

M. alcon (n = 18) �0.23 ± 3.00 1.36 ± 0.62 0.86 ± 0.34 9.56 0.0084 0.50

Only significant factors are included.
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multiple linear regression analysis, despite the small number

of populations (Table 4).

Year-to-year trends of M. teleius and M. nausithous ap-

peared to be density dependent to some extent. None of the

populations with density exceeding 2200 individuals per ha

in 2003 managed to increase by the following year (Fig. 4).

According to the results of fitting of density dependence func-

tions (see Fig. 4 for their parameters) we could estimate carry-

ing capacity densities at 1749 M. teleius adults and 1698 M.

nausithous adults per ha. These estimates should be regarded

as the average values across all the S. officinalis patches in the

region. The fit of the basic density dependence model, which

did not account for any heterogeneity among the patches,

even though highly significant, was relatively poor (R2 = 0.22,

P = 0.0034 for M. teleius; and R2 = 0.38, P = 0.0013 for M. nausit-

hous). The fit increased considerably after patch area (A), i.e.

the primary factor affecting local densities of both species,

was incorporated into the model (R2 = 0.37, P = 0.0006 for M.

teleius; and R2 = 0.54, P < 0.0001 for M. nausithous). The result-

ing carrying capacity estimates were 1201 M. teleius adults

and 1005 M. nausithous adults for 1-ha patch (Fig. 5), and pro-

portional to A0.67 and A0.76 respectively for both species. In

other words, with a ten-fold increase/decrease in patch area,

the carrying capacities should increase/decrease ca. 5 (M. tele-

ius) to 6 (M. nausithous) times.

4. Discussion

4.1. Structure of Maculinea metapopulations

Hanski (1999) described several characteristics of classic

metapopulations, which can be summarised as follows: (1)

breeding populations occupy discrete habitat patches; (2)

the isolation of patches is not severe enough to prevent

(re)colonisations of empty ones; (3) dynamics of local popula-

tion are asynchronous, at least to the extent precluding

simultaneous extinction of all of them; (4) none of the popu-

lations is large enough to be free from the risk of stochastic

extinction; (5) a considerable fraction of suitable habitat

patches remain unoccupied. The first of the above conditions

is definitely met in our study system, because Maculinea but-

terflies are highly specialised species requiring two crucial re-

sources, i.e. specific foodplants and host ants, of which the

former has a patchy distribution in the Kraków region.

As for colonisations we have detected a high frequency of

such events in M. nausithous. In the case of M. teleius we were

not able to record any colonisations within our two-year

study due to 100% occupancy in its first year, however some

of the S. officinalis patches from which this species disap-

peared in 2004 were recolonised in the following year

(authors’ unpubl. data). We have not found any evidence for

successful colonisation in M. alcon, which derives from smal-

ler number and sizes of its local populations. Nevertheless,

since all Maculinea species have similar mobility (see review

in Nowicki et al., 2005b) it seems unlikely that the few hun-

dred meter inter-patch distances between G. pneumonanthe

patches in the Kraków region are large enough to lead to

the complete isolation of M. alcon populations.

On the other hand, the dispersal rate that we recorded (ca.

10% of individuals changing patch per season in M. teleius and

M. nausithous) was too low to even out local population densi-

ties or synchronise their trends, as shown by completely

insignificant results of the spatial autocorrelation analyses.

Hence simultaneous extinction of all local populations ap-

pears improbable. In fact some populations of M. teleius and

M. nausithous are so large that they could perhaps be consid-
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Fig. 2 – Effects of foodplant patch area and connectivity on

presence–absence patterns of three Maculinea species. Black

and grey circles represent occupied and vacant (during at

least one of the two years of the study) foodplant patches

respectively, while solid lines denote 50% probability of

occupancy. Parameter estimates and model fit statistics are

presented in Table 3.
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ered as demographically ‘immortal’. In this respect the situa-

tion resembles mainland(s)–islands systems sensu Harrison

and Taylor (1997). In contrast, all the populations of M. alcon

are very small, and thus the species is more likely to have a

classic metapopulation structure in the Kraków region. How-

ever, M. alcon is generally known to occur in small, but

remarkably stable populations (Elmes and Thomas, 1992).

This can be regarded as a result of its cuckoo-feeding strategy

in Myrmica ant nests, which is much more efficient than prey-

ing on ant brood performed by other Maculinea (Thomas and

Elmes, 1998) and thus, as theoretically predicted by Thomas

et al. (1998a), should lead to relatively small annual fluctua-

tions in population size. Our results are in good agreement

with this theoretical prediction as we have recorded the high-

est coefficient of variation (CV) of seasonal population sizes

for purely ‘predatory’ M. teleius, the lowest one for the

‘cuckoo’ M. alcon, and the intermediate value for M. nausit-

hous, which is generally regarded as a predatory species, but

it also possesses certain characteristics of a cuckoo one (Fie-

dler, 1990; Thomas and Elmes, 1998). At the same time CV val-

ues yielded by our study are considerably lower than those

estimated for all other butterfly species (see review in Tho-

mas et al., 1998a). Such a comparison should, however, be

treated with caution, because values given in this paper have

been obtained from just two-year data (though averaged

across a high number of local populations) rather than from

a proper time series analysis.

In all three Maculinea species investigated we have found

almost complete occupancy of their foodplant patches. This

appears atypical for classic metapopulations, but on the other

hand a similar situation has been found in many butterflies

(Baguette, 2004). The few patches lacking Maculinea popula-

tions were significantly smaller and more isolated than the

remaining ones. The pattern that such patches are more

likely to experience population extinctions as well as less

likely to become colonised, and consequently have lower

probability of occupancy is explicitly assumed in the classic

metapopulation theory. Our results provide strong empirical

confirmation for this pattern, which so far has been lacking

in Maculinea butterflies, and has been indeed rarely reported

in any species group (cf. Pellet et al., 2007). For example, Wal-

lisDeVries (2004) in his study on M. alcon found that connec-

tivity had only a minor, though significant, effect on patch

occupancy compared with habitat quality.

In contrast to fairly straightforward patterns in patch

occupancy the patterns shown by factors influencing local

abundances of the three Maculinea species were quite intrigu-

ing. Densities of M. alcon were limited predominantly by the

availability of its G. pneumonanthe foodplant. The existence

of such a relationship is as expected, but its shape is not.

Based on a modelling study, Elmes et al. (1996) predicted that

densities of M. rebeli should grow linearly with increasing

densities of its G. cruciata foodplant, but only until the latter

reach the level of 1200–1500 plants per ha (Fig. 3). Recent the-

oretical analysis by Mouquet et al. (2005) produced a similar

outcome for the M. alcon and G. pneumonanthe system. Further

increase in gentian density should result in a slight decrease

in butterfly numbers, because leaving too little refuge space

for Myrmica host ants it leads to overexploitation of this re-

source. In our study, however, we could not observe any

decrease in M. alcon densities even at very high densities of

G. pneumonanthe (up to 5000 plants per ha on one of the

patches). Obviously it is not only gentian density, but also

Table 4 – Results of multiple linear regression analysis of factors affecting local densities of three Maculinea species

Species (with sample size) Habitat parameter Partial r t P DR2

M. teleius (n = 57) Log10(patch area) �0.65 �6.27 <0.0001 0.5047

edge proportion 0.27 2.09 0.0409 0.0372

Total R2 0.5419

M. nausithous (n = 51) Log10(patch area) �0.84 �10.70 <0.0001 0.7689

compactness �0.31 �2.28 0.0270 0.0226

Total R2 0.7915

M. alcon (n = 14) Log10(foodplant density) 0.71 3.36 0.0064 0.3913

edge proportion 0.52 2.01 0.0699 0.1632

Total R2 0.5545

Only significant factors are included, except for a single factor (marked in italics) in the case of M. alcon that almost reached a statistically

significant level.

0

100

200

300

400

500

0 1000 2000 3000 4000 5000

gentian density [ha-1]

M
. 

al
co

n 
de

ns
ity

 [h
a

-1
]

Fig. 3 – The effect of G. pneumonanthe density (Gi) on M. alcon

density (Di). The observed linear regression relationship

(solid line) was: log10(Di) = � 1.62 + 1.09 log10(Gi); R2 = 0.39.

The M. alcon population with the highest density recorded

appears to be an outlier rather than an indicator of a non-

linear trend, as it occupied an exceptionally small patch of

<0.02 ha. The relationship between densities of M. rebeli and

its G. cruciata foodplant (broken line) predicted by the HCET

model (Elmes et al., 1996) is presented for comparison.
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their distribution that matters. If gentians are highly clumped

then even at high densities there is still some refuge space for

ants. The slightly higher clumping of gentians in the Kraków

region (negative binominal clumping parameter KG = 0.71 as

estimated for one of the patches; P. Nowicki, unpubl.) as com-

pared to the Panticosa site (KG = 2.10), on which Elmes et al.

(1996) parameterised their model, explains the discrepancy

between the model predictions and our empirical data to

some extent. More important seems the fact that contrary

to what is assumed in the model, and often found in reality

in M. rebeli and G. cruciata systems, only a fraction of gentians

are available for M. alcon oviposition. Many of them are lower

than surrounding vegetation and therefore not visible for but-

terflies (cf. Küer and Fartmann, 2004; Nowicki et al., 2005d).
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Fig. 4 – Relative changes in local population densities of Maculinea butterflies between 2003 and 2004 versus their densities

recorded in 2003. The broken line marks no change level, and so the points above this line indicate populations that

increased, while those below it decreased. The density dependence function fitted (solid line) was Dit+1 = kR0Dit/(k + R0Dit);

further explanation in text. We assumed R0 as equal to 4.3, based on maximum year-to-year population increases recorded

for both species. The best-fit estimates of k were 2271 for M. teleius (R2 = 0.22), and 2212 for M. nausithous (R2 = 0.38).
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Fig. 5 – Year-to-year changes (black circles = increases, grey circles = decreases) in the size of local populations of Maculinea

butterflies in relation to foodplant patch area. The best-fit carrying capacity functions (solid lines) were K = 1201 · A0.67 for M.

teleius (R2 = 0.38) and K = 1005 · A0.76 for M. nausithous (R2 = 0.55), where A is patch area expressed in ha; further explanation

in text.
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Furthermore, some gentians may flower too early or too late

in the season, because the flowering period of G. pneumonan-

the in the Kraków region is considerably longer than the flight

period of M. alcon. It is worth mentioning that in both years of

the study we recorded M. alcon eggs on only about 30% of gen-

tians surveyed (authors’ unpubl. data), which is consistent

with the findings of our earlier research in the same region

(Nowicki et al., 2005d). In conclusion, despite relatively high

total gentian densities measured in field, their effective den-

sities reflecting the abundance of plants available for oviposi-

tion are probably several times lower. Consequently, the

effective gentian densities are still within the range of linear

effect on M. alcon densities.

In the case of M. teleius and M. nausithous, foodplant abun-

dance did not limit their local densities. Instead patch size

and shape played an important role, with small and highly

internally fragmented patches supporting higher densities.

As a rule of thumb the carrying capacity of a 1-ha patch can

be estimated at ca. 1200 M. teleius adults and ca. 1000 M. nau-

sithous adults, changing 5–6 times with ten-fold change in

patch area. Negative density–area relationships have been re-

ported for several butterfly species, and Hambäck and Engl-

und (2005), who carried out their meta-analysis, postulated

that such a pattern is due to asymmetric dispersal between

large and small patches. However, the above explanation does

not seem convincing in our case. First of all, taking into con-

sideration the low mobility of Maculinea butterflies recorded

in the region it is unlikely that their densities are shaped

mostly by dispersal rather than by the dynamics of local pop-

ulations. To support this statement the complete lack of spa-

tial autocorrelation between local populations should be

recalled – a predominant effect of dispersal on local densities

would most likely result in spatial autocorrelation, since dis-

persal is obviously distance-dependant. Moreover, we found

that both relative emigration and immigration of M. teleius

and M. nausithous in the Kraków region are equally negatively

affected by patch area (authors’ unpubl. data). In other words,

dispersal is fairly symmetric and thus does not change local

densities significantly.

On the other hand, Hanski et al. (1994), who found a neg-

ative density–area relationship in their extensive study on

Melitea cinxia, concluded that it stems from the fact that larger

patches are typically of lower average quality, but without

elucidating this point further. In this study we investigated

several parameters potentially reflecting quality of Maculinea

habitats and none of them turned out to significantly affect

population densities of M. teleius or M. nausithous. We hypoth-

esise that instead through the effects of patch area and frag-

mentation we could indirectly observe the influence of the

single crucial factor missing in the analysis – the abundance

of Myrmica ant nests. Since S. officinalis grows densely on its

patches (at least in the Kraków region), host ants are under

heavy parasite pressure from Maculinea within patch bound-

aries, and only patch surroundings may constitute refuge

space for them. Myrmica ants are known to spread primarily

through budding of existing colonies over a distance of a

few meters (Hochberg et al., 1994). Hence their densities can

be expected to be very low in the interior of patches, but high-

er along their edges, and consequently higher on small and

fragmented patches.

4.2. Conservation recommendations

The mechanism of spatial interactions between Maculinea

butterflies and their Myrmica hosts described in the previous

section may have serious implications for the Maculinea con-

servation. First of all it underlines the fact that not only food-

plant patches, but also their surroundings are crucial for

preserving Maculinea populations. In order to serve as Myrmica

ant refuges patch surroundings have to be natural or semi-

natural areas habitable for ants, and not concrete-covered

residential areas, roads or water reservoirs. Secondly, elon-

gated foodplant patch boundaries are preferable and internal

gaps in foodplant cover may also be beneficial. The latter rec-

ommendation is in fact very similar in its nature to the one

coming from the modelling study by Elmes et al. (1996), who

concluded that planting additional foodplants to fill in gaps

in their cover should, contrary to an intuitive prediction, de-

crease the carrying capacity of M. rebeli habitats.

In butterfly studies foodplants have been traditionally con-

sidered the major limiting resource for most species and con-

sequently foodplant patches have been regarded as

tantamount with habitat patches. Only recently more atten-

tion has been given to other possible important resources

(e.g. Dennis and Sparks, 2006; Fred et al., 2006), leading to

the development of the resource-based concept of butterfly

habitats (Dennis et al., 2003, 2006). Our findings strongly sup-

port this concept, showing that (at least in the case of M. tele-

ius or M. nausithous) habitat quality is determined by factors

other than foodplant availability, most likely by host ant

abundance. A peculiarity of the system we described is that

habitat quality is closely related with its spatial structure, be-

cause host ant abundance within foodplant patches depends

on patch surroundings. The need for protection of foodplant

patch surroundings, i.e. areas not used directly by Maculinea

butterflies, is a novelty for conservation programmes and

may require changes in existing legal instruments, which typ-

ically refer only to the places where certain species or habitat

types are present.

Interpreting negative density–area relationship as well as

the positive impact of patch fragmentation on densities of

M. teleius or M. nausithous in the light of the famous SLOSS de-

bate (May, 1975; Gilpin and Diamond, 1980; Higgs and Usher,

1980), one might be tempted to conclude that several small

reserves are a better conservation solution for these butter-

flies than a single large one. This would be a wrong-headed

idea, because small patches – as another part of our study

has demonstrated – are more likely to occasionally lose their

populations. We strongly believe that the ultimate objective of

conservation efforts is to ensure long-term persistence of

(meta)populations and thus stable systems should be pre-

ferred to high densities of individuals.

A by-product of our study is the estimation of metapopu-

lation sizes of M. teleius or M. nausithous in the region at the

level of several tens of thousands adults, which implies that

they are the largest so far described in Europe (compare Mun-

guira and Martin, 1999; Settele et al., 2005). It is therefore par-

ticularly unfortunate that this wet meadow complex is

seriously endangered by urban development, with approxi-

mately one third of its area planned to be built up within

the next two decades (Böhm, 2000). The remaining two thirds
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should be enough to sustain viable metapopulations of both

species, however this may be expected only if current near-

optimal habitat conditions are maintained. Therefore

extensive management activities are needed for the mead-

ows, because otherwise their prolonged abandonment will

eventually lead to the successions of shrubs and disappearing

of S. officinalis. In the case of G. pneumonanthe such process has

already started and thus a decline of M. alcon may be expected

in the coming years.
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Böhm, A. (Ed.), 2000. Uaktualnienie i rozszerzenie planu
koordynacyjnego dla III Kampusu UJ wraz z Parkiem
Technologicznym do wystapienia o WZiZT. Instytut
Architektury Krajobrazu i Instytut Planowania
Komputerowego Politechniki Krakowskiej, Kraków, Poland.

Bonnet, E., Van de Peer, Y., 2002. Zt: a software tool for simple
and partial Mantel tests. Journal of Statistical Software 7
(10), 1–12.

Dennis, R.L.H., Shreeve, T.G., Van Dyck, H., 2003. Towards a
functional resource-based concept for habitat: a butterfly
biology viewpoint. Oikos 102, 417–426.

Dennis, R.L.H., Shreeve, T.G., Van Dyck, H., 2006. Habitats and
resources: the need for a resource-based definition to conserve
butterflies. Biodiversity and Conservation 15, 1943–1966.

Dennis, R.L.H., Sparks, T.H., 2006. When is a habitat not a habitat?
Dramatic resource use changes under differing weather
conditions for the butterfly Plebejus argus. Biological
Conservation 129, 291–301.

Eastman, J.R., 1997. Idrisi for Windows. User’s Guide Version 2.0.
Clark University, Worchester, MA, USA.

Elmes, G.W., Clarke, R.T., Thomas, J.A., Hochberg, M.E., 1996.
Empirical tests of specific predictions made from a spatial
model of the population dynamics of Maculinea rebeli, a
parasitic butterfly of red ant colonies. Acta Oecologica 17,
61–80.

Elmes, G.W., Thomas, J.A., Wardlaw, J.C., Hochberg, M.E., Clarke,
R.T., Simcox, D.J., 1998. The ecology of Myrmica ants in relation
to the conservation of Maculinea butterflies. Journal of Insect
Conservation 2, 67–78.

Elmes, G.W., Thomas, J.A., 1992. The complexity of species
conservation: interactions between Maculinea butterflies and
their ant hosts. Biodiversity and Conservation 1,
155–169.

ESRI, 1996. Using ArcView GIS. The Geographic Information
System for Everyone. Environmental Systems Research
Institute Inc., Redlands, CA, USA.

Fiedler, K., 1990. New information on the biology Maculinea
nausithous and M. teleius (Lepidoptera: Lycaenidae). Nota
Lepidoptera 12, 246–256.

Fred, M.S., O’Hara, R.B., Brommer, J.E., 2006. Consequences of the
spatial configuration of resources for the distribution and
dynamics of the endangered Parnassius apollo butterfly.
Biological Conservation 130, 183–192.

Gilpin, M.E., Diamond, J.M., 1980. Subdivision of nature
reserves and the maintenance of species diversity. Nature
285, 567–568.
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