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Abstract

Population viability analysis (PVA) and metapopulation theory are valuable tools to model the dynamics of spatially structured
populations. In this article we used a spatially realistic population dynamic model to simulate the trajectory of a Proclossiana eunomia
metapopulation in a network of habitat patches located in the Belgian Ardenne. Sensitivity analysis was used to evaluate the relative
influence of the different parameters on the model output. We simulated habitat loss by removing a percentage of the original habitat,
proportionally in each habitat patch. Additionally, we evaluated isolation and fragmentation effects by removing and dividing habitat patches
from the network, respectively. The model predicted a slow decline of the metapopulation size and occupancy. Extinction risks predicted
by the model were highly sensitive to environmental stochasticity and carrying capacity. For a determined level of habitat destruction, the
expected lifetime of the metapopulation was highly dependent on the spatial configuration of the landscape. M oreover, when the proportion
of removed habitat is above 40% of the original habitat, the loss of whole patches invariably leads to the strongest reduction in
metapopulation viability. © 2002 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction and the progressive isolation of the remaining patches

(Goffart et a., 2001). As a consequence, many species

Habitat loss and fragmentation induced by human activi-
ties are the main threats to biodiversity and species conser-
vation (Wilcox and Murphy, 1985; Ehrlich, 1988). Habitat
fragments are constantly reduced in their area and have
progressively become more isolated. Consequently, local
populations are restricted to small and isolated habitat
patches and everyday more prone to extinction (Wilcove et
al., 1986).

In particular, the landscape in Western Europe has been
deeply modified by changes in agricultural practices during
the 20th century that lead to the loss of semi-natural habitats
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inhabiting such habitats are declining and show highly
patchy distributions (Baguette and Goffart, 1991; Goffart et
al., 1992). Hence, the rules of management focused on these
habitats and species have to be derived in the frame of the
metapopulation paradigm (Hanski, 1991; Hanski et al.,
1996; Thomas and Hanski, 1997; Hanski, 1998b). A
metapopulation is an ensemble of local populations con-
nected by occasional migration events (Hanski, 1991; Han-
ski, 1998b). The inherent heterogeneous character of the
environment determines that organisms are distributed in
patches of favourable habitat (Gilpin, 1990). These local
populations may have a high level of extinction risk.
However, the movement of individuals among habitat
patches allows the recol onisation of empty patches, decreas-
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ing the extinction risk of the ensemble (Hanski et al., 1996;
Hanski, 1998h).

A fundamental step in the process of modelling metapo-
pulation dynamics was the devel opment of spatially realistic
models (SRM), which incorporate specific information
about spatial structure of the populations (Hanski, 1994,
Hanski, 1997; Moilanen, 1998). SRM constitute an invalu-
able tool regarding population viability analysis (PVA),
which has been developed to estimate the extinction likeli-
hood of a population (Gilpin, 1990; Shaffer, 1990; Boyce,
1992; Burgman et al., 1996; Hanski, 1998b; Akcakaya and
Sjogren-Gulve, 2000). Stochastic patch occupancy models
(SPOMs) and population dynamic models (PDMs) are
among the most frequently used types of SRMs. SPOMs
assume that local population dynamics are much faster than
regiona dynamics. Therefore, these models ignore local
dynamics and assume that metapopulation dynamics are
determined only by extinction and colonisation processes
(Hanski, 1994; Hanski, 1998b; Moilanen, 1998; Akcakaya
and Sjégren-Gulve, 2000). Opposed to SPOMs are PDMs
that simulate local dynamics and connect local populations
through migration events (Hanski and Thomas, 1994; Burg-
man et al., 1996; Hanski, 1998b; Akcakaya, 2000; Akcakaya
and Sjogren-Gulve, 2000). A disadvantage of these models
is the great effort in parameterisation that they require
(Hanski, 1998b; Akgakaya, 2000; Akgakaya and Sjogren-
Gulve, 2000). However, they are more realistic and conve-
nient than SPOMs for metapopulations, especially where
species occupy nearly all patches (Hanski, 1994; Akcakaya
and Sjogren-Gulve, 2000).

Butterflies have been proven to be suitable models to
study spatially structured populations (Thomas and Hanski,
1997). Since they are easy to survey, they constitute an
instrumentally tractable model. Moreover, many butterfly
Species are associated to well-defined habitats easy to locate
within the landscape. Many specidlist butterflies show a
typical fragmented spatial structure in the landscape (Tho-
mas and Hanski, 1997), and are declining in industrialised
countries (Thomas, 1984). Hence, the long-run conservation
of these species would be assured at the metapopulation
level (Neve et al., 1996; Hanski, 1998a).

A primary goa of this study was to investigate how
habitat loss and isolation should affect the persistence of
Proclossiana eunomia populations within a spatialy ex-
plicit landscape. The bog fritillary butterfly, P. eunomia, isa
well-studied threatened species living in very localised
habitat patches (Baguette and Goffart, 1991; Goffart and
Waeyenbergh, 1994).

In particular, this study was aimed at: (1) the building of
a SRM of the metapopulation dynamics of P. eunomia,
parameterised with field data collected in agiven network of
habitat patches; (2) the identification of the most influent
variables on the output model and the main threats for the
persistence of the species; and (3) the assessment of the
effect of habitat loss, fragmentation, and isolation on the
system persistence by removing patches from the network.

2. Materials and methods
2.1. The bog fritillary butterfly

P. eunomia is a specialist butterfly species with a highly
fragmented distribution in the southern part of its distribu-
tion range. In this region, it occurs in unfertilised wet
meadows and peat bogs, where Polygonum bistorta, the
only larval food plant and adult source of nectar, grows
(Goffart and Waeyenbergh, 1994; Néve et a., 1996). Adults
are on the wing in one generation from May to July,
showing a marked protandry process (Schtickzelle et al.,
2002). Females search actively for tussocks of certain
gramineous (Deschampsia cespitosa, Molinia caerulea) to
oviposit. Caterpillars use the straws of these plants for
basking (Goffart and Waeyenbergh, 1994). Thus, their
survivorship is not only dependent on the presence of the
host plant but also on a determined vegetation structure.

2.2. Sudy area

The study area (ca. 20 km long, 15 km wide) islocated in
the Martin-Moulin, Aisne and Ourthe river basins. These
river basins are situated in the ‘Plateau des Tailles', Haute
Ardenne, southern Belgium. Some very particular plant
communities, like peat bogs and semi-natural meadows,
develop due to the climatic and geomorphologic features of
the region. In the landscape, they are more or less isolated
in a matrix mainly constituted by anthropic habitats like
spruce (Picea abies) plantations and fertilised pastures.

Thirty-two meadows were selected as potential habitat
patches (mean area=1ha, median area=0.75 ha, range
0.25-3 ha) for P. eunomia. The structure of the habitat patch
network is detailed in Fig. 1.
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Fig. 1. The habitat patch network occupied by the bog fritillary in the
Plateau des Tailles. Circle area is proportional to the estimated carrying
capacity of the patch, which depends on the area and the habitat quality.
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2.3. Sampling

We recorded butterflies at each site, during the flight
season (May-July) between 1994 and 1996. Counts were
made every week by visual observation along transects,
during fine weather conditions (Pollard, 1997; Thomas,
1983).

We used the maximum number of individuals observed
in a day as an index of relative abundance. This measure
was significantly correlated with population size, estimated
by mark—release—recapture (MRR) studies (Baguette and
Néeve, 1994; Neve et a., 1996). Hence, we computed
abundance at each site, by linear regression (R? =0.923;
p = 0.026).

2.4. Model description and parameterisation

We constructed a female-only, discrete-time, spatially
explicit, stochastic model to simulate the dynamics of a
system constituted by 32 local populations. Local dynamics
were modeled assuming a scrambletype density-
dependence model, by using the Ricker function. Discrete
time logistic models, as the Ricker function, have aready
been used to describe population growth in other species of
butterflies (Hanski and Thomas, 1994; Hanski et al., 1994).
The use of the Ricker function is justified in univoltine
insects (Heino, 1998). Besides, scramble-type intraspecific
competition may be suitable to describe situations where
parasitism constitutes a key factor (Warren, 1992; Hanski,
1998b). This may be the case of P.eunomia, since this
species has gregarious caterpillars, and more than 90% of
the 4th stage larvae collected in the field were parasitised by
an hymenopteran Braconidae (Waeyenbergh and Baguette,
1996). As an additional advantage, scramble competition,
compared to contest competition, generates conservative
(higher) estimates of extinction probabilities.

Hanski and Thomas (1994) suggested values of 1.5 and 2
for the intrinsic rate of population increase (r) for three
butterfly species. In the present study, the intrinsic growth
rate was fixed at the conservative value of 1.5. This value
corresponds to an approximately five-fold increase per year
(R=4.8). R is the maximum proportion a which the
population increases per year when there are no density-
dependence effects. The growth rate diminishes when the
population increases and approaches the carrying capacity
(Akcakaya, 1994).

We specified the butterfly abundances estimated for the
year 1994 astheinitial starting populations. Datafrom years
19941996 were pooled to avoid annual weather effects, as
well as local extinction events, and used to compute habitat
quality at each patch. Measures of habitat quality were
based on floristic composition (Sawchik, 1999). Carrying
capacities were estimated with multiple regression using
patch area and habitat quality (based on floristic composi-
tion) as predictor variables. The model, detailed in Sawchik
(submitted for publication), explained 66% of the butterfly

data variation. The average carrying capacity was 90 fe-
males per ha. This value was conservative compared with
those suggested by Hanski and Thomas (1994).

We modelled environmental stochasticity by sampling
the set of carrying capacities from log-normal random
distributions with standard deviations (S.D.) taken as 50%
of the average values (Akcgakaya, 1994). These random
variations introduced in carrying capacities may generate
high fluctuations that affect populations of any size (Heino,
1998). Environmental stochasticity was modelled without
temporal autocorrelation, i.e. as a white noise.

A relationship between the synchrony level of local
population dynamics and the inter-patch distance has been
detected for several species, including butterflies and moth
species (Sutcliffe et al., 1996). We assumed spatially auto-
correlated environmental variability, with spatial correlation
(cy) inversely proportional to inter-patch distance. Thus,
spatial correlation among local population dynamics was
modelled fitting a negative exponential function:

~dj
¢ =a.exp| —p— |.

where d; ; is the distance between the patchesi and j, and &,
b. and c, are function parameters (Akcgakaya, 1994). Incre-
ments in a. and b, increase spatia correlation (c;;), leading
to highest levels of synchrony among local dynamics.
Increments in ¢, lead to a decrease of ¢;;, lowering the level
of synchrony. The parameters of the correlation function,
were fixed arbitrarily (a;. = 1; b, = 10; ¢, =1). These values
determined a correlation of r = 0.98 among the next habitat
patches (<1 km) and of r =0.22 among the most distant
habitat patches (> 15 km), which are plausible correlation
values (Sutcliffe et al., 1996).

The distributions of distances travelled by individuals
among habitat patches was modelled with a negative expo-

nential function:
B ~diy
m, =a,.exp b )

where d, ; is the distance between the patchesi and j, and &,
b,, and ¢, are function parameters (Akcakaya, 1994). As a
result, migration was exclusively dependent on the inter-
patch distance. Negative exponential functions are com-
monly used to describe distribution of migration distances
with good results, especially for organisms moving between
discrete habitat patches (Baguette et a., 2000; Hill et a.,
1996; Akcakaya et a., 1995; Akcakaya and Atwood, 1997).
The parameter a,,, corresponds to the migration rate, that is
the proportion of emigrant individuals per time step from
one population to another, and b, represents the average
distance an emigrant travels (Akcakaya, 1994). An effect of
the patch area on the migration rates has been demonstrated
by Hill et al. (1996). However, recent studies indicate that
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this effect is not always as simple as it was supposed
(Baguette et al., 2000). Indeed, it was recently demonstrated
that habitat quality could compensate for losses in habitat
quantity (Kuussaari et a., 1996; Summerville and Christ,
2001; Thomas et al., 2001). Nevertheless, the fact that the
patches with larger population size produced more emi-
grants than those with smaller population size has been
clearly proved (Hill et a., 1996; Baguette et a., 2000). For
these reasons, we preferred to use a simple approach based
on the fitted negative exponential function, assuming patch
area-independent migration rates. With this approach, the
actual number of emigrants is a function of the migration
rate and of the population size, in the source population.
Mortality during migration is not explicitly modelled by the
RAMAS package, assuming that it is accounted by local
mortality (Akgakaya, 1994). Indeed, it seems that P. euno-
mia shows low cost of migration, particularly when the level
of gpatial isolation islow compared to the flight capacity of
the species (Petit et al., 2001). In summary, the negative
exponential function was fitted to the observed distribution
of migration distances on data provided by extensive MRR
studies (Baguette and Néve, 1994; Néve et a., 1996;
Schtickzelle, 1997). Migration parameters (a,, = 0.45
b,=0.71;, c,=1.00) were estimated by maximum-
likelihood, non-linear regression (R? = 0.70; p = 0.0001).

Demographic stochasticity and Allee effects were not
modelled explicitly to gain in simplicity and simulation
time.

2.5. Sengitivity analysis

Sensitivity analysis is a useful method to evaluate how
sensitive the model responseisto the variation of each input
parameter (Burgman et a., 1996; Akcakaya, 2000). Thus,
sensitivity coefficients can be used to evaluate the potential
model error, to direct future research on parameter estima-
tion, and to rank potential management options (Burgman et
al., 1996; Drechsler, 1998; Drechdler et a., 1998; Akcakaya,
2000).

For the present study, we selected the extinction risk (Q)
as the state variable. Sensitivity coefficients were estimated
controlling the variation of an individual parameter (Ap/p)
and checking the proportional change in the value of the
model output or state variable (AQ/Q) (Burgman et al.,
1996). Sensitivity coefficients were computed as:

__logitQ(p +4p) —logit Q(p)

p ) !

where C, is the sensitivity coefficient that quantifies the
influence of varying the parameter, p, by a relative propor-
tion, d, on the extinction risk (Drechder et a., 1998). We
computed sensitivity coefficients for the dispersion function
parameters (a,,,, b, ), the correlation function parameters

(bs, Co), the growth rate and the mean and S.D. of the
carrying capacity. Each parameter was varied in turn by a
proportion of ¢ = (x 10, 30 and 50%).

2.6. Habitat loss and fragmentation

Thereis no single ideal method to describe the degree of
isolation of the patches (Hanski and Thomas, 1994; Clinchy
et a., 2002). To measure the degree of isolation of each
patch, we used a simple index computed as the average
distance between a patch and other occupied patches (Han-
ski et al., 1994). Pearson’s product—-moment correlation
coefficients were computed between local occupancy, iso-
lation and the carrying capacity of the habitat patches.

We simulated habitat loss by removing a percentage (10,
20, 30, 40, 50 and 60%) of total carrying capacity (sum of
carrying capacity over al habitat patches). We constructed
four ‘artificial landscapes’ representing different degrees of
connectivity. The first scenario was obtained by reducing a
percentage of total carrying capacity, proportionally in each
habitat patch. Habitat loss results in a constant number of
smaller patches. Scenarios Il and |1l were constructed by
removing the same percentage of habitat, but as whole
patches; thus, the number of patches was reduced. In
scenario |1 we removed the habitat patcheswith largest K. In
general, these patches are the largest because K isafunction
of the area and the habitat quality of the patches, so this
scenario resulted in a fine-grain landscape (Rolstod, 1997).
Removal of the patches with smallest K (scenario I11) arose
in a coarse-grain landscape. These different artificial land-
scapes, with equal total carrying capacity, showed different
degrees of increasing overall isolation.

A fundamental issue is to distinguish fragmentation from
habitat loss effects (Fahrig and Merriam, 1994; Fahrig,
1997). These processes occur together and their effects on
population extinction are confounded. Fragmentation oc-
curs only when the number of habitat patches increases as a
consequence of the division of origina patches in separate
sections (Fahrig, 1997). We simulated fragmentation by
modifying scenario |, choosing the eight habitat patches
with the largest K and dividing each of them in two almost
contiguous patches of smaller K compared to the original
patch. In this way, the total number of habitat patches
increased to 40 (scenario 1V). Because the new habitat
patches created from an original patch are very close to each
other, migration and correlation values between them are
maximum.

Simulations were carried out with the program
RAMAS/METAPOP (Akgakaya, 1994). The model was run
for each scenario and projected for 50 years. All simulations
were run with 1000 replications. The significance level of
the maximum distance among the extinction curves, ob-
tained for the different scenarios, was assessed by Kolmog-
orov—-Smirnov tests (Akcakaya, 1994).
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Fig. 2. Metapopulation trajectory over 50 years in 10 replicate simulations.

3. Results
3.1. Model predictions

Both, the average number of individuals and the average
number of occupied patches showed a slight declining trend.
Fig. 2 shows 10 simulated metapopulation trajectories
produced by the model. The predicted extinction risk of the
metapopulation was of 2.4% over 50 years. An extinction
risk of 0.5% over 50 years was predicted when we ran the
model incorporating contest competition. Local occupancy
(number of years that a patch remains occupied) was
negatively correlated with isolation (r = —0.858, p < 0.001).
We did not find a significant correlation between local
occupancy and carrying capacity.

3.2. Sendgitivity analysis

Sensitivity coefficients are presented in Table 1. A
positive sensitivity coefficient denotes that the extinction
risk declines with an increase in the parameter considered.

The S.D. and the mean of carrying capacities were the
parameters that showed the highest sensitivity coefficients
for al the considered variation levels. In decreasing order,

Table 1

the parameters that showed the following sensitivity coef-
ficients were those that determine the correlation level
between local dynamics (b, and ¢.) and those that define the
migration power of the species (b, and ¢,,). The growth rate
was clearly the parameter to whose variations the model
was less sensitive.

The average carrying capacity, the parameters a,,, and b,
of the dispersion function, and the parameter c. of the
correlation function showed positive sensitivity coefficients
to positive increments. Thus, increasing the value of these
parameters leads to a decrease in the extinction risk.
Negative sensitivity coefficients were found for the S.D. of
carrying capacity, the parameter c,,, of the dispersion func-
tion and the parameter b, of the correlation function. When
increasing the value of these parameters there is an incre-
ment of the extinction risk.

3.3. Habitat loss

Extinction risk curves for the different scenarios tested
are shown in Fig. 3(a—f). Significant differences among
most of the probability curves were detected by means of
Kolgomorov—Smirnov tests Fig. 3(a—f). Removal of whole
habitat patches (scenarios Il and Ill) led to a greater

Sensitivity coefficients for the extinction risk to different variations (expressed as percentages) of the model parameters (mean carrying capacity, K; standard

deviation of the carrying capacity, K-std; growth rate, R)

Percentage of variation of the parameters

-50% -30% -10% +10% +30% +50%
an, —2.87 —2.33 —2.61 1.02 0.56 0.48
b, —4.97 —6.43 -10.23 2.39 281 177
Cm 2.16 2.95 5.46 -12.20 -5.34 -3.45
b 6.70 7.49 3.68 —4.87 -3.35 —2.64
Ce —4.10 —4.47 -5.50 4.54 5.45 5.89
K -15.37 -12.84 -12.85 16.36 11.00 9.92
K-std 17.30 13.48 16.36 -10.73 -8.30 —7.22
R 0.20 0.49 -0.38 -1.64 -0.25 -0.36
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Fig. 3. Extinction risk curves of the different scenarios (scenario |: solid line; scenario |1: dotted line; scenario 111; dashed line; scenario IV: broken line). The
asterisks give the significance level of the Kolmogorov—Smirnov statistic computed to test the difference (maximum vertical distance) between the curves
(0.05 *, 0.01 **, 0.001 ***). The carrying capacity of the metapopulation was lowered by 10 (&), 20 (b), 30 (c), 40 (d), 50 (e) and 60% (f).

extinction risk than the proportional reduction of carrying
capacity in all patches (scenario 1). Removal of largest
patches (scenario I1) had alower effect on the extinction risk
than removal of smallest patches (scenario 111): the extinc-
tion probability was higher in the second case (Table 2).
This pattern may be observed for all the levels of variation
imposed on the system Fig. 3(af).

Compared to scenario |, fragmentation (scenario 1V)
always increased the extinction risk of the system. At low
and medium levels of habitat |0ss (10-40%), scenario 1V led

Table 2

to higher estimated extinction risks than those obtained with
scenario I1. There were not significant differences between
scenarios Il and 1V, if habitat loss was from 50 to 60%. A
more complex pattern can be discerned when we compare
scenario 1V withto scenario I11. At low levels of habitat loss
(10-20%), scenario 111 showed lower extinction risks than
those obtained with scenario 1V. This situation is inverted
when the level of habitat loss increases. When there was
40% or more of habitat loss, the probability of extinction
was significantly larger in scenario 1.

Metapopulation extinction risk after removal of a percentage of total K. Four scenarios were tested (scenario |: K reduced proportionally for al patches;
scenario 11: removal of the largest patches; scenario I11: removal of the smallest patches; scenario IV: fragmented patches)

Proportion of the total habitat (K) removed

-50% -30% -10% +10% +30% +50%
| 24 29 4.2 55 6.3 9.1
I} 29 3.0 3.9 85 10.6 14.2
11 34 41 9.6 135 16.5 28.9
v 55 5.8 7.2 9.2 111 12.3
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4, Discussion

4.1. Model predictions

The declining trend of the system predicted by the model
seems to be in agreement with the situation registered in
Belgium, in which a decrease in the number of individuals
and of occupied patches has been reported (Baguette et al.,
1992).

In the prospected basins, P. eunomia showed the ten-
dency to occupy most of the habitat patches during the
period of study (3 years). In this period, only two extinction
events were registered. Moreover, these extinctions oc-
curred in habitat patches of low quality, one of them
suffering a progressive invasion by Urtica dioica (Sawchik,
1999; Goffart et al., 2001). Thus, the metapopulation seems
to be stable at a short time scale. Model predictions may
conform to this pattern, considering the slow declining trend
of the system trgjectory and the short-time of the study
period. The short-time viability of the metapopulation is
probably assured by a network of abundant habitat patches
and by the good migration power of the species (Baguette
and Néve, 1994; Néve et al., 1996; Petit et a., 2001).

Model predictions have to be taken cautiously because
some potential causes of local extinction (genetic and
demographic stochasticity, socia dysfunction) were not
considered. However, these factors are really important only
on small-size populations (Shaffer 1990; Hanski 1991,
Hanski and Thomas 1994; Thomas and Hanski, 1997). The
effect will mainly be on satellite patches with poor quality
and/or small area, e.g. sinks (Watkinson and Sutherland,
1995). Thus, it is uncertain that these factors affect large
habitat patches, which are the main sources of individuals
(Harrison and Taylor, 1997). Moreover, experiments that
were carried out in the Morvan region (France) showed that
P. eunomia has a strong colonisation capability at local
scale. Starting from a few introduced females, the popula
tion increased considerably and expanded in a new region
(Néve et al. 1996; Barascud et al., 1999). We supposed that
if small-population factors like Allee effects had been
particularly prominent, these populations would have not
prospered.

The assumption of a binary landscape with an isotropic
inter-patch matrix was not a restrictive premise since
P. eunomia is distributed in well-defined habitat patches and
shows a high migration power (Néve et a., 1996). It has
been observed that this speciesis able to cross unfavourable
and unattractive habitats, as coniferous forests and culti-
vated prairies (Néve et ., 1996). Movements of individuals
have also been observed between two valleys, and even two
different oro-hydrographic basins (Neve et al., 1996; Goffart
et al., 2001; Petit et al., 2001). On the other hand, some
assumptions could lead to a pessimistic behaviour of the
model. For instance, the negative exponential function used
to model migration may lead to underestimates of the
long-distances migration probability (Hill et a., 1996;
Schtickzelle, 1997; Baguette et al., 2000). Lastly, somelocal

populations identified in other oro-hydrographic basins
were not included in the analysis. As was previoudy stated,
we have recorded exchanges of individuals across valleys
and even among different basins. Consequently, it is prob-
able that the metapopulation is constituted by more habitat
patches than those considered, buffering its chances of
extinction (Hanski, 19984). Thus, our modd is a trade-off
between pessimistic and optimistic simplifications.

4.2. Sensitivity analysis

The high sensitivity coefficients of the S.D. of carrying
capacities and of the correlation parameters showed that the
model was strongly sensitive to regional stochasticity, i.e.
spatialy correlated environmental stochasticity (Hanski,
1991; Hanski 1997). Increases in regional stochasticity,
given by increments in the environmental stochasticity
and/or the correlation between local dynamics, determine an
increase in the extinction risk of the metapopulation. Unfor-
tunately, empirically quantifying the impact of regional
stochasticity is very difficult, and most studies are of too
short duration to obtain reliabl e estimates of spatio-temporal
variation of the vital rates or the habitat (Shaffer, 1990;
Burgman et al., 1996; Hanski, 1998b; Brooks, 2000).

The carrying capacity of the habitat patches had a strong
influence on the model output. This fact highlights the
importance that local conditions, i.e. habitat quality and
quantity, have on local extinction and metapopulation vi-
ability (Harrison and Taylor, 1997; Drechder and Wissel,
1998; Etienne and Heeterbeek, 2001). SPOMs ignore local
dynamics, and are traditionally biased towards the analysis
of area and connectivity effects despite habitat quality.
However, recent studies have shown that habitat quality
may be an efficient predictor variable of the species occu-
pancy, even more than the traditionally used by the metapo-
pulation approach (Summerville and Crist, 2001; Thomas et
a., 2001). For these reasons, PDMs may constitute one of
the most valuable option for PVA, especialy when local
dynamics and habitat quality seem to play an important role
in metapopulation persistence. PDMs are more suitable than
SPOMs also in the case of metapopulations that occupy
most of the habitat patches in a network and/or when low
levels of turnover events are detected (Akcakaya and
Sjogren-Gulve, 2000). Moreover, PDMs are more flexible
than SPOMs and, in the case of well-studied species, they
allow the development of demographically structured mod-
els that may greatly improve the quality of the results
(Akcakaya, 2000; Akgakaya and Sjogren-Gulve, 2000).
These properties make PDMs an interesting alternative
approach to model butterfly metapopulations, especially
when we are interested in metapopulation viability in a
determined patch network.

Extinction risk was also very sensitiveto variationsin b,
and c,,, (migration parameters), indicating that the average
and the maximum migration distance have much influence
on the persistence of the system than the maximum migra-
tion rate (Baguette and Néve, 1994; Néve et a., 1996).
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Finally, the model was reasonably robust to the variations of
the growth rate and then, no great efforts would be made to
obtain very accurate estimates.

4.3. Habitat loss and isolation effect

The explicit inclusion of spatial structure in models has
been one of the last great advances in theoretical ecology
(Gilpin, 1990; Dunning et al., 1995; Burgman et al., 1996;
Hanski 1998a). Hence, the central role of spatial structurein
the metapopulation life expectancy, has been demonstrated
(Hill et a., 1996; Moilanen et al., 1998; Baguette et al.,
2000). Our results suggest that the removal of whole patches
could have stronger detrimental effects on the metapopula
tion life expectancy than the reduction of habitat quantity on
each patch. Extinction risk was generaly higher when we
removed whole habitat patches, that is to say, when the
number of habitat patches was reduced. The remnant habitat
patches turned progressively more isolated as a conse-
guence of the decrease in the number of patches. Then,
vacant patches became less susceptible to be colonised and
local populations showed low chances to receive immi-
grants that might reduce the extinction risk via the rescue
effect (Hanski et al., 1995; Hanski et a., 1994).

The fragmentation effect has not always been separated
from the single effect produced by habitat reduction (Fahrig,
1997). Our simulations suggest that habitat fragmentation
per se has adverse effects on metapopulation dynamics. The
extinction risk of the metapopulation in a non-fragmented
habitat (scenario ) was lower than in a fragmented one
(scenario 1V). However, more complex patterns were ob-
tained when compared with scenarios that have lost entire
habitat patches. For moderate levels of habitat loss, frag-
mentation may lead to significant decreases in metapopul a-
tion life expectancy. However, when the level of habitat loss
increases, the effect of the loss of whole habitat patches
becomes progressively more intense and exceeds the frag-
mentation effect.

Our results show the fundamental importance that land-
scape physiognomy and isolation, i.e. the number and
spatial configuration of habitat patches, have on the ex-
pected metapopulation lifetime. The significance of isola-
tion was also manifested by the fact that the habitat patches
with the lowest predicted local occupancy were the most
isolated. These patches have probably low chances of
recolonisation if they become extinct. Moreover, local
occupancy of the best connected patches may be enhanced
by rescue effects (Hanski, 1998b; Hanski et a., 1994,
Moilanen, 1998).

These conclusions are opposed to those obtained in a
recent study conducted by Hanski and Ovaskainen (2000).
These authors found that decreasing areas of the habitat
patches was often more harmful than loss of entire patches.
Evidently, the results may greatly vary depending on the
combined effect of various factors such as the level of
regiona stochadticity, the explicit configuration of the
landscape, the dispersal behaviour of the species, and the

quality of the habitat patches (Fahrig and Merriam, 1994;
Hanski et al., 1996; Hanski 1998a). Thus, when we compare
different studies we must be extremely cautious because
each case reflects the particular characteristics of the species
and a certain landscape physiognomy. Additionaly, we
must also consider that non-linear responses of the model to
the variation of the parameters could lead to more complex
dynamics.

4.4. Conservation considerations

It is possible that many favourable habitat patches for
P. eunomia have been suffering a deterioration of their
carrying capacity. First, these habitats are of transient nature
and so successiona changes lead to the colonisation by
woody species (Goffart and Waeyenbergh, 1994; Néve et
al., 1996). This process has been enhanced by changes in
agricultural practises. Second, habitat loss and fragmenta-
tion have increased due to plantations of the spruce. Finally,
the enrichment with nutrients of anthropogenic origin leads
to the progressive colonisation of nitrophyllous and very
invasive species like Filipendula ulmaria and U. dicica
(Sawchik, 1999; Goffart et al., 2001). These species can
competitively exclude P. bistorta and deeply modify the
structure of the vegetation needed for the persistence of
P. eunomia populations. Thus, it is possible that P. eunomia
was threatened by deterministic pressures, i.e. habitat loss
induced by succession and disturbances (Harrison and
Taylor, 1997). Then, the most efficient action to preserve
these populationsis to stop the processes that |ead to habitat
destruction and degradation (Hanski, 1998a).

A fundamenta point is to preserve suitable habitat by
conserving sites with high carrying capacity as potential
refuges. These sites are the main sources of individuals and
have a crucial value assuring the recolonisation of empty
patches (Harrison, 1991; Thomas and Hanski, 1997). It is
also important to protect the main sites from habitat changes
that could increase the variability in their carrying capacities
(Ruggiero et al., 1994). The selection of a set of sites that
represent a broad range in habitat quality may help to buffer
the adverse effects of regional stochasticity (Hanski, 1997;
Thomas and Hanski, 1997; Hanski, 1998a).

A network of abundant habitat patches may enhance the
persistence of the metapopulation (Hanski et al., 1995). This
‘exuberant’ network allows the flow of individuals among
habitat patches assuring the turnover between stochastic
local extinctions and recolonisations. Hence, the preserva-
tion of ahigh number of habitat patches is an important step
in order to assure the metapopulation viability. Spatial
configuration of habitat patches is particularly important for
regional dynamics and must be considered on management
plans (Dunning et a., 1995). Depending on their spatial
attributes, some small patches may have an essentia role
acting as a stepping-stones (Gilpin, 1980; Shaffer 1990;
Néve et a., 1996; Moilanen et a., 1998), and therefore,
important efforts must be made to identify, restore and
preserve these patches.
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5. Conclusion

The model predicted that the P. eunomia popul ations may
be dowly declining and thus, their persistence would not be
assured at long term. The metapopulation persists at short-
time scale probably due to the presence of a network with
abundant suitable habitat patches and the high migration
power of the species. Nevertheless, an active management
of suitable habitat may be indispensable to assure the
survival of P. eunomia in the studied region. Probably, this
only could be achieved by the interruption of the processes
that promote habitat loss. To prevent the detrimental effect
of colonisation—extinction stochasticity, the preservation of
networks of many habitat patchesis required (Hanski, 1991;
Hanski et al., 1996). Particularly, the conservation of large
and high-quality habitat patches, which may play a funda-
mental role as refuges, is crucial. Additionally, the restora-
tion of small but well connected patches, which may
perform as potential stepping-stones, should also be consid-
ered (Néve et al., 1996; Moilanen et a., 1998).

Regional stochasticity and carrying capacity have a
strong effect on the metapopulation expected lifetime.
Consequently, great efforts would have to be made to
elucidate the impact of spatial and temporal environmental
variation on the vital rates (Shaffer, 1990; Hanski, 1991,
Thomas and Hanski, 1997).

PDMs are among the most objective approaches to
metapopulation modelling and risk analysis. Nevertheless,
predictions derived from PDMs studies must be carefully
considered when applied to rea problems of conservation
biology. PVAs are species-specific (Baguette et a., 2000),
model assumptions must be clearly exposed and model
results must be always interpreted in particular spatial and
temporal scales (Fahrig and Merriam, 1994; Hanski et a.,
1996). Evidently, the outcome of the model strongly de-
pends on the configuration of the landscape (number, area,
location of the habitat patches). Moreover, the distribution
and the quality of the habitat patches may change widely in
a relatively short time, especiadly in transient or human
disturbed habitats (Fahrig and Merriam, 1994). Further-
more, sensitivity analysis might be used to assess the
relative importance of different parameters on the output of
the model and to guide future fieldwork (Moilanen, 1998;
Akgakaya and Sjogren-Gulve, 2000). PDMs are highly
sengitive to the precision of the parameters inputted into the
model. Given the uncertainty of several values used in the
present paper, we can expect that parameter estimates using
high-tech methods will provide less speculative conclu-
sions.
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