
Estimating the consequences of habitat fragmentation on extinction risk in
dynamic landscapes

Weidong Gu1,3, Raimo Heikkilä2 and Ilkka Hanski1,*
1Department of Ecology and Systematics, Metapopulation Research Group, University of Helsinki, PO Box 65,
Viikinkaari 1, FIN-00014 Helsinki, Finland; 2Kainuu Regional Environment Centre, Research Centre of
Friendship Park, Tönölä, FIN-88900, Kuhmo, Finland; 3Current address: Department of Forestry and Natural
Resources, Purdue University, West Lafayette, IN 47907, USA; *Author for correspondence (e-mail:
ilkka.hanski@helsinki.fi)

Received 27 September 2000; accepted in revised form 7 May 2002

Key words: Boreal forest, Connectivity, Habitat loss, Metapopulation dynamics, Regional stochasticity

Abstract

Analyzing the population dynamic consequences of spatio-temporal changes in landscape structure is a formi-
dable challenge for spatial ecology. One key population dynamic process in fragmented landscapes is the influ-
ence of isolation on colonization rate and thereby on the occurrence of species in habitat fragments, but it is not
obvious how isolation should be measured in landscapes that are affected by on-going habitat loss and fragmen-
tation. We suggest the following procedure for the measurement of spatio-temporal isolation. First, a historical
record of habitat loss and fragmentation in the landscape is prepared based on snapshots of the extent of the
suitable habitat for the focal species. Second, a metapopulation model is used to simulate the occurrence of the
species in this landscape, assuming the empirically observed landscape change. The model-predicted pattern of
habitat occupancy at a particular point in time (usually the present time) is then compared with empirical obser-
vations on the occurrence of the species. We describe a metapopulation model that has been constructed for this
purpose, and we apply it to a changing landscape of boreal forests in eastern Finland. We give an example on the
occurrence of four threatened polyporous fungi in 18 small fragments of old-growth forest. In none of the spe-
cies does the current isolation of the fragments nor the time since their isolation explain the occurrence of the
species in the study fragments, but in three species the model-predicted occupancy probability had a significant
effect on the observed abundance of the species. The model-predicted occupancy probabilities were also calcu-
lated by ignoring past landscape changes, that is, by assuming that the landscape had remained in the present
configuration for a long time. These probabilities had a significant effect on the abundance of only one of the
four species, suggesting that the occurrence of the species tracks landscapes changes with a noticable time lag.

Introduction

Habitat loss and fragmentation are the primary causes
of population, metapopulation and species extinction
worldwide (Heywood 1995). Unfortunately, obtaining
reliable empirical information about the population
dynamic consequences of habitat fragmentation
across large spatial scales is difficult. Long-term and
large-scale experiments would provide the most con-
clusive results, but such experiments are expensive
and it takes a long time before the results would be

available. What experimental results there are typi-
cally involve isolated and relatively small habitat
fragments (Lovejoy et al. 1984; Robinson et al. 1992;
Margules 1996; Debinski and Holt 2000), whereas the
most significant questions about habitat fragmenta-
tion concern the capacity of entire fragmented land-
scapes to support viable metapopulations (Hanski and
Ovaskainen 2000). ‘Natural experiments’ (non-exper-
imental observations of the occurrence of species) on
the effects of habitat fragmentation (e.g., Harris
(1984); Heckert (1994) and Settele et al. (1996)) are
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difficult to interpret for many reasons, including the
fact that populations and metapopulations respond
with a shorter or longer time lag to changes in the
structure of the landscape (Tilman et al. 1994; Han-
ski (1998, 1999a); Ovaskainen and Hanski 2002). Put
in another way, since landscapes are dynamic it is not
sufficient to consider just the current area, quality and
spatial connectivity of the habitat for the purpose of
assessing (meta)population viability. One also has to
consider how temporal changes in habitat structure
affect population and metapopulation persistence
(Hanski 1999b).

A common approach in the ecological study of
fragmentation is to survey a range of habitat frag-
ments varying in size and isolation for the presence
of focal species. In a static landscape, one may as-
sume that the occurrence of species in the habitat
fragments represents a dynamic equilibrium between
on-going extinctions and colonizations, and useful in-
ferences can be made about the effects of fragment
size and isolation on the observed occurrence of the
species in the fragments (Hanski 1994, 1999a). In the
case of dynamic landscapes the pattern of occurrence
of the species in the habitat fragments is influenced
by history as well as by the present landscape struc-
ture, and it is not obvious how the results should be
analyzed. One approach is to use the species-area re-
lationship to predict the long-term consequences of
habitat loss and fragmentation on species persistence
(May et al. 1995). With additional data and assump-
tions, one may roughly estimate the time course of
extinctions (MacArthur and Wilson 1967; Brooks et
al. 1999). This may be the only feasible approach in
the case of very large areas and isolated fragments of
suitable habitat, but in the case of metapopulations
living within smaller areas of fragmented landscape a
more refined approach would be desirable.

In this paper we describe an approach for the study
of species persistence in landscapes affected by on-
going habitat loss and fragmentation. Our study was
stimulated by a research project on the biodiversity
in old-growth boreal forests in eastern Finland, where
the area of old-growth has declined rapidly over the
past decades and the remaining forests have become
increasingly fragmented. We have used results of this
project as our focal examples. The first step is to ob-
tain a historical record of the spatial pattern of habi-
tat loss in the study area. The data consist of a series
of “snapshots” documenting changes in the extent of
suitable habitat for the focal species over time. In our
boreal forest example, the observed history goes back

50 years and covers the entire period of industrial
forestry in the study area. Secondly, we construct a
metapopulation model that can be used to simulate
the occurrence of species in changing landscapes.
Stochastic model simulations are repeated many
times to yield a probability of occupancy in different
spatial locations in the landscape, including the habi-
tat fragments that are included in the empirical study.
These predictions can then be compared with ob-
served patterns of habitat occupancy in single or mul-
tiple species. Sensitivity analyses can be used to ex-
amine the sensitivity of model predictions to
parameter values. It turns out that while the absolute
probabilities of occurrence cannot be reliably pre-
dicted, because there is typically insufficient informa-
tion to parameterize the model, the ranking order of
different habitat fragments in terms of the probability
of occupancy is insensitive to parameter values.
Therefore, the model-predicted occupancy gives a
useful measure of spatio-temporal isolation of habitat
fragments for further analyses of population dynam-
ics. In the context of an example on four species of
polyporous fungi, we also compare the model-pre-
dicted probabilities of occupancy derived for the
changing landscape with comparable probabilities
calculated for the current landscape, thus ignoring the
history of habitat fragmentation and its influence on
the occurrence of the species. Any difference between
the predictions of the two model versions would in-
dicate that the occurrence of the species is tracking
changing landscape structure with a time lag as as-
sumed in general metapopulation models (Tilman et
al. 1994; Hanski 1998, 1999a; Ovaskainen and Han-
ski 2002).

Description of the changing landscape

As an example, we consider a forested region in Ku-
hmo, east central Finland, where commercial harvest-
ing of coniferous trees began in the 1950s. The most
threatened habitat is spruce-dominated old-growth
forest, which is the habitat for hundreds of special-
ized taxa (Esseen et al. 1992; Berg et al. 1994), many
of which are dependent on decaying wood (Bader et
al. 1995; Ohlson et al. 1997) and particular microhab-
itats, such as bracket fungi (Komonen et al. 2000). In
this paper, we will consider only two categories of
habitat, old-growth spruce forest versus other habi-
tats. Given sufficient empirical information, the
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present approach could be extended to situations with
spatially varying habitat quality.

Using the information on forest stand structure
available in the records of the Finnish Forest and Park
Service, we prepared 11 historical maps of forest
cover for the period from 1945 to 1995 (Figure 1).
Each map represents the extent of old-growth spruce
forest in the study area at 5 year intervals. The forest
maps were digitized and stored as ArcView® shape
files. For our modelling purposes, the ArcView®

shape files were discretized into grid-cell format us-
ing ArcView® Spatial Analyst®, which provides an
option to convert a shape file into a grid-based data
set. The grid cells generated were ca 1.6 ha in size. In
the final map (1995), we delimited 9 forest fragments
consisting of 3–4 contiguous grid cells with dissimi-
lar spatial isolation and isolation history (these frag-
ments were not necessarily isolated from the remain-
ing suitable habitat, just sets of 3–4 contiguous cells
with a total area corresponding to the area of forest
fragments used in the application of the model to four
species of bracket fungi in the Section An example of
threatened species). The purpose of the modelling is
to predict the probability of occupancy of the focal
species in these forest fragments in the course of time.

Landscape measures

To characterize the changes that have occurred in the
landscape in 1945–1995, we calculated some com-
monly used measures of landscape structure (Doak
and Mills 1994; Gustafson and Gardner 1996). Nu-
merous such measures have been described in the lit-
erature and applied to computer-generated and real
landscapes (Franklin and Forman 1987; Turner et al.
1989; Riitters et al. 1995; Schumaker 1996). We re-
stricted our landscape description to the basic mea-
sures of the amount of habitat, the amount of core
habitat, the number of discrete habitat patches, and
the perimeter-to-area ratio.

To calculate the above measures we first divided
the focal habitat (old-growth spruce forest) in the
study landscape into discrete habitat patches. A
‘patch’ was defined as a set of contiguous grid cells
of the focal habitat (= suitable cells), separated from
other patches by at least one grid cell of unsuitable
habitat (= unsuitable cells, representing some other
habitat than old-growth spruce forest). The area of a
patch is simply the number of suitable cells in the
patch. A ‘core’ grid cell is defined as a suitable cell
separated by at least one suitable cell from the edge

of the patch in all directions, including the diagonals
(thus each cell has eight neighbors). The perimeter of
a patch is measured as the number of suitable cells
touching unsuitable cells. The perimeter-to-area ratio
was calculated by dividing perimeter by area.

The above measures characterize a landscape in
terms of its geometry without explicitly considering
population dynamics. For the latter purpose, Hanski
and Ovaskainen (2000) have introduced the concept
of metapopulation capacity, which measures the ca-
pacity of a fragmented landscape to support a viable
metapopulation (Hanski and Ovaskainen 2000; Ovas-
kainen and Hanski 2001). The metapopulation capac-
ity is derived from a metapopulation model and a
description of the landscape in terms of habitat patch
areas and connectivities. Mathematically, the metapo-
pulation capacity is defined as the leading eigenvalue
of an appropriate matrix (Hanski and Ovaskainen
2000), but a good approximation is provided by the
following measure (Ovaskainen and Hanski 2001),
called the colonization potential of the landscape
(Hanski 1999b), Rl � ��Ai�i�

2/��Ai�i�, where Ai is
the area of patch i, �i is a measure of connectivity of
patch i, and the sum is calculated across all patches.
Habitat connectivity is defined as �i � �j � iexp� � �
dij�Aj, where 1/� defines the average dispersal dis-
tance of the focal species, and dij is the distance be-
tween patches i and j. We calculated Rl using the
suitable cells rather than the discrete patches of habi-
tat as the spatial units, hence Ai in the above formu-
las is constant (one cell, 1.6 ha). Using suitable cells
as spatial units takes into account the shape of the
habitat patches, which would be ignored if the
patches themselves were used as spatial units.

Modelling of metapopulation dynamics

We modelled the occurrence of the focal species in
the set of suitable cells using the Incidence Function
Model (IFM; Hanski (1994, 1999a)). In the IFM, only
the presence or absence of the species is considered,
but note that if the model-predicted occurrence of the
species is examined at the level of habitat patches
(sets of contiguous grid cells), the model predicts a
measure of abundance in the patch, namely the frac-
tion of cells in the patch that are occupied. The IFM
assumes temporally constant probabilities of extinc-
tion (Ei) and colonization (Ci) of occupied and empty
grid cells, respectively, and that only one event (ex-
tinction or colonization) may occur per unit time. The
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Figure 1. Maps of old-growth spruce forest in a study region in Kuhmo, east central Finland, from 1945 to 1995 at 5-yr intervals. The 9
habitat fragments of ca 5 ha in size are shown by dark color.
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long-term probability (Ji) of grid cell i being occu-
pied at quasi-equilibrium is given by

Ji � Ci /�Ci � Ei�. (1)

Assuming that the extinction probability is reduced
by immigration (the rescue effect), Hanski (1994)
modified Equation (1) to the form

Ji � Ci /�Ci � Ei � CiEi�. (2)

The interpretation of this formula is that the grid cells
which are well connected (large Ci) to occupied grid
cells have elevated population sizes (though this is
not explicitly modelled) and have hence reduced
probability of extinction (Ei – Ci Ei instead of Ei;
Hanski (1999a), pp. 87–88).

The key idea of the IFM is to relate the extinction
and colonization probabilities to the structure of the
fragmented landscape as described in terms of the
size and spatial location of the grid cells (or other
spatial units). The extinction probability is assumed
to scale by the area Ai as

Ei � min�1, e/Ai
x�, (3)

where e and x are model parameters. In the present
application, all suitable cells have the same size,
whereas for all unsuitable cells Ai = 0. The coloniza-
tion probability Ci is assumed to be a sigmoid func-
tion of connectivity (Hanski 1994),

Ci � Si
2/�Si

2 � y2�, (4)

where Si is a measure of the connectivity of grid cell
i and y is a constant. Following Hanski (1994), we
assume that Si is given by a sum of contributions from
all occupied grid cells,

Si � �exp� � �dij�oj Aj
b, (5)

where oj = 0 for empty and 1 for occupied grid cells,
dij is the distance between grid cells i and j, and 1/�
gives the average dispersal distance. Parameter b
scales the rate of emigration by area. Note that, in
contrast to the measure of habitat connectivity �i in
the previous section, the measure Si defines connec-
tivity in terms of the distance to occupied grid cells
only (because these are the potential sources of colo-
nization of suitable but empty cells).

Given sufficient data, the IFM can be parameter-
ized for real metapopulations living in real frag-

mented landscapes (Hanski 1999a; Moilanen 1999).
In the present application, we do not have sufficient
information to estimate model parameters for any par-
ticular species, but we use Equations 3 and 4 to sim-
ulate metapopulation dynamics in a given landscape
using parameter values that are considered to be plau-
sible for the species of interest (for the method of
simulation see Hanski (1999a), pp. 238–239).

Modelling regional stochasticity

The IFM is usually applied to discrete patches of hab-
itat. In this case the model assumption that the extinc-
tion events are independent in different patches is of-
ten an acceptable approximation (Hanski 1999a).
However, in the present application the spatial units
are small contiguous grid cells, and whatever the bio-
logical mechanisms of extinction, they are likely to
operate in a correlated manner over short distances,
such as separating the adjacent cells in this study. We
therefore consider it essential to include the possibil-
ity of spatially correlated extinctions in the model.
The effect of spatially correlated extinction on meta-
population persistence has previously been investi-
gated in theoretical studies by Harrison and Quinn
(1989) and Hanski et al. (1996) and Foley (1997)
among others. Unfortunately, these spatially implicit
treatments of globally correlated extinction are diffi-
cult to relate to real patterns of spatial correlation,
which typically display scale dependence.

In this study, a spatially explicit correlation struc-
ture was constructed to represent plausible patterns of
regional stochasticity (spatially correlated environ-
mental stochasticity; Hanski (1991)) influencing ex-
tinction and colonization rates. In real populations,
stochasticity influences population sizes which in turn
influence extinction and colonization rates. In the
IFM and other stochastic patch occupancy models, in
which population size is assumed to be a function of
patch area, the same effect of stochasticity on extinc-
tions and colonizations can be achieved by assuming
temporal variation in patch areas (here the area of grid
cells). Therefore, we implement regional stochastic-
ity by assuming spatially correlated changes in the
effective areas of grid cells, which leads, by model
assumptions (Equations 3 and 4), to spatially corre-
lated extinction and colonization rates. An advantage
of this approach is that it allows one to relate the pat-
tern of regional stochasticity to patterns of spatial au-
tocorrelation (correlogram or semivariogram) in rele-
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vant environmental variables, such as weather
parameters, which often drive regional stochasticity.

We use the following algorithm for a hierarchical
representation of regional stochasticity. Consider a
square grid that covers the landscape to be modelled.
The square is divided into four equal parts, each of
which is further divided into four equal parts, and so
forth. The divisions are continued until the resultant
squares are the size of the grid cells themselves. An
example of a five-level spatial hierarchical structure
is illustrated in Figure 2a. The effective area Aij

*(t) of
grid cell (i,j) (row i and column j on the lattice) at
time t is given by

Aij
��t� � A exp��ckRijk�, (6)

where A is the actual size of grid cells (constant), k is
the level in the spatial hierarchy of increasing squares
(scale), and Rijk is a normally distributed random var-
iable with mean zero and variance �2. Rijk has the
same value in all grid cells (i,j) belonging to the same
sub-division at the spatial scale k. ck is a weight cho-
sen to represent the strength of regional stochasticity
at scale k. Note that the sum in Equation (6) has mean
zero and variance �2. In model simulations, the ef-
fective area of each grid cell was recalculated at each
time step, hence there is no temporal correlation in
regional stochasticity. An important mechanism lead-
ing to such correlation structure is spatially correlated
weather effects on demographic parameters, which
typically have no significant temporal (year-to-year)
correlation.

An example of the hierarchical representation of
regional stochasticity generated by the above algo-
rithm is given in Figure 2b, which shows the effec-
tive areas of the grid cells at one point in time. The
weights used in this example are (from small to large
spatial scales) {0, 0.6, 0.4, 0, 0}. Thus, in this exam-
ple regional stochasticity was present at the second
and third levels. As no weight is assumed for the level
of individual grid cells, the four grid cell at the sec-
ond level have the same effective area.

Model application

In the present application of the model we used a hi-
erarchy of eight spatial scales, ranging in size from 1
to 256 grid cells, which was sufficient to cover the
entire study area. While simulating metapopulation
dynamics using Equations 3 and 4, the spatially cor-
related effective grid cell areas were substituted for

the actual aconstant grid cell area. For each time in-
terval, the pattern of spatial correlation is reshuffled
and no temporal correlation is assumed. Simulations
were started with an initial condition of 70% occu-
pancy of randomly selected suitable cells represent-
ing old-growth in the map for 1945 (Figure 1). Every
5 years, the landscape structure was updated by as-
suming the next map in the sequence. Populations
occupying the suitable cells that turned into unsuit-
able cells were lost with their habitat. We assumed
that the landscape structure would remain unchanged

Figure 2. The scheme of implementing regional stochasticity into
the metapopulation model. (a) A 5-level nested structure of squares.
(b) An example of spatially correlated effective areas of grid cells
at one point in time for the correlation scheme {0,0.6,0.4,0,0). See
text for further explanation.
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from the year 1995 onwards, and the dynamics of the
species were simulated for an additional 50 years.

The parameter sets used in the simulations were
selected to model species with short and long dis-
persal distances (� = 0.5 versus 0.1) and species with
a greater and smaller risk of local extinction (e = 0.5
versus 0.1). Large-scale regional stochasticity
{0,0,0,0,0,0,1,0} versus no regional stochasticity
{1,0,0,0,0,0,0,0} were examined in the simulations.
Other model parameters had the constant values of b
= 0.5, x = 0.5, y = 5.0 and � = 1.5, which correspond
to values commonly estimated with the IFM (Moil-
anen et al. 1998; Hanski 1999a). Fifty simulations
were run for each of the eight parameter combina-
tions.

Results

The amount of habitat loss averaged 6.8% per 5 years
in the landscape that we studied (Figure 1), and 75%
of the original area of old-growth spruce forest was
lost during the 50-yr period (Figure 3). There were
two 5-yr intervals during which the loss rate was par-
ticularly high, in 1950–55 and in 1960–1965. The
number of distinct habitat patches declined gradually
and was only halved during the 50-yr interval, hence
this measure gives a very rough idea of what was ac-
tually happening. The perimeter-to-area ratio in-
creased during the periods of rapid habitat loss,
though the change in this measure was not very strik-
ing either (Figure 3).

The two measures that changed dramatically dur-
ing the study period are the number of suitable core

cells and the colonization potential Rl: these two mea-
sures were halved in 1950–55, and they were reduced
to 10–20% of their previous values in the period
1960–1965, when a staggering 31% of the habitat was
lost in only 5 years. At this point, both the area of
continuous habitat and the connectivity were drasti-
cally reduced, even much more than the lost habitat
area would suggest, and these changes are reflected
in the value of Rl.

The model-predicted fraction of occupied habitat
in the landscape in 1995 varied from ca 90% to noth-
ing depending on the parameter values used (Fig-
ure 4). Regional stochasticity did not change qualita-
tively the pattern of predicted occurrence, but it
consistently reduced occupancy level in comparison
with the situation without regional stochasticity (Fig-
ure 4). The difference was especially great when the
predicted level of occupancy was low without re-
gional stochasticity. In the worst scenario for persis-
tence (short dispersal distance and high extinction
risk), the metapopulation went rapidly extinct when
regional stochasticity was included though it survived
with some 20% of the habitat occupied without re-
gional stochasticity (Figure 4).

The 9 habitat fragments (sets of contiguous grid
cells) for which the probability of occupancy was cal-
culated included two patches (F2 and F4 in Figure 1)
that are still part of a larger stand of forest, two frag-
ments (F5 and F6) that are presently completely iso-

Figure 3. Changes in the values of landscape measures during the
50-yr history of habitat loss and fragmentation shown in Figure 1:
the amount of suitable habitat, the amount of core habitat, the
number of discrete habitat patches, the perimeter-to-area ratio, and
the colonization potential of the landscape (Rl).

Figure 4. The predicted level of occupancy of suitable habitat in
model simulations using 8 different sets of parameter values. We
used two levels of � (0.1 and 0.5) and e (0.1 and 0.5), and simu-
lations were performed with no regional stochasticity (no,
{1,0,0,0,0,0,0,0}) and with large-scale regional stochasticity (rs,
{0,0,0,0,0,0,1,0}). Other model parameters had the constant values
of b = 0.5, x = 0.5, y = 5.0 and � = 1.5. Fifty simulations were run
for each combination of parameters, and the average values are
shown.
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lated, as well as fragments that have some minor con-
nections to other old-growth spruce forest (Figure 1).
The currently least isolated fragments (F2 and F4)
showed high predicted probability of occupancy, ex-
cepting the worst scenario, short-range dispersal, high
local extinction risk and large-scale regional stochas-
ticity (Figure 5a). In the remaining fragments the pre-
dicted occupancy varied greatly depending on param-
eter values used in the simulations (Figure 5b–d).
Nonetheless, the predicted occupancy probabilities
for different habitat fragments were generally well
correlated across different parameter sets: the average
value of the Spearman rank correlation coefficient
was 0.93 (standard deviation 0.05). The same result
was observed for other sets of parameter values (not
reported).

An example of threatened species

We describe next an example of how the model-pre-
dicted probability of occupancy can be used to ana-
lyze the occurrence of species in fragmented land-
scapes. The example concerns four species of
threatened polyporous fungi in the old-growth spruce
forests in Kuhmo, eastern Finland, which have been
studied in the context of a large-scale study of verte-
brates, insects, fungi and lichens in 23 old-growth
forest fragments (Varkonyi et al. in preparation). The
species are Amylocystis lapponica, Fomitopsis rosea,
Phlebia centrifuga and Cystostereum murraii. We
have recorded the 50-yr history of forest fragmenta-
tion within a 5 -km radius around each fragment (Fig-
ure 1 includes one of these fragments). Five frag-
ments were controls within an extensive tract of old-

Figure 5. The predicted probability of occupancy in 4 habitat fragments, identified as F2 (panel a), F5 (b), F1 (c) and F9 (d) in Figure 1,
during the 50-yr history of forest fragmentation shown in Figure 1 and using the 8 sets of parameter values described in Figure 4.
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growth, while the remaining 18 fragments were
originally selected to cover a large range of time since
isolation. Using the present model we calculated the
probability of occupancy in these 23 fragments, and
subsequently used these probabilities in regression
models to explain the observed occurrence of the four
fungi in the fragments. All the four species are spe-
cific to old-growth spruce forest. In the regression
models, we included the following explanatory vari-
ables apart from model-predicted probability of occu-
pancy: the area of the fragment (2.2 to 13.7 ha), the
amount of decaying spruce downwood (5.8 to 194
m3/ha), current isolation (shortest distance to other
old-growth spruce forest: 0.2 to 3 km), the number of
tree stumps (0 to 23 ha−1), time since isolation (0 to
35 years, excepting three naturally isolated fragments
that are surrounded by open mires), and a measure of
wetness of the forest stand.

To examine the significance of the history of for-
est fragmentation for the occurrence of the species in
the 23 forest fragments, we calculated another set of
model-predicted probabilities of occupancy, but in
this case assuming a static landscape, the pattern of
old-growth as observed in 1995. The simulations
were run exactly in the same manner as in the calcu-
lation of the occupancy probabilities for the dynamic
landscapes, for instance the simulations were started
in the year 1945 with 70% of randomly selected suit-
able cells initially occupied.

The results are summarized in Table 1. Our first
finding was that, not surprisingly, the amount of dead

spruce downwood had a highly significant effect on
the abundance of three of the four species. Some
other variables characterizing the quality of the stand
(the number of tree stumps, wetness of the stand) en-
tered the model in one species each (Table 1). Sec-
ondly, the current isolation of the forest fragment
from the nearest other old-growth spruce forest and
the time-since-isolation had no significant effect on
the occurrence of any of the species. Therefore, had
the influence of habitat loss and fragmentation been
assessed with these commonly-used measures of iso-
lation we would have concluded that fragmentation
has had no effect on the occurrence of the four threat-
ened species. Thirdly, using the model-predicted
probability of occurrence as our measure of spatio-
temporal isolation of the study fragment, a radically
different result emerges. Assuming the empirically-
recorded dynamic landscape, the model-predicted
probability of occupancy explains a significant
amount of variation in the occurrence of three of the
four species (Table 1). Assuming a static landscape,
the effect of model-predicted probability of occu-
pancy is significant in one of the four species. There-
fore, the model that takes into account the history of
fragmentation has more explanatory power than the
model that ignores the history of fragmentation, sug-
gesting that the current occurrence of the species is
influenced by the history of forest fragmentation.

Table 1. Multiple regression models for the occurrence of four species of spruce forest specialist polyporous fungi in 23 forest fragments.
The explanatory variables are the model-predicted probability of occupancy (Pmodel), the area of the fragment, its isolation from the nearest
other old-growth spruce forest, time since isolation, the amount of decaying spruce downwood in the fragment (Dwood), the number of tree
stumps (Stumps), and a measure of wetness of the forest stand (Wet). Variables not shown in the table did not have a significant effect in any
of the models. t is the t-test value of the regression coefficient. Results are given for two models, assuming either a dynamic or static land-
scape structure (in the case of P. rosea, Pmodel had an insignificant effect in both cases).

Species Model Variables in the model Model R2

Pmodel Dwood Stumps Wet

t p t p t p t p

A. lapponica static 4.00 <0.01 5.78 <0.01 2.10 0.05 0.80

dynamic 4.41 <0.01 5.76 <0.01 2.14 0.04 0.82

F. rosea 4.61 <0.01 0.50

P. centrifuga static 1.74 0.10 5.05 <0.01 2.36 0.03 0.69

dynamic 2.04 0.05 5.45 <0.01 2.15 0.04 0.64

C. murraii static 1.76 0.09 0.12

dynamic 2.34 0.03 0.19

Pmodel was calculated by running the model with 4 sets of parameter values, � = 0.3 and 0.5 and e = 0.2 and 0.4. The other parameter values
were as in Figure 4 with large-scale regional stochasticity {0,0,0,0,0,0,1,0}. The average value of the four sets of probabilities was used in
the analysis (calculated as the first principal component of suitably transformed probabilities).
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Discussion

The approach that we have described in this paper
provides a practical measure to quantify the conse-
quences of spatio-temporal fragmentation of habitat
on the occurrence of species. With increasingly easy
access to remotely sensed data and GIS techniques,
digitized information on landscape changes is becom-
ing increasingly available to ecologists and conserva-
tion biologists. Population modelling that explicitly
takes into account the actual change in the study land-
scapes presents the potential to incorporate more re-
alism into the models, though two problems are likely
to occur in many applications. First, though informa-
tion to characterize current landscape structure is of-
ten relatively easy to obtain, it may be difficult to
obtain sufficient information to construct an accurate
description of landscape changes extending back in
time. In the present study, we were able to construct
the history of habitat fragmentation for 50 years,
which is most likely a sufficiently long period of time
to capture the possible influence of history of land-
scape change on the occurrence of many or even most
species living in forested landscapes. This conjecture
is supported by the comparison between the results
for models assuming static versus dynamic landscape
(discussed below).

Another problem in the use of the present ap-
proach is the general difficulty of obtaining the nec-
essary information to parameterize population and
metapopulation models. The Incidence Function
Model can be rigorously parameterized with data
from metapopulations which occur at stochastic qua-
si-equilibrium in static highly fragmented landscapes
(Hanski 1994, 1999a; ter Braak et al. 1998; Moilanen
1999, 2000), but the amount of data typically avail-
able is not sufficient to rigorously parameterize the
model for species living in landscapes that change
fast in comparison with the rate of metapopulation
dynamics of the focal species (e.g., Wahlberg et al.
(2002)). Fortunately, for the purpose of investigating
the fragmentation effects it is sufficient to have a mea-
sure that is well correlated with the ‘true’ probability
of occupancy. In the present study, we found that the
rank order of forest fragments in terms of the pre-
dicted probability of occupancy was insensitive to the
parameter values used in the simulations. Thus, one
may expect that any biologically plausible set of pa-
rameters produces informative results, or one may av-
erage results for several sets of parameters as was
done in the example in Table 1. In summary, with the

present approach we can rank different habitat frag-
ments for their capacity to retain a local population
without having accurate parameter estimates for the
metapopulation model. The predictions can be tested
with data on single species (as in Table 1) or on many
species, in the latter case correlating the empirically
observed species number in the habitat fragment with
the predicted probability of occupancy.

Comparison of the modelling results for static and
dynamic landscapes revealed that the latter made a
significant contribution to regression models explain-
ing the occurrence of the polyporous fungi in three of
four species, while the model-predicted probabilities
assuming static landscape entered the regression
model for only one of the four species (Table 1). We
draw two conclusion from this result. First, the dif-
ference in the results for the two models indicates that
the history of fragmentation influences the occurrence
of the species in the forest fragments. In other words,
as predicted by the theory (Ovaskainen and Hanski
2002), the species track the changing landscape struc-
ture with a noticable time lag. Another indication of
the time lag is visible in the results shown in Figure 5
for the dynamic landscapes. In these simulations, no
further change in the landscape structure occurred af-
ter 1995, yet the decline in the predicted probability
of occupancy of the habitat fragments often contin-
ued for a long time. Similarly, there was a drastic
change in the landscape structure in the period
1960–65 (Figure 3), whereas the response in terms of
declining occupancy occurred more gradually (Fig-
ures 4 and 5). Notice that even in these cases the
ranking order of the fragments in terms of the occu-
pancy probability was little affected (Figure 5).

Secondly, though the results in Table 1 and Fig-
ure 5 indicate the presence of a time lag in species’
responses, the quantitative effect is not very great.
Thereby, using the model-predicted probability of oc-
cupancy based on the static landscape revealed a
strong effect of isolation on the occurrence of Amy-
locystis lapponica, even if the current isolation of the
respective forest fragments and time-since-isolation
had no significant effect on the occurrence of the spe-
cies in the study fragments. The practical conclusion
from this result is that the model-predicted probabili-
ties of occupancy can often be useful even though
there is no data to characterize the history of fragmen-
tation and therefore no opportunity to include the his-
tory in the model. Naturally, the strength of the pop-
ulation dynamic influence of the fragmentation
history, and thereby the length of the time delay in
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population response, depend on the properties of the
species and the landscape structure (Ovaskainen and
Hanski 2002).
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