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Abstract

The aim of this study is to develop a method by means of which it is possible to produce georeferenced ecological information
about the habitat requirements of different species. The integrated habitat suitability index approach includes the steps of
constructing habitat suitability models, producing data needed in models, evaluating of target areas based on habitat factors, and
combining various suitability indices. The method relies on the combined use of empirical evaluation models and models based
on expertise in geographical information system (GIS) environment. GIS was used to produce the data needed in the models,
and as a platform to execute the models and to present the results of the analysis. Furthermore, multi-criteria evaluation methods
(MCEs) provide the technical tools for modeling the expertise and for connecting (standardizing, weighting, and combining)
the habitat needs of different species. The main advantages of the method were connected to possibilities to consider the habitat
factors on different scales, to combine habitat suitability evaluations for several species and to weight different species in different
ways, and to integrate empirical models and expert knowledge. The method is illustrated by a case study in which an integrated
habitat suitability map is produced for a group of old-forest species.
© 2003 Elsevier B.V. All rights reserved.

Keywords: GIS; Habitat suitability evaluation; Multi-scale; Cartographic modeling

1. Introduction

Ecological research currently produces plenty of
knowledge about the habitat requirements of the var-
ious species. Abundance and habitat suitability mod-
els, for instance, have been produced for many species
(e.g.Özesmi and Mitsch, 1997; Elmberg and Edenius,
1999; Radeloff et al., 1999; Whigham, 2000). For this
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knowledge to be efficiently utilized, one needs meth-
ods and channels capable of bringing the knowledge
into the field of practical forestry and nature conser-
vation. Ecological knowledge is needed especially
to evaluate different forest management alternatives
according to their consequences to biodiversity con-
servation and to evaluate the importance of alternative
locations to be set aside from wood production. In
Finland, a high proportion of commercial forests is
within the sphere of woodlot-specific forest planning,
which enables the use of forest planning as a link
between ecological knowledge and practical forestry.

One way of protecting threatened forest species that
are difficult to locate and identify is to protect their
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habitats from activities likely to radically alter them.
Often this is a question of a small area of relatively
little value from the commercial forestry. There is an
urgent need to develop methods capable of locating
and evaluating suitable sites for threatened species. A
special challenge is to develop methods and practices
suitable also for non-industrial, private forest holdings.

From the viewpoint of forest management planning,
it is essential that the decision alternatives be assessed
with respect to each of the objectives set for the for-
est and its use. An evaluation consisting of only a part
of the objectives produces alternatives, which are not
necessarily effective in terms of the combination of
objectives the forest owner have. Requirements to in-
crease efficacy also in the area of nature protection
have brought about demands for methods enabling the
evaluation of alternative areas in appropriate ways in
compliance with a set of nature-related objectives. In
the case of ecological objectives, this means that evalu-
ation has to be done focusing on all the species and im-
pacts we are interested in. The purpose of this course
of action is to find the optimal solution, not only for
one species but also for a certain group of species.

Because the objectives set for the forest and its use
vary according to the forest holding and forest owner,
it is improbable to have a production model for every
possible situation. In the case of nature conservation,
this means that empirical evaluation models based on
real field data for all species of interest cannot be ex-
pected to become available. One way of dealing with
this problem is to use expert knowledge to substitute
empirical habitat models. This could be the best al-
ternative with rare species, for example, when empir-
ical evaluation models are not available. Methods and
techniques for utilizing expert knowledge in the han-
dling of natural resources have recently been devel-
oped (e.g.Kangas et al., 1993, 2000; Alho et al., 1996;
Alho and Kangas, 1997). Combing the use of empiri-
cal data and expert knowledge in ecological modeling
can offer possibilities to produce suitability maps for
larger sets of species.

The importance of a specific habitat structure for
habitat selection has been demonstrated in many
studies (e.g.Hildén, 1965; Cody, 1981). As the subdi-
vision of natural habitats has increased, many recent
studies have pointed out the importance of the land-
scape matrix in animal population changes, reserve
planning, and management practices (Edenius and

Elmberg, 1996; Jokimäki and Huhta, 1996; Saab,
1999; Howell et al., 2000). For many species, habitat
requirements are related both to the structure of the
habitat and to the landscape surrounding the habitat
(landscape matrix) (e.g.Jokimäki and Huhta, 1996).
For these species, habitat size and shape also are
needed to be taken into account along with the spatial
pattern of their occurrence in the landscape (Virkkala,
1991; Saab, 1999). Recent studies have also shown
that the multi-scale approach is needed also because
habitat suitability, e.g. in bird species, is related to
different factors on different spatial scales (Wiens,
1989; Jokimäki and Huhta, 1996).

When evaluating habitat suitability, the need to use
data from different sources and scales usually makes
the task more complicated and leads to increased data
volumes. Geographical Information System (GIS) ap-
plication have been adopted in ecological modeling
as tools for producing the data needed in modeling
on different spatial and temporal scales (Barnes and
Mallik, 1997; Garcia and Armbruster, 1997; Radeloff
et al., 1999; Wu and Smeins, 2000), as platforms on
which models are run and data stored (Brown et al.,
1994; Ripple et al., 1997; Özesmi and Mitsch, 1997;
Hirzel et al., 2001), and as tools for extrapolating
the results from point basis to spatial basis (Littleboy
et al., 1996; Osborne et al., 2001). In recent years,
also many new techniques, e.g. artificial neural net-
works (Özesmi and Özesmi, 1999), genetic program-
ming (Whigham, 2000), and machine learning (Kobler
and Adamic, 2000), have been connected with GIS to
produce ecological knowledge and models.

Spatial modeling, especially cartographic modeling,
which is a process of combining maps by linking sev-
eral map-algebra statements together, has been applied
in locating areas simultaneously fulfilling all the con-
ditions set (Bonham-Carter, 1994). Cartographic mod-
eling in the association of nature conservation can be
used, for example to pinpoint suitable habitats for cer-
tain species (Store and Kangas, 2001).

Multi-criteria evaluation methods (MCEs) have
been used with cartographic modeling techniques to
provide a basis for evaluating a number of alternative
choices on the grounds of multiple criteria (Nijkamp
et al., 1990). While GIS includes the tools for man-
aging and producing the georeferenced information
in different scales needed (e.g. in the habitat suit-
ability evaluation), MCE methods provide technical



R. Store, J. Jokimäki / Ecological Modelling 169 (2003) 1–15 3

tools for modeling the expertise and connecting the
habitat needs of different species. Features typical to
the process of evaluation natural resources, such as
multi-objectivity, scale dependence, and the need to
model expertise, set additional requirements for the
tools used in the process.

Store and Kangas (2001)presented an approach for
integrating GIS and state-of-the-art decision analysis
techniques to habitat suitability evaluation. Their work
concentrated on using expert knowledge and continu-
ous decision variables together with GIS tools to im-
prove habitat suitability modeling. The purpose of this
study is to extend the presented framework and de-
velop a method by means of which it is possible to
produce georeferenced ecological information about
the habitat requirements of different species, such data
being needed in functions such as forest management
planning. The main requirements set on the method are
as follows: the capability to handle expert knowledge
together with empirical evaluation models in the eval-
uation process, the possibility to examine habitat fac-
tors on appropriate geographic scales and to evaluate
the choice alternatives on the basis of several species.
The emphasis in this study is on method development
and this is why less effort has been directed at pro-
ducing and evaluating separate suitability models. The
method is illustrated by a case study in which a couple
of integrated habitat suitability maps were produced
for a group of old-forest species.

2. Multi-scale and multi-species method

2.1. Basic steps in the method

In this study, species habitat requirements are
described by habitat factors, which cover the most
essential habitat characteristics of preferred habitats.
Habitat factors are connected either to the local habi-
tat; its vegetation and soil properties, for instance, or to
the area surrounding the habitat; the properties of the
landscape, e.g. the number of different kinds of habitat
types. Habitat suitability is measured by means of a
suitability index, which is a unitless variable describ-
ing habitat priority with respect to the needs of the
species or the group of species under consideration.

Habitat suitability modeling method applied in this
study composed of the following steps.

1. Constructing habitat suitability models
2. Producing the data needed in models
3. Evaluating a target area based on habitat factors
4. Combining the separate suitability indices

The abundances and habitat suitability models of
the species used in this study were constructed using
both field observatories and expert knowledge.

2.2. Constructing the models

Empirical models for the habitat selection patterns
are based on the investigation of the relationship be-
tween the collected occurrence (or abundance) data
and the appropriate background variables. Logistic re-
gression analysis is applied in many cases when only
presence–absence data are collected, whereas step-
wise multiple regression analysis is normally applied
when abundance data are available (e.g.Jokimäki
and Huhta, 1996). There are many possible standard
methods (e.g. line-transects, point-count surveys, and
mapping methods) for collecting abundance data.
Line-transects and point counts are single-visit sur-
veys, whereas in mapping methods with several visits
are made to every study site. The method selected will
be dependent on the timetable limits, scale of surveys,
budget, etc. The selection of appropriate background
variables depends on the species studied, but also the
measuring costs of the variables and the purpose of
use of the empirical model which have their own im-
pact on the choice of the final background variables.
If the aim is to use the model in forest management
planning, the variables chosen for the model have to
be of such kind that they are also measured in the in-
ventory associated with forest management planning
or such that they can be calculated in the course of
the planning process.

In the case of species lacking objective models
based on empirical field observations, a habitat suit-
ability model is constructed on the basis of expert
knowledge (e.g.Kangas et al., 1993). In the first
phase, an expert of the species in question determines
the foremost habitat factors for the species. While all
essential habitat factors have to be included, if the
number of factors is too high, it leads to a complicated
model, which is difficult to use in practice.

In the second phase, the relative importance of the
factors is evaluated. A great number of methods can
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be used for this purpose, and in this study the HERO
method presented byPukkala and Kangas (1993)is
adopted. According to the method, the importance of
habitat factors is evaluated by means of pairwise com-
parisons and the eigenvalue technique as applied in the
analytic hierarchy process (AHP) (Saaty, 1977). Com-
bining the habitat factors is based on the multi-attribute
utility theory (MAUT) and accomplished by an addi-
tive priority functionP.

P =
m∑

i=1

aipi(qi) (1)

whereP indicates global priority, i.e. the habitat suit-
ability index;m is the number of factors;ai is relative
importance of factori,

∑
ai = 1; pi is the sub-priority

function of factori, the maximum value to each fac-
tor is one, andqi is the quantity of factori that the
alternative produces.

The relative priority produced by a given quantity
of a habitat factor is described by a sub-priority func-
tion. Sub-priority functions are developed separately
for each habitat factor and the total suitability index is
a weighted sum of the sub-priorities. The sub-priority
functions are estimated using pairwise comparisons of
two to four different values of the factor variable and
applying comparison and calculation techniques in the
same manner as when producing priority functions.

2.3. Producing suitability maps

A raster GIS is used to store, manage, and analyze
the data needed in suitability analysis and also to dis-
play the results of the analysis. In order to technically
enable habitat suitability analysis in a GIS environ-
ment, every habitat factor is converted to a raster for-
mat map layer. These map layers describe the spatial
variation of each habitat factor in a certain area.

The habitat factors of a species are connected either
to the local habitat of the species or to the landscape
around the local habitat. The map layers connected to
the local habitat are generated from the data collected
in the course of ocular compartment inventory by dig-
itizing the stand boundaries and storing the attribute
data to a GIS database. The other part of map layers is
produced by using a different kind of spatial analysis
in GIS. The landscape characteristics are generated for
each pixel by taking a certain distance around every

pixel and calculating the needed landscape character-
istics and saving them in raster format.

Once the required data exist, a habitat suitability
map is produced for every species belonging to the
group under examination. Firstly, the areas not suit-
able for the species are ruled out by means of exclu-
sive habitat criteria, which are determined separately
for each species. Secondly, the remaining area, which
is called the feasible area, is evaluated according to the
habitat requirements of each species belonging to the
group. The process of making the suitability maps of
those species whose suitability maps are constructed
according to expert knowledge differ from those of
species whose suitability maps are based on the em-
pirical models. Suitability maps based on empirical
regression models are produced in GIS by utilizing
cartographic modeling. The raw score map is trans-
formed to correspond to the units used in the models.
The models are run and suitability maps are produced
by preparing a cartographic model in GIS, which cor-
responds to the empirical suitability model.

The modeling procedure based on expert knowledge
consists of the phases of making the raw scores com-
mensurable, weighting the standardized score maps,
and then combining them in the habitat suitability map
(seeStore and Kangas, 2001). The map layers consist-
ing of the raw scores are made commensurable by con-
verting the raw scores to sub-priority values by means
of sub-priority functions. This is done so that the raw
scores in the map layers are divided into ranges so
that the limits of each range match to the cornerpoints
of the corresponding sub-priority function. Next, the
sub-priority values for each range are calculated by us-
ing the corresponding sub-priority functions. The re-
sult is a standardized score map, in which the values
range between 0 (unsuitable) and 1 (most suitable).

The standardized score layers are weighted accord-
ing to the priority function prepared for the decision
situation. This is done by multiplying each map layer
by its weight coefficient. The final suitability map to
each species is produced by combining the standard-
ized and weighted score maps according to the priority
model by means of cartographic modeling and over-
lay analysis in a GIS. To get an overall suitability map
for a group of species, the suitability maps produced
separately for the species have to be combined. This
is done in GIS by using aritmethic overlay analysis.
In this phase, it is possible to weight different species
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in a different manner by using weight coefficients in
the combining process.

3. Case study: a suitability model for a group of
old-forest species

3.1. Study area and material

The case study was carried out in Finnish Lapland in
the rural commune of Rovaniemi (66◦23′N, 26◦23′E),
about 20 km east of the town of Rovaniemi (Fig. 1).
The case study area was about 6870 ha in size, and
owned by the state and administered by the Finnish
Forest Research Institute. The climate in the area is
harsh, especially in the parts located highest above the
sea level.

Forest in the case study area has been divided into
1833 compartments composed of relatively homoge-
nous tree stands and having uniform soil character-
istics. The vegetation and site characteristics of each
compartment were measured using ocular compart-
ment inventory. The dominant tree species in study
area were Scots pine (Pinus sylvesteris), Norway
spruce (Picea abies), and Silver birch (Betula pen-
dula), respectively accounting for 44, 24, and 24%
of the standing volume. The mean volume (50 m3/ha)
and the maximum volume (262 m3/ha) of growing
stock in the area was quite low due to the harsh cli-
mate. The proportion of thinning stands in the area
was relative low. Only 22% of the forest area be-
longed to the age class 50–100 years. The proportion
of forests younger than 50 years was 43%, and the

Rovaniemi

FINLAND

Rovaniemi

Study area10 km

Fig. 1. Location map of the Kivalo forest estate.

area of forest aged over 100 years was 35%. The soil
fertility of the area was mainly medium, with some
highly fertile (13%) and poor (15%) parts.

The aim in the case study was to find out the ar-
eas most suitable for a group of old-forest species.
Old-forest species are known to be associated mostly
with mature and older forest habitats without cuttings.
Most of these species have suffered from intensive
forestry. In this case, the group consisted of two bird
species, the Redstart (Phoenicurus phoenicurus) and
the Pied Flycatcher (Ficedula hypoleuca), and one
polyspore species (Skeletocutis odora). The choice of
these species was not supposed to represent any con-
sensus of the old-forest indicator species, but merely
to serve as an example of a group of old-forest species
having partly different habitat requirements and rep-
resenting organisms with different area requirements.

The Redstart and the Pied Flycatcher are migra-
tory insectivorous passerines. Both species are sec-
ondary hole-nesters breeding in holes made by other
bird species or using man-made nest boxes. Because
of their nest site requirements, both species prefer old
forests in areas where no nest boxes are available. The
Redstart prefers pine-dominated forests (Edenius and
Elmberg, 1996; Jokimäki and Huhta, 1996), whereas
the Pied Flycatcher prefers mixed forests in northern
Fenno-Scandia (Jokimäki and Huhta, 1996). Forest
fragmentation can negatively affect the abundance of
the Redstart, but positively the abundance of the Pied
Flycatcher (Jokimäki and Huhta, 1996).

Skeletocutis odora is classified as a threatened
species in Finland, Sweden, and Norway (Kotiranta
and Niemelä, 1996). It is an old-forest species growing



6 R. Store, J. Jokimäki / Ecological Modelling 169 (2003) 1–15

on Norway spruce and less commonly also on As-
pen (Populus tremula). Skeletocutis odora prefers
large-sized fallen trunks with the bark still attached
and a shady and fertile habitat with a humid micro-
climate. The main reason for its rarity is that the area
of old forest with dead and decaying tree has been
on the decrease in the recent decades as a result of
intensive forest management.

3.2. Habitat suitability indices for species

3.2.1. Constructing the models
Abundance models for bird species were con-

structed in this study, but the model for S. odora
was adopted from a study by Store and Kangas
(2001). The models for the habitat selection patterns
of the above two bird species are based on intensive
point-count surveys and habitat mappings conducted
in northern Finland in 1990–1995. The abundances of
the Redstart and the Pied Flycatcher were measured
yearly at the 161 survey stations. Landscape matrix
characteristics were measured both on the study block
scale (4 km2; 13 variables) and around each survey
station (4 ha; 13 variables). In addition to the ma-
trix variables, a total of 28 vegetation-structure and
floristic-composition variables were measured around
each of the survey stations. A more detailed descrip-
tion of the bird survey methods, as well as landscape,
habitat-structure, and floristic-sampling methods are
available in Jokimäki and Huhta (1996).

In a previous study (Jokimäki and Huhta, 1996),
no large-scale matrix components (4 km2) were en-
tered into models for the Redstart and the Pied Fly-
catchers (Jokimäki and Huhta, 1996). Therefore, in
this study, we used only small-scale matrix (4 ha),
habitat-structure (0.79 ha) and floristic-composition
(34 m2) variables when constructing the models for
these bird species. We used the average abundance
data for the Redstart and the Pied Flycatcher obtained
in different study years (1990–1995) per point as the
statistical unit for the analyses (n = 161).

We used stepwise multiple regression analysis
(SMRA) to investigate relationships between bird
abundance of bird species and landscape or habitat
structure. No variables were entered into models that
had P > 0.055. All analyses were made with the
SPPSx (SPSS Inc., 1988) statistical package. The fac-
tors affecting the abundance of the Redstart and the

Table 1
Factors and their coefficients affecting the abundance of the Red-
start

Variable Coefficient S.E. P value

Proportion of pine 0.053175 0.020707 0.0112
Number of stems −0.000627 0.000231 0.0075
Proportion of pine forest 0.107295 0.028502 0.0002
Length of edges −0.000070 0.000036 0.0539
Constant 0.118188 0.034893 0.0009

Pied Flycatcher are presented in Tables 1 and 2. The
following suitability models were constructed for the
Restart and the Pied Flycatcher:

HSIRs = exp(0.053175 × arcsin(propine) − 0.000627

× stemnr + 0.107295 × arcsin(propinefor)

− 0.000070 × (edge) + 0.118188) − 1 (2)

HSIPF = exp(0.000673 × age − 0.034522

× arcsin(propine) + 0.053048) − 1 (3)

where HSIRs is the abundance of the Redstart, HSIPF
is abundance of the Pied Flycatcher, propine is propor-
tion of pine of total tree volume within 0.79 ha, stemnr
is the total number of stems within 34 m2, propinefor
is the proportion of pine forest within 4 ha, edge is the
total length of edges between forest area and open ar-
eas within 4 ha, and age is the mean age of dominant
canopy layer within 0.79 ha.

The habitat suitability model for S. odora was con-
structed by utilizing expert knowledge (see Store and
Kangas, 2001). One expert on polypores and another
on soil sciences chose the habitat factors and evalu-
ated the importance of those factors. Another task of
these experts was to evaluate the relative priority pro-
duced by the different criterion performance scores to
make the partial utility functions.

Habitat quality was determined to depend on both
vegetation and soil characteristics. The foremost

Table 2
Factors and their coefficients affecting the abundance of the Pied
Flycatcher

Variable Coefficient S.E. P value

Age 0.000673 0.000187 0.0004
Proportion of pine −0.034522 0.014583 0.0191
Constant 0.053048 0.026132 0.0440
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Table 3
Habitat suitability criteria and their relative importance for S. odora

Criterion Relative importance

Vegetation 0.7
Density of growing stock 0.11
Diameter at breast height of spruce 0.25
Stem volume of spruce 0.14
Age of spruce 0.20

Soil characteristics 0.3
Soil fertility 0.17
Slope aspect 0.04
Soil moisture 0.09

vegetation characteristics were age of spruce, stem
volume of spruce, diameter at breast height of spruce,
and the density of the growing stock. The habitat
factors related to the characteristics of the soil and to
topographic factors, were slope direction, soil mois-
ture, and soil fertility. The habitat suitability model
used for S. odora is presented in Table 3 (for details
see Store and Kangas, 2001).

3.2.2. Habitat factors and spatial scales
Some of the habitat factors, e.g. diameter and age,

were measured directly in the field by means of ocular
compartment inventory. In the case of these factors,
the data and the connection to a certain compartment
or pixel were simply stored to a GIS database. The rest
of the habitat factors, e.g. slope aspect and soil mois-
ture, were produced from collected or existing data
by using spatial analysis provided by a GIS system.
The habitat variables used in this study can also be di-
vided according to the spatial scale they are related to.
The first category consists of these variables, related
to the local habitat. In this case, this means informa-
tion connected to a single compartment or pixel, and
the value of this variable depends only on the prop-
erties of the compartment or pixel in question. The
second category includes the factors dependent on the
characteristics of the surrounding landscape, e.g. the
surrounding 4 ha or the entire case study area.

Habitat factors describing the landscape-level prop-
erties were produced by utilizing the tools provided by
GIS. For example, the spatial variable ‘edge length for
4 ha surround’ was produced by the following phases
(Fig. 2). Firstly, all the borders defined to be edges
in the meaning of this study, were recognized; sharp
edges, like the border between open areas and mature

tree stands, and soft edges, like the borders between
open bogs and pine swamps. Secondly, the different
kinds of edges were overlaid on the same map and fi-
nally the length of edges within the 4 ha surrounding
in each pixel were calculated for all the pixels in the
study area.

The variables describing the composition of the
landscape were produced by GIS classification and
pixel-based processing tools. In order to calculate
the relative proportions of the different landscape
elements in a certain area, the study area was first re-
classified according to the classes used in the model.
In the second phase, the focal statistical functions
were used to calculate the needed sum or mean values
for each pixel as a function of the input pixels in the
specified neighborhood of each location.

In the next phase, raw data were standardized to
score maps to be feasible for use in habitat suitabil-
ity models. In the case of S. odora, standardization
was done by means of sub-priority functions. In the
case of the Redstart and the Pied Flycatcher, the data
from ocular inventory and spatial analysis were only
transformed to the same measuring unit used in the
regression models.

3.2.3. Producing suitability maps
A suitability map for each of the species was pro-

duced in GIS. In the first phase, the feasible area
was produced by screening out areas unsuitable for
all the species in question. This was carried out by
determining the minimum habitat requirements for
the case study species. The minimum habitat values
for the Redstart and the Pied Flycatcher were eval-
uated by using their average densities and the main
habitat variables (stand age and proportion of pine
forests for the Redstart and stand age and propor-
tion of mixed forests for the Pied Flycatcher) affect-
ing their densities. The habitat requirements of the
bird species were determined a priori according to the
results of studies carried out in Scandinavia (Helle,
1983; Virkkala, 1987; Raivio and Haila, 1990; Edenius
and Elmberg, 1996; Jokimäki and Huhta, 1996). By
using abundance estimates, we were able to separate
suitable occurrence sites (i.e. sites where the aver-
age abundance was high) from less suitable or unsuit-
able sites (i.e. sites where the abundance was low or
the species did not occur at all). The minimum habi-
tat values for the Redstart were evaluated by using
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Fig. 2. The process of producing a raster map describing the spatial variable ‘edge length for 4 ha surround.’

the average abundance of the Redstart (at least one
pair) at each individual census point during the study
years. This criterion was fulfilled at 59 points out of
161 census points, i.e. in 36.7% of the census points.
At these points, the stem volume of pines was 87%
of the total tree volume and the mean tree age was
70 years.

The minimum habitat values for the Pied Flycatch-
ers were evaluated by using the average abundance of
the Pied Flycatcher (at least 0.25 pair) at each indi-
vidual census point during the study years. The abun-
dance value of the Pied Flycatcher was set lower than
for the Redstart because the Pied Flycatcher was much
less abundant in the study area than the Redstart (180
pairs versus 640 pairs). This criterion was fulfilled at
89 points out of 161 census points, i.e. at 55.3% of
the census points. At these points, the mean tree age
was 96 years and the pooled volume of spruces and
birches was 46% of the total tree volume.

No empirical data was available on S. odora and so
the minimum values were determined according to the
opinions of an expert on polyspores. The minimum
habitat requirements for S. odora were evaluated to be
the following; stem volume of spruce to be at least 50%
of the total stem volume, the mean diameter at breast
level to be over 18 cm and the soil to be sufficiently
fertile. In this case study, the common theme for all
the species was old forest, and so additionally forest
stands whose development class was neither advanced
thinning stand or mature stand were ruled out.

In the next phase, the remaining area (feasible
area) was assessed according to the habitat require-
ments of the chosen species. All the variables in the
models were described as map layers in GIS and a
suitability map for each species was produced by
connecting these variables according to the models.
The habitat suitability map for S. odora was pro-
duced by multiplying the sub-priority grids by their
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weight coefficients and then summing the weighted
sub-priorities to habitat suitability maps. The habitat
suitability map for the bird species was produced by
converting the regression models made for the bird
species in the GIS environment so that the variables in
the models were described as map layers in GIS, and
the multiplying of the variables by the coefficients
and the combining of variables were carried out by
the means of cartographic modeling.

In order to be able to combine the indices of the
different species, the indices need to be standardized.
Standardization was done by dividing the indices by
the maximum index value of the species observed
throughout the study area. The standardized suitability
grids of the different species were combined by sum-
ming together the different suitability maps by means
of aritmethical overlay operation in a GIS. The final
suitability map for the group of species was standard-
ized between 0 and 1. In the combining phase, it is
possible to weight the different species in different
ways, e.g. according to the importance given to each
species in the study area. One possibility is to keep
the weight equal between the different species groups
so that the summed weight of the bird species is equal
to the summed weight of polyspore species, and so

Fig. 3. Habitat suitability index maps for S. odora, Redstart, and Pied Flycatcher and the combined suitability map.

on. In this case study, the weighting practice was to
give each of the species equal weight in the combin-
ing phase. Because there were two bird species and
one polyspore species in this consideration, this also
meant that the bird species group had more weight
than the polyspore species group, i.e. 0.67 and 0.33.
Besides the basic calculation, we made calculations
also by applying given weights for species to illustrate
how changes in weightings affect the results. In these
calculations, we applied weighting schemes of 0.25,
0.25, and 0.50 and 0.50, 0.25, and 0.25 for Redstart,
Pied Flycatcher, and S. odora, respectively.

4. Results of the case study

The habitat suitability map for S. odora shows that
the areas in the middle part of the study area are most
suitable for S. odora (Fig. 3). Also, both the highest
suitability values and the biggest continuous high in-
dex areas were located there. The range of variation
in the index values was 0.10–0.83 and the mean suit-
ability value in this area was 0.44.

On viewing the suitability map for the Pied Fly-
catcher, we can see that the suitable areas are located
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mostly in the same places as apply to S. odora (Fig. 3).
However, the most suitable areas for the Pied Fly-
catcher are located in the north-west parts of the study
area whereas the best areas for S. odora are located in
a more scattered manner in the suitable area. Also, the
spatial variation of suitability is more fine-featured for
S. odora than in the case of the Pied Flycatcher. The
range of variation in the index values was 0.08–0.73
and the mean suitability value in this area was 0.54
for the Pied Flycatcher.

The suitability map for the Redstart differs clearly
from the maps of the other species (Fig. 3). The suit-

Fig. 4. Habitat suitability maps with weighting schemes of (a) 0.25, 0.25, and 0.50 and (b) 0.50, 0.25, and 0.25 applied for the Redstart,
the Pied Flycatcher, and S. odora, respectively.

able areas are located almost completely in the north-
ern part of study area and the suitable areas are quite
small in comparison with the other species. The range
of variation in the index values was 0.26–1.32 and the
mean suitability value in this area was 1.01.

The indices for the bird species were standardized
to enable the combination of species. The suitabil-
ity index map of the Pied Flycatcher was divided by
the maximum value (1.67) recognized in the whole
study area. Thus, the standardized index values of the
Pied Flycatcher varied between 0.05 and 0.44. The
corresponding maximum value for the Redstart was
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2.0 and the variation in standardized index values was
0.13–0.66. On combining the standardized indices in
GIS, we can see that the best areas for the group of
species are located in the middle part of the study area
(Fig. 3). It is also readily to be seen that the com-
bined suitability map with equal weights for species
describes more clearly the habitat needs of S. odora
and the Pied Flycatcher than is the case with the habi-
tat requirements of the Redstart.

The results of the alternative weighting schemes are
given in Fig. 4. The alternative where more weight is
assigned to S. odora did not differ very much from the
basic calculation. But when assigning more weight to
the Redstart, the changes in the suitability map were
clear. This was to be expected because the habitat re-
quirements for the Redstart differ most clearly from
those of the other species.

5. Discussion and conclusions

The integrated habitat suitability index approach, as
produced in this study, is based on the combined use
of empirical evaluation models and models based on
expertise in the GIS environment. GIS was used to
produce the data needed in the models, as a platform
to execute the models and in presenting the results of
the analysis. However, the suitability models for the
case study species were constructed outside the GIS.
This study showed that several GIS-based approaches
and MCE techniques are immediately available for
habitat suitability evaluation of a group of species.
The biggest advantages of the method are connected to
the possibilities to consider habitat factors on different
scales, to combine habitat suitability evaluations for
several species, and to integrate empirical models and
the knowledge of experts.

It has been pointed out in many recent studies that
the habitat requirements of certain species are affected
by factors measured on different scales (Edenius and
Elmberg, 1996; Jokimäki and Huhta, 1996; Saab,
1999). Also, Wu and Smeins (2000) emphasized in
their modeling approach the importance of considera-
tions at multiple spatial scales. Wu and Smeins (2000)
used multiple scales in their study, but the different
scales or variables measured on different scales were
not combined; instead, their models were constructed
separately on different scales. Most of the earlier habi-

tat suitability models have been mainly constructed
on a single scale and therefore they are not so suit-
able as tools in large-scale landscape management or
conservation biology. In our approach, variables on
different scales were used in both of the main phases
of suitability modeling. Firstly, to construct the em-
pirical models for case study species, and secondly,
to calculate the suitability indices for the species to
cover the entire case study area. The suitability mod-
els for species were constructed in such a way that
they included factors for all the needed scales. In
the phase of constructing the empirical models for
the bird species, the landscape characteristics were
measured on large scale (4 km2) and on small scale
(4 ha) with aerial photographs, topographic maps,
and habitat mappings serving as the bases. Variables
describing vegetation structure and floristic compo-
sition were measured within sample areas of 0.79 ha
and 34 m2, respectively. In the case of the polyspore
species, the scales used were compartment scale and
the entire case study area scale.

In order to use the models in habitat suitability
evaluation, the needed variables on appropriate scales
were calculated overall for the case study area. The
majority of the variables were connected to the for-
est compartment scale and the required attributes of
the compartments were only transformed to raster for-
mat. But there also exist variables, which were con-
nected either to certain distance around the pixel or
to the entire case study area. In those cases, a cer-
tain distance around each pixel was recognized and
the required landscape characteristics from the sur-
roundings were calculated by spatial analysis and the
results were saved as pixel attributes. Furthermore, in
the case of the wetness index, the area influencing the
value of the index was irregular and it was calculated
by spatial analysis functions separately for each pixel.
The GIS-based method used in this study enabled the
production of the variables needed in the evaluation
process not only on several scales but also in several
ways. Especially the variables describing composition
(e.g. quantifies of different habitat types) and configu-
ration (e.g. edge length) of the spatial structure of the
landscape have gained more and more importance in
different kinds of ecological considerations.

In most cases, habitat suitability evaluations have
been made only for one species at a time (e.g. Brown
et al., 1994; Özesmi and Mitsch, 1997; Radeloff et al.,
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1999; Kobler and Adamic, 2000; Store and Kangas,
2001). It is only in some studies that suitability is con-
sidered also from the viewpoint of several species. Wu
and Smeins (2000) combined two separate suitability
maps in making one maximum-suitability map by
choosing the higher of the habitat suitability values
of the two species for every pixel. Also, Garcia and
Armbruster (1997) took into consideration the needs
of several species. They did not actually combine the
suitabilities of different species, but they did ensure
that the suitability of a certain species did not de-
crease below a given limit when maximizing habitat
suitability for another species. The cartographic mod-
eling approach used in this study enables the use of
multi-criteria decision making techniques for com-
bining and weighting different kind of species and
objectives.

While empirical habitat models are being continu-
ously produced for new species, it is unlikely that we
will ever have production models for all the species
of interest. Therefore, it is important that the method
used in suitability modeling is also capable of han-
dling expert knowledge in evaluations. The case study
demonstrates a situation where some of the species of
interest have an empirical suitability model and the
others do not. The latter could have a suitability model
estimated for them based on expert knowledge, e.g. the
polyspore species in our case study. In the case study,
all the variables in models were first transformed to
GIS map layers and then combined by means of car-
tographic modeling.

Although the research field of modeling expert
knowledge has recently been pointed out in many
studies (see, e.g. Alho and Kangas, 1997; Kangas
et al., 2000), there still exist some incompletely solved
crucial problems. From the perspective of this study,
the most essential of these were how to effectively
utilize the knowledge of many experts, how to treat
the differences between the data available and the
data needed in the models, how to take account of
the sensitivities of the results to the changes of the
coefficients, and how to handle the interdependencies
between decision variables.

Littleboy et al. (1996) used GIS-based spatial mod-
eling to extrapolate point basic models to form spatial
models. In their work, the study area was evaluated
according to soil, slope, and rainfall classes and GIS
was used to produce a suitability class for each poly-

gon. In many other studies, too, suitability evaluation
or modeling has been based on classified criteria (Li
et al., 1997; Radeloff et al., 1999; Roseberry and
Sudkamp, 1998). The problem with classification is
that it can lead to loss of information or in situation
where there is no exact threshold value or the value
is not known with certainty to increasing uncertainty.
In the present paper, this problem is tackled by using
continuous priority and sub-priority functions when
evaluating habitat suitability for S. odora. This being
the case, no classification of continuous attributes
was needed and also non-linear relationships be-
tween habitat suitability and the attributes could be
considered.

When evaluating habitat suitability over a large area,
some kinds of restrictions are often used to rule out
the areas absolutely unsuitable for further considera-
tion. Usually this ruling out is done according to the
most essential habitat requirements related to vegeta-
tion type (Garcia and Armbruster, 1997; Osborne et al.,
2001). In some studies, also the minimum habitat area
is used to rule out habitats patches that are too small
(Garcia and Armbruster, 1997). In the case of several
species, the process of determining the feasible area is
more complicated than in the case on just one species.
The easiest solution to this problem is that we do not
restrict the area at all. Then all of the area is included
in the consideration, but the worst areas according to
the habitat requirements of the group of species are
automatically rejected because of their low index val-
ues. However, in some cases, this is not enough. For
example, it may be appropriate to reject some areas
because of their total unsuitability for some important
species. One possibility is to restrict the feasible area
according to the minimum habitat requirements of the
species in the area, and then the feasible area has to
fulfill the minimum requirements of all the species in
the group. If this alternative is used, the habitat re-
quirements of the species have to be of the same kind.
If the habitat requirements of species are diverse, the
feasible requirements have to be very general as oth-
erwise the feasible area will be very small or not exist
at all.

Determining of the feasible area in the present case
study was based on the minimum requirements of all
the case study species, but combining was done in
two phases. Firstly, consideration was focused on the
common characteristics of the species and the feasible
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area in that phase had to fulfill the criteria of all the
species. Secondly, the species-specific minimum re-
quirements, which differ within the group, were com-
bined so that the feasible area in this phase had to
suit at least one of the species. The common habitat
factor used in the first phase was the need of old for-
est, and so seedling stands and young thinning stands
were ruled out. In the second phase, the habitat re-
quirements related to proportional distribution of tree
species were used. The Pied Flycatcher and S. odora
prefer spruce-dominated and mixed forests, while the
Redstart prefers pine-dominated forest. The final fea-
sible area has to fulfill both phases.

The results of the case study show that even though
all the species were old-forest species, the suitability
map for the Redstart clearly differed from the maps
for the Pied Flycatcher and S. odora. The reason for
this is that the Redstart prefer different kinds of pro-
portional distributions of tree species. It is also easy
to see from the alternative weighting schemes that the
different coefficients between the Redstart and pair
formed by the Pied Flycatcher and S. odora have a big
influence on the final suitability maps (Fig. 4). In gen-
eral, the more the species differ from each other, the
more influence the coefficients of the species have on
the final results of habitat suitability evaluation. If the
species differ a lot from each other as to their habitat
requirements, the combined index may not lead to the
best possible solution. In such situations, the differ-
ences in preferred habitats are worth maintaining, e.g.
by utilizing separate suitability maps or by calculating
profiles separately for each species.

It is evident that it is not possible to find such fixed
universal weights for different species which could be
considered to be correct and justifiable for every pos-
sible situation and area. Determining the weights is fi-
nally a political decision and it is based on combining
different kinds of objectives. It is also a case-specific
process and it has to be made separately for areas
with different properties and objectives. At least the
opinions of different interest groups and some kinds
of ecological values or importance of the species
are appropriate to be included in the considerations.
Determining the different weighting schemes and the
methods of implementing them in GIS environment
are also subjects of interest for further studies.

The combination of the habitat needs of several
species might lead to poor management solutions if

the species are not selected carefully. Using animals
grouped by habitat-use strategies might be a use-
ful method in constructing habitat suitability models
for several species (Järvinen and Väisänen, 1979).
For northern boreal forest ecosystem, sedentary bird
species of the taiga forest or forest-interior species
might be suitable groups for that purpose (Jokimäki
and Huhta, 1996; Schmiegelow et al., 1997; Kouki
and Väänänen, 2000). Further studies need to be con-
ducted to test the integrated suitability index approach
to larger groups of species and to make sensitivity
analyses to find out how different kinds of classifica-
tion of species and coefficients between classes and
species affects the results.

Habitat suitability can differ between seasons, i.e.
different types of habitats might be needed during
summer and winter periods to ensure the occupancy
of species in a given landscape. Consideration of win-
ter habitat availability might be critical especially for
the resident bird species living in boreal forests with
harsh climatic conditions. One problem in producing
habitat models for species across several spatial scales
can be in that predictive habitat data are not collected
in the same way within each spatial scale. For exam-
ple, on larger scales, satellite image data should be
used since detailed stand-level forestry data are not
available. Correspondingly, satellite images can be in-
accurate on very small scale and field surveys are then
needed.

We did not test the predictive capability of the
models directly with independent data. However, the
validations of the bird models used in this case study
were done by comparing the models with other models
made for same species in Finland and Sweden (Helle,
1983; Virkkala, 1987; Raivio and Haila, 1990; Edenius
and Elmberg, 1996). According to these comparisons,
the same habitat factors affected the abundance of the
Redstart and the Pied Flycatcher in different study
areas. Therefore, the variables selected for the bird
species models were indirectly evaluated and justified.

Most habitat suitability models are based on oc-
currence data or abundance estimates of species.
However, abundance can be a misleading indicator of
habitat quality (van Horne, 1983). The detection of
bird species at a site does not necessarily indicate suc-
cess in breeding, and differences in the abundances of
species between regions may not be related to their
breeding productivity or winter survival. Therefore,
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caution must be adopted in using abundance-based
habitat suitability models. In addition, correlative
comparisons between abundance estimates and habi-
tat variables do not necessarily tell anything about the
causes and effects. Despite these models reporting
general relationships between animal populations and
landscape attributes, it would be better if habitat qual-
ity could be measured in terms of survival or reproduc-
tion of species. However, collecting demographic data
from several species over multiple years can be too
exacting a task. In any case, the basic principles of the
presented method can be applied regardless of what
variables are used to describe the quality of the habitat.

In order to effectively utilize the knowledge pro-
duced by habitat suitability evaluation, it has to be con-
nected to the optimization process of multi-objective
forest management planning. The most common way
to use ecological data in forest management planning
is to exclude certain ecologically important areas
outside wood production (e.g. Nalli et al., 1996). Fur-
thermore, ecological information has been utilized to
evaluate few alternative plans according to the ecolog-
ical influences they have (Kangas et al., 2000). Also
in some research undertakings, the ecological objec-
tives had taken inside the optimization problem (e.g.
Pukkala et al., 1997; Kurttila et al., 2002). One im-
portant topic of future research is to find out which of
these methods are, in practice, best suited to include
different kinds of habitat suitability indices to forest
management planning. It is also important to produce
better habitat suitability models, e.g. such models as
are based on the reproductive and mortality data rather
than presence/absence or abundance data of species.
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