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1  Introduction

Intensive management has altered the struc-
ture of forest stands and landscapes (Esseen
et al. 1997). Fragmentation and loss of habi-
tats, or even their total discontinuation are
major threats to forest biodiversity (Saunders
et al. 1991; Andrén 1997). Extinction rates
are high in the tropics, but fragmentation
and loss of  habitats due to intensive forest
management also threatens species adapted
to natural forests in boreal ecosystems
(Andrén 1997; Esseen et al. 1997; Rassi et
al. 2000). Consequently, large numbers of
forest-dwelling plant and animal species have
declined (Haila 1994; Esseen et al. 1997;
Rassi et al. 2000).  It is probable that exist-
ing reserves will be insufficient to represent
and maintain the full variety of the biodiversity
of boreal forests in the long term (Haila 1994;
Angelstam and Pettersson 1997; Virkkala
and Toivonen 1999; Prendergast et al. 1999;
Hanski 2000). Consequently, they should be
complemented with new conservation and
restoration areas (Margules and Pressey
2000).

Designing reserve network is a crucial
part of forest conservation planning (Noss
1999; Shafer 1999; Margules and Pressey
2000). Systematic reserve network design
includes 1) problem identification and struc-
turing (e.g. definition of goals, their specifi-
cation by concrete objectives and constraints)
2) modeling and generation of candidate so-
lutions (e.g. by optimizing methods or algo-
rithms), 3) their critical evaluation (e.g. by
sensitivity analysis of parameters) and 4) de-
termination of action plans (see also
Margules and Pressey 2000; Belton and
Steward 2002). A reserve network should
represent the full variety of biodiversity and
ensure long term persistence of species, habi-
tats and natural processes characteristic to a
given region (Pressey et al. 1997; Margules

and Pressey 2000). These overall conserva-
tion goals are usually specified by a set of
objectives for the number, area and spa-
tiotemporal distribution of features (species,
populations, habitat characteristics) (Csuti et
al. 1997; Pressey et al. 1997; Margules and
Pressey 2000). From the perspective of
biodiversity conservation alone, the efficiency
of a reserve network means achievement of
these long term conservation goals and spe-
cific conservation objectives (Pressey et al.
1997; Possingham et al. 2000; Rodrigues et
al. 2000). However, in real life, conservation
competes with other land use practices, and
land available for conservation is limited by
political (e.g. borders), economic (e.g. land
price, wood and agricultural production and
building), and social constraints (e.g. land-
ownership) (Rothey 1999; Prendergast et al.
1999; Kurttila et al. 2002; Peterson et al.
2003). Hence, in real-life reserve design, a
cost-efficient reserve network achieves goals
set for biodiversity conservation best and at
minimum cost (e.g. economic expenditure,
area, number of sites, loss of biodiversity)
by considering constraints set by other land
use practices and values (Pimm and Lawton
1998; Prendergast et el. 1999; McDonnel et
al. 2002; Hughey et al. 2003).

Changes in conservation legislation and
practices, conservation targets, economic
needs, land ownership and societal values
increase the complexity and uncertainty of
conservation design. Conservation and man-
agement planners need tools to evaluate al-
ternative conservation plans and candidate
reserves in terms of achievement of conser-
vation goals measured against costs, to iden-
tify priority areas for conservation and for
relevant and cost-efficient conservation de-
cisions in an increasingly uncertain, unman-
ageable  and dynamic world (Angelstam and
Pettersson 1997; Pressey et al. 1997; Prender-
gast et al. 1999; Possingham et al. 2000;

Summary
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Peterson et al. 2003; see also Hof and Bevers
2002).

Concerning the overall goals – represen-
tativeness and persistence – of biodiversity
conservation, the most reliable reserve de-
sign approach would evidently be to model
the best arrangement of habitat patches
separately for each species using population
viability analysis (Soulé 1987;  Hanski 1999;
Possingham et al. 2000; Cabeza and Moila-
nen 2001; McCarthy et al. 2003). This tech-
nique analyses the dynamics of populations
and has been applied to rank different land-
scapes in terms of their capacity to maintain
viable (meta)populations, and to the plan-
ning reserve systems where the extinction
probability of particular well-studied species
is acceptably low (Soulé 1987; Hanski and
Ovaskainen 2002; Moilanen and Cabeza
2002). However, evaluation of such umbrella
or flagship species has shown that conser-
vation of viable populations of one species
does not automatically ensure the persis-
tence of others (Simberloff 1998; Andelman
and Fagan 2000; Williams et al. 2000). Al-
though it is technically possible to consider
conservation targets for several species at the
same time (Moilanen and Cabeza 2002),
insufficient data on spatiotemporal dynam-
ics of species and their habitats makes it prac-
tically impossible to define concrete conser-
vation objectives and to model a habitat
network which would be appropriate for all
species (Possingham et al. 2000). Moreover,
there will never be enough time, funding or
taxonomic knowledge to survey the
biodiversity of all species (Noss 1999;
Prendergast et al. 1999). Despite insufficient
ecological knowledge, conservation deci-
sions are constantly made. To overcome this
problem, a wide range of indicators and
decision support tools has been developed.

1.1  Indicators of biodiversity

An important question in conservation de-
sign is whether certain well-known and eas-

ily surveyed species, taxa or environmental
variables can be used to predict overall
biodiversity, and to select a subset of areas
which would well maintain or at least repre-
sent other species or conservation goals
(Prendergast et al. 1993; Noss 1999; Vessby
et al. 2002; Lawler et al. 2003).  Several stud-
ies published on co-variation of species
groups  have shown that patterns of rich-
ness or rarity of different taxa often do not
coincide (Prendergast et al. 1993, 1997;
Niemelä and Bauer 1998; Simberloff 1998;
Jonsson and Jonsell 1999; Andelman and
Fagan 2000; Lawton et al. 1998; Similä et
al. 2002), but other studies supported suc-
cess of certain species (e.g. Nilsson et al.
1995), or taxonomic group (Vessby et al.
2002; Saetersdal et al. 2003) as indicators.

In some regions taxonomic indicators
appear to coincide rather well when tested
with the complementarity concept, the idea
of which is that areas selected to include in-
dicator  species would also include other
species (Howard et al. 1998; Lawler et al.
2003). However, results of coincidence tests
appear to vary among regions and scales
(Flather et al. 1997). Moreover, complemen-
tarity areas have usually been selected to
cover at least one representation of focal
species, although such a minimum set ap-
pears to fail to maintain viable populations
in the long term (Pressey et al. 1994; Cabeza
and Moilanen 2001). Long-term persistence
of species can be improved by preferring
large populations; large habitat patches close
together and sites with high population den-
sity (Nicholls 1998; Margules and Pressey
2000; Moilanen and Cabeza 2002). Coinci-
dence of complementarity areas selected to
include certain proportions of individuals or
several representations of species belonging
to different taxa have rarely been examined,
specifically in boreal forests (Nicholls 1998).
The first paper of this thesis (I) addresses
particularly this question.
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1.2  Site selection methods

Several methods have been developed to
select priority areas for conservation. The
earliest methods scored sites on the basis of
species richness or rarity or other features
considered important for conservation (Usher
1986). These approaches failed even to
represent all the species or other target fea-
tures because they simply maximized num-
bers of features without considering their
identity (Pressey and Nicholls 1989; Williams
et al. 1996). Thus, some species or other
features were unnecessarily repeated in se-
lected subsets of sites, whereas others (spe-
cifically those occurring in species-poor sites)
were lacking (Williams et al. 1996).

Kirkpatrick (1983) first presented a
simple heuristic algorithm to select comple-
mentary conservation areas, and since then
a wide range of heuristic and linear math-
ematical programming methods has been
developed and applied to various reserve
design problems (see Margules et al. 1988;
Saetersdal et al. 1993; Church et al. 1996;
Csuti et al. 1997; Pressey et al. 1997; Rothley
1999; Church et al. 2000; Rodrigues et al.
2000; Hof and Bevers 2002; Rodrigues and
Gaston 2002).   These methods were usu-
ally applied to select a complementary sub-
set of sites (e.g. stands, grid cells, or other
planning units) which together would fulfill
conservation targets defined by the number,
area or proportion of features (e.g. species,
environmental variables) at minimum cost
(e.g. economic expenditure, area, number
of selection units) (Pressey et al. 1993;
Underhill 1994). Alternatively, methods have
been applied to satisfy objectives best when
number of sites or area that may be chosen
is restricted (maximal coverage location prob-
lem e.g. Church et al. 1996).

The linear programming techniques
(such as the branch and bound algorithm
promoted by Underhill (1994) and other
optimizing algorithms (Cocks and Bair 1989;
Church et al. 1996) can guarantee an opti-
mal solution, but they usually fail to solve

complex real-life planning problems with
several non-linear objectives for proportions
and spatial arrangement of features in land-
scape areas of thousands of selection units
(Pressey et al. 1997; McDonnell et al. 2000;
Briers 2002; Önal 2003). Heuristic algorithms
can not ensure optimality, but they usually
find a slightly sub-optimal solution to com-
plex problems with several non-spatial and
spatial objectives and planning units across
wide areas (Pressey et al. 1996; Csuti et al.
1997; Pressey et al. 1997). Two main ap-
proaches of heuristic algorithms have been
used (Csuti et a. 1997; Pressey et al. 1997;
Williams 1998). Richness- based “greedy”
heuristic algorithms (e.g. Kirkpatrick 1983)
begin with a site, which fulfills the unful-
filled objectives the best, and then adds site
one at time according to which satisfies the
remaining unfulfilled objectives with the best
cost-benefit ratio. Rarity algorithms (e.g.
Margules et al. 1988; Csuti et al. 1997; Wil-
liams 1998) starts with a site containing most
unique features, and selects in every cycle
site which contains rarest unselected feature.

In real life conservation, it is usually more
important than absolute optimality to screen
from large numbers of possible solutions a
few good ones (Pressey et al. 1996; Will-
iams 1998). There can be several alternative
sets of areas that can reach conservation
goals as well (Ferrier et al. 2000) Therefore,
it is often necessary to run the models sev-
eral times to find alternative solutions.  Some
methods, such as simulated annealing and
random search techniques (Possingahm et
al. 2000; Öhman and Erikson 2002), produce
usually several good solutions instead of a
single optimal one, which is useful for real-
life conservation design.  Information of irre-
placeability; optional areas for conservation
and numbers of replacements of certain area
are considered useful information for conser-
vation planners (Ferrier et al. 2000; Noss et
al. 2002). Hence,  practicability and flexibility
are usually considered more important char-
acteristics of a system  than its absolute
optimality (Margules and Pressey 2000).
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1.3  Spatial reserve network
design

The spatial location of reserves was long
neglected, although sizes and inter-area dis-
tances are critical for the persistence of many
poorly dispersing species with discrete habi-
tat requirements in fragmented landscapes
(Hanski 1999; King and With 2000; Briers
2002; Cabeza and Moilanen 2001; Moilanen
and Cabeza 2002). Species living in meta-
populations may persist in fragmented land-
scapes over time by establishing themselves
in new empty suitable habitat patches to
replace local extinctions (Hanski 1999). Frag-
mentation of habitats decreases the sizes of
distinct habitat patches and increase inter-
patch distances (Saunders et al. 1991). If re-
serve network is highly fragmented, this re-
stricts opportunities for dispersal between
sites leading to poor capacity of reserves to
maintain species in the long term (Hanski
and Ovaskainen 2002; Rodrigues et al.
2000). Since reserve networks are often de-
signed specifically for poorly dispersing spe-
cies with discrete habitat requirements and
threatened by habitat fragmentation, it is
imperative to consider spatial relationships
in reserve design. To fulfill the objective for
species persistence, reserves should be large
enough to maintain entire population of
species in long term, or they should be lo-
cated so close to each other that species can
efficiently re-colonize locally extinct habitat
patches to ensure persistence of a meta-
population (Shafer 1999; Hanski 1999;
Possingham et al. 2000; Cabeza and
Moilanen 2001; Hanski and Ovaskainen
2002; Briers 2002).

Disconnected reserve systems or long
and thin reserves may consist mainly of edge
habitats particularly if the surrounding habi-
tat differs considerably from the protected
one (Saunders et al. 1991; Fagan et al. 1999;
McDonnel et al. 2002). Fragmentation of old
forests increases area exposed to edge-ef-
fects within remaining old forests (Saunders
et al. 1991; Murcia 1995). The effects of

man-made forest edges are complex, includ-
ing changes in microclimate, elevated wind-
throw and alteration of species interactions
(Matlack 1994; Chen et al. 1995; Murcia 1995;
Andrén 1997; Esseen and Rehnhorn 1998;
Fagan et al. 1999; Laurance et al. 2001).

The depth of area exposed to physical
edge effect depends on orientation, topog-
raphy and physiognomy of edges, and spe-
cies responses to physical and ecological
changes occurring in forest edges differ con-
siderably (Murcia 1995; Sih et al. 2000). Spe-
cies responses to edge-effect over time is
unclear. On the basis of the few available
studies, edge effect appears to be strongly
dynamic over time (Matlack 1994; Murcia
1995; Rehnhorn and Esseen 1998, II). The
proportion of the total area of a forest frag-
ment subject to edge effect is regulated by
the size, shape and position of the fragment
in the landscape, and is greatest in small and
irregularly shaped fragments (Laurance and
Yensen 1991; Saunders et al. 1991). Increased
proportion of area exposed to edge effect
decreases the efficiency of reserves to main-
tain species dwelling on original habitat and
thereby the achievement of overall conser-
vation goals (Saunders et al. 1991). Further-
more, maintenance costs of reserves depend
generally more on boundary length than on
area (Shafer 1999; Possingham et al. 2000).
Hence, clustered reserves are more prefer-
able for both economic and ecological rea-
sons (Saunders et al. 1991; Possingham et
al. 2000). The examination of the effects of
different aged edges to wood-rotting fungi,
and demonstration of a spatially explicit
model to asses edge-core area relationships
in landscape scale are tasks of the paper II.

Nicholas and Margules (1993) presented
an upgraded heuristic algorithm with adja-
cency constraints, which supported selection
of sites nearest to already selected ones.
Rothey (1999) applied a multicriteria reserve
selection procedure to maximize connectiv-
ity, reserve area and rare species representa-
tions. Moreover, Possingham et al. (2000)
used simulated annealing and minimized
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boundary length in relation to reserve area
in order to obtain a more compact reserve
network, and Briers (2002) applied negative
exponent of inter-area distance to weight
strongly sites close to already selected ones
(see also Ömal and Briers 2002).

A problem similar to clustering of re-
serves is the clustering of harvest sites (it is
more expensive to harvest and maintain dis-
persed than clustered stands), and several
spatial optimization methods have been de-
veloped and applied to forestry and  other
natural resource planning (see e.g. Hof and
Joyce 1992; Church et al. 2000; Murray and
Snyder 2000; Falcão and Borges 2001;
Bettinger et al. 2002; Öhman and Eriksson
2002; Öhman and Lämås 2003; Jumppanen
et al. 2003). For example, Öhman and
Eriksson (2002) integrated linear program-
ming with simulated annealing to obtain
continuous areas of old forests in long term
forest planning.

However, relying only one large reserve
can have disadvantages; natural catastrophes
can cause local extinctions by destroying
entire populations, and one large reserve will
probably not represent all of the habitats
occurring in the target region (Saunders et
al. 1991; Balbin 1993; Possingahm et al.
2000). Hence, it is less risky to have at least
a few separate representations of target fea-
tures. However, few methods consider the
tension between achieving the objectives for
larger continuous reserves, increasing con-
nectivity (decreasing inter-reserve distances
and area of a cluster, defined here as the
sum of the area of reserves separated from
each other by an inter-reserve distance of
certain maximum length), and ensuring spa-
tial and non-spatial representativeness of
reserve networks (Prendergast et al. 1999;
Briers 2002; Siitonen et al. 2003; III). Fur-
thermore, the methods have only rarely been
applied to solve complex real-life forest con-
servation planning problems where several
non-spatial and spatial objectives for num-
ber, area, proportion and spatial distribution
of features must be satisfied at minimum

economic expenditure over wide areas with
numerous potential stands (Prendergast et
al. 1999; Kurttila 2001; Store and Kangas
2001; Kurttila et al. 2002; Siitonen et al.
2003; Öhman and Eriksson 2002). In addi-
tion, wide landscape areas are usually divided
into several operational sub-regions with
their own forestry and conservation targets.
The two last papers (III, IV) of this thesis dem-
onstrate applications of a new heuristic
multiobjective algorithm in real-life reserve
design problems in eastern and northern Fin-
land.

2  Objectives of the thesis

This thesis focuses on multiocriteria reserve
network design in fragmented forest land-
scapes, and demonstrates some new reserve
design methods to address non-spatial and
spatial conservation problems including their
applications in real-life conservation plan-
ning.

The aims of the first (I) paper were to
examine 1) whether certain species group
can be used to predict number of species in
other taxa, and 2) to select a subset of areas
which would well maintain or at least include
other species. Thus, species richness corre-
lations and coincidence of complementary
areas of vascular plants, mosses, liverworts,
epiphytic lichens, ground lichens, polypores,
carabides,  saproxylic beetles, other beetles,
spiders and land snails were examined. In
addition relationships between species rich-
ness of different taxa and environmental
variables were analyzed.

 Designing of reserves requires data on
species responses to edges. The second pa-
per (II) addresses the effects of different aged
edges on the spatial distribution of wood-
rotting fungi in old forest fragments. The
aims were: 1) to estimate the depth of the
edge effect within old forest fragments, 2)
to assess the impact of time since edge for-
mation, 3) to analyze effects of the spatial
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patterns of suitable substrates and species
on occurrences of target species, and 4) to
apply a new GIS-based edge-core area model
to compare effects of different edge widths
on the proportion of interior area of old for-
ests in a wide landscape area in eastern Fin-
land.

In papers III and IV a new multiobjective
heuristic algorithm is described and applied
to support selection of forest reserves in real
life planning situations in two forest land-
scapes in northern and eastern Finland. The
aims were, in particular to examine the ef-
fects of four spatial functions on the level of
achievement of the pre-specified non-spa-
tial and spatial conservation objectives, the
total area selected and its economic expen-
ditures (III and IV). Moreover, the algorithm
was applied to select areas to fulfill objec-
tives defined for one sub-region and the
whole region separately (III). Paper IV focuses
on the effects of the different maximum in-
ter-area target distances and a proximity
function (giving more weight to stands which
are close to already selected stands) on spa-
tial arrangement and cost-efficiency of the
solutions.

3  Material and methods

3.1  Study areas

Indicator taxa analyses (I) were carried out
in two state-owned forest areas, belonging
to southern (Lohikoski) and northern (Kuh-
mo) boreal vegetation zones (Ahti et al.
1968). The regions include gradients from
intensively managed forests to near-primary
old growth forests. Field inventories to as-
sess edge effects on wood-rotting fungi (II)
were carried out partly in the same old for-
est fragments in Kuhmo as in the indicator
taxa study. The assessment of edge core area
relationships (II) was calculated from a 185
00 ha forest landscape in the Kuhmo and
Nurmes communes in eastern Finland.

In paper III, a multiobjective heuristic al-
gorithm was applied to the state-owned
planning region (96 000 ha; 10 162 forest
stands) in Taivalkoski commune, northern
Finland. The Taivalkoski planning region be-
longed to the northern boreal vegetation
zone (Ahti et al. 1968), and included con-
servation areas, the Kylmäluoma recreational
area where forest management was limited,
and managed forests. One fifth of the for-
ests were > 140 years old. In paper IV, the
algorithm was applied to a planning region
(ca. 10 000 ha; 5 600 forest stands) owned
by Tornator (former by StoraEnso) in eastern
Finland. The planning region belongs to the
southern boreal vegetation zone. The for-
ests were intensively managed and only 2
% were >120 years of age.

3.2  Forest stand databases
in geographic information
systems

Data on volume of living trees of different
tree species, forest canopy height, forest age,
forest type and particularly valuable key
biotopes were mapped in the field by staff
of the Forest and Park Service (II, III) or
Tornator (IV), and were available in the geo-
graphic information system for all forest
stands. The volume of dead trees was avail-
able for all stands in the study region in pa-
per (IV) and from all old forest stands in
Taivalkoski (III). In Taivalkoski, staff of the
Forest and Park service mapped data on old
forest indicator fungi from old forests in the
Kyläluoma recreational area and managed
forests with plenty of dead wood. In pro-
tected areas, data on indicator fungi was
incomplete.

3.3  Field inventories

To examine whether certain species groups
or environmental variables can be used to
predict richness and complementary areas
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of other species, both species and environ-
mental variables were surveyed from a total
of 194 sample plots, each 300 m2 in size in
a gradient from old growth forests through
different-aged managed forests to clear cuts
in the Kuhmo and Lohikoski study areas (I).
In each sample plot, number and abundance
of vascular plants, mosses, liverworts, epi-
phytic lichens, ground lichens, polypores,
beetles, carabides, other beetles, spiders and
land snails were surveyed and environmen-
tal variables (volume of dead and living tree
species and key habitats) were mapped in
the field (see I for details of the methods).

To examine species responses to edges,
fifteen edges between old-growth spruce-
dominated forests and young and old man
made clear cuts and natural peatlands was
surveyed in Kuhmo (II). All fallen spruce logs
(> 10 cm diameter, 10 679 logs) in three old
growth forest fragments were located by the
global positioning system (GPS), and envi-
ronmental variables and the occurrence of
four old forest indicator fungi, a light adapted
fungus and a pathogenic and saprophyte
fungus were investigated in each log.

3.4  Statistical analyses

Total numbers of species and individuals
were used as a measure of species richness
and abundance in sample plots when ana-
lyzing coincidence of different taxa (I). Fre-
quency sums of Coleoptera in Finland were
used as a measure of national scale rarity
(Rassi et al. 1993; 2000). Mean numbers of
species and individuals in sample plots be-
longing to the same successional classes
were compared, and species turnover along
the successional gradient was compared by
the Czekanowski index of percentage simi-
larity (I). Spearman correlation analysis was
used to examine whether species richness
between different taxa and the frequency
value of Coleoptera co-vary. Moreover, a
greedy heuristic algorithm  (described in pa-
per III) was applied to select a complemen-

tary subset of sites that contains 5 % of the
total number of the individuals (population)
of each animal species, and 5 % of the total
number of occurrences of each plant or fun-
gal species (I). Complementary subsets of
sites were selected separately for each taxa.
The coincidence of complementary sites of
different taxa was compared by calculating
the proportion of other species captured by
a subset of sites chosen on the basis of cer-
tain species group. Relationships between
numbers of species and environmental vari-
ables were analyzed by Spearman rank cor-
relation analysis, and the Mann-Whitey U-
test was applied to test differences of spe-
cies richness in the sites with and without
key biotopes (I).

The relationship of the edge type to the
depth of the edge effect was first analyzed
by nonparametric tests comparing frequen-
cies of  species and log variables at different
distances to edges (II). Secondly, descriptive
statistics of the logs with and without target
species were compared by univariate analy-
sis in order to assess the relationship of the
explanatory variables to occurrence of the
target species. Next, a multiple logistic re-
gression procedure (Quinn and Keough
2002) was used to analyze the effects of the
explanatory variables on the occurrences of
fungal species. Both forward selection and
backward elimination of variables with the
criterion P < 0.05 for their inclusion or ex-
clusion were used in model building. The
analyses were made with SYSTAT 8.0.

3.5  Edge-core area model

To estimate the area exposed to edge-effect
at landscape scale, we used ArcInfo to cal-
culate, on the basis of a forestry inventory
GIS-database, the interior and edge areas of
all >120 years-old spruce-dominated forest
fragments in the target region of ca. 185 000
ha in Kuhmo, eastern Finland (II). The edge
width (d) was buffered from each border of
each fragment, and the buffer zones were
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intersected. The edge width for each differ-
ent edge type was computed separately on
the basis of the difference of the canopy
height between focal old forest fragment
and adjacent forest. Thus, it was assumed
that the depth of edge effect declines with
diminishing physical differences (reduced
canopy height difference) between adjacent
forest stands during maturation of the edge
(Matlack 1993, Chen et al. 1995). The width
of the edge effect (di) of adjacent habitat (i)
inside the old forest fragment j was di = hj-
hi, where hj was the canopy height of the
old forest fragment j and  hi was the canopy
height of adjacent forest i. The efficiencies
of the scenarios with different edge widths
to maintain old forest interior area were com-
pared by the edge–core area relationships,
by the numbers of core areas, and by the
numbers of disappeared core areas.

3.6  Reserve selection model and
algorithm

A multiobjective greedy heuristic algorithm
was applied to select a set of forest stands
that best fulfills several non-spatial (area,
number, and proportion of the features) and
spatial (spatial arrangement of the features)
objectives assigned to a given region (I, III,
IV). To run the algorithm, attribute and geo-
metric data of the forest stands were needed,
and objectives and a cost function (e.g. area,
economic expenditure or any mathematical
statement) had to be prespecified. The al-
gorithm selects stands on the basis of their
cost benefit ratios. The cost-benefit ratio of
a candidate stand is the sum of the quality
value and the spatial value of the stand di-
vided by its cost. The quality value of the
stand measures the degree of achievement
of the unfulfilled non-spatial objectives, and
the spatial value describes how well it satis-
fies the spatial objectives. The greater the
quality value, the better the stand fulfills one
or more objectives. In every cycle, the cost-
benefit ratios are recalculated on the basis

of the current degree of fulfillment of the
objectives. The unfulfilled part of the objec-
tive is used to weight objectives and the
speed with which they are achieved.

The spatial value of a stand is the
weighted sum of the values of  three func-
tions: continuous area (fa), connectivity (fc),
isolation (fi) and proximity (fp).

The continuous area  (ai) is the total area
of selected stands adjacent to each other (III).
The continuous area of a candidate stand is
the size of  the continuous area to which
this stand would belong if it were selected.
The continuous area value fa(ai) of stand i is
fa(ai) = fa(aia) – fa(aib ), where aia is the con-
tinuous area after and aib is the largest dis-
tinct continuous area in aia before the selec-
tion of stand i (III).

A cluster is a group of selected stands
separated from each other by a certain maxi-
mum interstand (edge-to-edge) distance (m),
and the size of a cluster is the total area of
these stands (III). The connectivity value f(ci)
of  the stand i  is a function of the difference
between the cluster size before and after the
candidate stand has been selected. The con-
nectivity (ci) of stand i is  ci = cai –
max(cbi1…cbik), where cai is the cluster size
after selecting stand i, cbi1…cbik are the sizes
of the existing clusters that stand i would
connect if it were selected, and max
(cbi1…cbik) is the size of the largest existing
cluster before selecting stand i. To calculate
the connectivity of  a stand, a maximum in-
ter-stand distance (m),  must be defined (III).
The isolation value of the stand i is a func-
tion of the distance di between a candidate
stand i and the nearest stand already selected
(III). The proximity value fp of the stand i is a
decreasing function of the distance di be-
tween a candidate stand i and the nearest
stand already selected (IV).

The spatial and non-spatial objectives,
spatial value functions and their weights are
user-defined, and depend on planning goals.
The objectives for preferred sizes of distinct
continuous areas or clusters can be defined
by adjusting the functions fa and fc, respec-
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tively.  The tension between achieving non-
spatial and spatial objectives is resolved by
relative weightings of the objectives (III, IV).

The system was implemented with a CA-
Visual Objects developing tool for Win-
dows 95/NT operating systems. Inter-stand
edge-to-edge distances were calculated and
adjacent stands identified with ArcInfo.

3.7  Definition of the
conservation goals and objectives
for reserve selection

The  algorithm was used to support the de-
sign of reserve network particularly to en-
hance maintenance of habitats and species
characteristics of old-growth forests in the
target regions by establishment of additional
forest reserves (III, IV). This overall conserva-
tion goal was specified by definition of con-
servation objectives for preferred quality,
area, and spatial distribution of forests in co-
operation with foresters and conservation
planners of the regions (III, IV). In paper III,
the goal of reserve selection was to select
additional conservation areas from unre-
served old forests for conservation, whereas
in paper IV the focus was in the selection of
a subset of present old forests and restora-
tion areas to achieve in long term sustain-
able solution. In both regions, the planning
goal was to select a subset of forest stands
that best complements of existing reserves
in terms of achievement of these objectives
while minimizing economic expenditure.
Two different cost-functions were used: 1)
economic value of forest land  (III) and 2)
real economic price of the forest land and
timber volume (IV).

In each region, existing reserves, includ-
ing key biotopes protected by law, were
preselected. Non-spatial objectives for the
proportions of protected old forests  were
defined separately for pine-, spruce- and
birch-dominated forests, in order to ensure
representativeness of the reserve network.
Several alternative scenarios were built with

different proportions, reflecting conservation
needs and constraints specific for each re-
gion. In addition, sub-objectives were used
to define the preferred selection order of old
forests. These objectives were related to the
characteristics of old-growth forests consid-
ered important for species specialized to
them, such as the volume of decaying wood,
the volume of old aspen, goat willow and
rowan, the number of key habitats not pro-
tected by law and the area of forests along
shore lines of lakes and rivers. Because the
total areas of old birch-dominated forests
were in all regions insufficient to reach the
objectives, an additional objective was set
for the proportion of younger mixed forest,
which could be most easily restored to old
deciduous tree-dominated forests. In paper
III, more protection-oriented objectives were
defined for one sub-region, the Kylmäluoma
recreational area, where forest management
was limited.

New reserves should  also decrease frag-
mentation of old forests by increasing areas
of individual reserves and decreasing inter-
reserve distances to facilitate species persis-
tence: large old forest areas situated close
together are considered to maintain viable
populations of species adapted to them bet-
ter than small and isolated old forest frag-
ments (Saunders et al. 1991; Andrén 1997;
Hanski 1999). However, reliance on only one
large reserve  may have some disadvantages
(e.g. storms and diseases may cause local
extinctions) and a single area will probably
not represent adequately those habitats oc-
curring in a target region (Balbin 1993;
Possingham et al. 2000). Therefore, it may
be less risky to have at least a few separate
reserves. The spatial objective were (1) to
increase the area of individual reserves within
certain limits (III, IV), (2) to decrease inter-
reserve distances and to increase the area of
clusters in order to facilitate species dispersal
(III, IV), and (3) to ensure the spatial even-
ness of the reserve network (III).

Several different target sizes of continu-
ous reserves were defined and different maxi-
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mum inter –area distances were used to cal-
culate the connectivity of each stand, and
to define a cluster (IV). In paper III, calcula-
tions were made with and without spatial
objectives and with and without pre-selec-
tion of existing reserves. An isolation func-
tion to ensure evenness was applied only in
paper III, and a proximity function in paper
IV.  The solutions were compared with the
state of achievement of non-spatial and spa-
tial objectives, area needed, costs, and the
state of fragmentation of the selected areas.

4  Main results and
discussion

4.1  Species groups and
environmental variables
as indicators

The crucial question in conservation plan-
ning is whether certain species, taxa or envi-
ronmental variables could be used to pre-
dict overall biodiversity of other groups, and
to identify sites which would also cover con-
servation targets set for other species. In the
first paper (I), we examined whether species
richness and complementary areas of vascu-
lar plants, mosses, liverworts, epiphytic li-
chens, ground lichens, polypores,  carabides,
other beetles, spiders and land snails in Finn-
ish boreal forests co-vary.

The rather weak correlations among dif-
ferent taxa indicated that it is difficult to iden-
tify a single species group that could be used
as an indicator of overall biodiversity in bo-
real forests in Finland. No single species
group correlated significantly with all the
other species groups. This result supports
observations of studies in tropical forests
(Lawton et al. 1998), in Britain (Prendergast
et al. 1993; 1997), and in boreal ecosystems
(Saetersdal et al. 1993; Niemelä et al. 1996;
Niemlä and Bauer 1998;  Jonsson and Jonssel
1999; Similä et al. 2002). Indeed, it is very
likely that species with different habitat re-

quirements and niches will have dissimilar
responses to habitat modification.

Despite the rather few correlations in
species numbers among taxa, the species
groups associated with similar kinds of habi-
tat characteristics appeared to co-vary. Spe-
cifically, liverworts and polypores (dwelling
on the volume and diversity of dead wood
and sensitive to microclimatic conditions)
were  positively associated with each other.
Moreover, numbers of vascular plant,
polypore, moss and liverwort species were
positively associated with the number of all
other species,  although e.g. vascular plants
(in Kuhmo) and polypores (in Lohikoski) did
not correlate significantly with any single
species group. The high number of vascular
plants (including several broad-leaved tree
species) in, e.g. fertile soils and moist de-
pressions increased the total number of spe-
cies through their effect on microhabitats
and litter (see Ryti 1992). Thus, richness of
vascular plants and mosses could possibly
be used as indicators of other species groups
associated with soil fertility, litter quality, soil
moisture or minor water bodies, but are
more expensive or difficult to identify in the
field (e.g. land snails and beetles living on
the ground). Correspondingly, polypores
could serve as indicators of richness of liver-
worts associated with dead wood or depen-
dent on a moist microclimate. Vascular
plants, bryophytes and polypores have of-
ten been used as indicators of forest conser-
vation value and specifically for the identifi-
cation of key biotopes (Karström 1992;
Esseen et al. 1997;  Kotiranta and Niemelä
1996; Renvall 1995; Söderström 1988;
Sverdrup-Thygeson and Lindenmayer 2002;
Saetersdal et al. 2003).

A complementary subset of sites se-
lected with certain taxonomic groups can
include a large percentage of other species
(I). Sample plots selected to include 5 % of
the total number of individuals (populations)
of each animal species, or 5 % of the total
number of representations of each plant or
fungal species of certain taxa, included 37–
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83 % of all other species in Kuhmo and 41–
85 % in Lohikoski. However, the proportion
of sample plots needed to fulfill these selec-
tion objectives varied considerably (5–48 %)
among taxa. In Kuhmo, 70 % of sites (90 %
for mature forests) and in Lohikoski 83 % of
sites (93 % for mature forests) were required
to include 5 % of individuals or occurrences
of all species. The comparison of the num-
ber of other species captured by the top five
sites selected on the basis of different spe-
cies groups showed that beetles captured
most other species (45–49 %) in both ar-
eas. When only mature forests were consid-
ered, sites selected to meet objectives for liv-
erworts (in Kuhmo) and for carabids (in
Lohikoski) included most other species (49
% in Kuhmo and 55 % in Lohikoski, respec-
tively). This finding is consistent with obser-
vations made in some other studies (e.g.
Howard et al. 1998; Lawler et al. 2003)
showing that complementary areas can co-
incide even though richness or rarity hotspots
do not overlap. However, beetles, liverworts
and carabids are not very easy to identify on
the field, which limits their usefulness as in-
dicators. The varying conclusions of studies
testing biodiversity indicators is partly due
to differences in the indicator groups tested,
the methods used to measure biodiversity
(e.g. richness, rarity, complementarity) and
test indicators, the scales of studies and the
areas where the analyses were made (Will-
iams 1998; Noss 1999; Howard et al. 1998;
Lawer et al. 2003).

The assessment of  the structural ele-
ments of a forest stand is much faster and
easier than species inventories, and there-
fore structural elements have widely been
used to indicate the conservation value of
forests (Noss 1990; 1999; Lindenmayer et
al. 2000). The significantly higher number
of all species, vascular plants and mosses in
the sites with minor water bodies or moist
depressions (I) supported the conservation
value of these key habitats (Esseen et al.
1997). Key biotopes were also often included
in the complementary sites selected on the

basis on several different taxa.  Furthermore,
positive and significant correlation between
total number of species and volume of liv-
ing aspens supports the importance of as-
pen as a host for lichens, bryophytes (Nilsson
et al. 1995, Kuusinen 1996),  and beetles
(Siitonen and Martikainen 1994) observed
in several earlier studies (see also Esseen et
al. 1997). In addition, our results show that
simply the volume of dead trees indicates
richness of species associated with dead trees
rather well. Our finding that the volume of
dead fallen trees and snags appeared to re-
flect richness of polypores,  liverworts and
epiphytic lichens supported the results of
several earlier studies (Söderström 1988;
Bader et al. 1995; Renvall 1995; Esseen et
al. 1997).

4.2  The edge type and age affect
the spatial pattern of fungi
within old forest edges

The edge type (natural peatland or man-
made forest edge) and time since edge for-
mation appeared to affect the depth of edge
effect and the spatial pattern of fungi within
old forest edges (II). The frequency of light-
adapted G. sepiarium increased substantially
near young clear-cut edges, but declined to
the same level as in old-forest interior when
the edge matured. By contrast, frequencies
of indicator fungi were slightly reduced <
25 m distance from young and < 10 m from
old and peatland edges, and increased sub-
stantially 10–25 m from old and natural
edges. Moreover, the preceding pathogenic
fungus F. pinicola decreased significantly near
young and old edges.

These results support studies showing
that edge effects are complex and change
with time, due to complex interactions be-
tween several factors (Matlack  1994; Murcia
1995; Esseen and Renhorn 1998). First,
changes in microclimate – increased solar
radiation and decreased moisture – within
old forest edges affect species composition
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directly and indirectly (Murcia 1995). Re-
duced moisture of the microclimate may
decrease colonization of interior orientated
indicator fungi in logs near young edges
because of several factors including spore
production and germination, dispersal
lengths, lifetime of the spores, and spatial
distribution of suitable habitats and target
species.

Second, some fungi respond to changes
in physical environment  with a time lag, and
do not disappear immediately after the habi-
tat has temporarily become unsuitable for
them (Renvall 1995; Niemelä et al. 1995).
Drying out of microclimate may reduce colo-
nization of new trunks and production of
new fruit bodies of moisture-sensitive spe-
cies, but does not necessarily kill a fungus
which has already colonized a trunk. When
the microclimate again becomes suitable for
these species as a result of e.g. maturation
of edge, fungi may start to produce fruit
bodies again. This kind of quiet life inside a
trunk may partly explain a strong peak of
some indicator fungi of old forest near old
clear cut edges.  Because some individuals
may live inside a trunk without producing
fruit bodies, bacidiocarps do not necessarily
indicate real distribution of fungi. Consider-
able annual variation in fruit body patterns
of P. centrifuga, A. lapponica and F. rosea
result from several interacting factors affect-
ing their bacidiocarp production and colo-
nization.

Third, changes in microclimate may im-
prove the competitivity of light-adapted spe-
cies at the cost of species requiring logs with
high water content (Bader et al. 1995;
Renvall 1995; II). Moreover, changes of mi-
croclimate near edges may also affect spe-
cies composition indirectly through changes
in successional pathways (Niemelä et al.
1995). The studied indicator fungi were spe-
cialized according to the tree species, diam-
eter, decay stage and moisture of the sur-
rounding biotope (Bader et al. 1995; Renvall
1995; Kotiranta and Niemelä 1996; II); but
they can also be dependent on the way the

tree dies and on pioneer decayers, which
determine successors (Niemelä et al. 1995).

Fungi appeared to occur closer to logs
colonized by the same species than to un-
occupied logs, suggesting limited dispersal
and aggregation of suitable logs (Bader et
al. 1995; Edman and Jonsson 2001; II). Al-
though the number of spruce logs in a suit-
able stage of decay was not higher near colo-
nized logs, the suitability is affected by other
factors such as diameter not considered in
this analysis. However, logs next to colonized
logs are likely to receive more spores, and
consequently have a higher colonization
probability than distant logs (Nordén and
Larsson 1999; King and With 2002; Edman
2003). Consequently, poorly dispersing spe-
cies with discrete habitat requirements colo-
nize new habitats less efficiently than well
dispersing species and are therefore more
sensitive to rapid habitat changes (Hanski
1999).

On a landscape scale, the edge effect
appeared to reduce the efficient old forest
area considerably (II). Assuming, on the ba-
sis of an empirical study with fungi, that edge
effect penetrates approximately two times
the canopy height difference (0–40 m)  into
old forest from the clear cut edges, 29 % of
old forest area was exposed to edge effect,
and the interiors of numerous small frag-
ments completely disappeared. Conse-
quently, old forest area exposed to edge ef-
fect can be substantially regulated by sizes
and shapes of old forest fragments, and by
management of adjacent forests, which sets
a great challenge to forestry, conservation
and restoration planning around old forest
reserves.

4.3  With spatial functions, more
clustered solutions can be
achieved without extra cost

The use of the spatial functions and the
weighting of the non-spatial and spatial
objectives altered markedly the spatial ar-
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rangement of the subset of selected stands,
but did not affect substantially the total area
needed, the economic expenditure or the
achievement of the non spatial objectives (III,
IV). Thus, different ecological benefits in the
terms of spatial arrangement of the reserves
can be achieved with approximately the same
area or economic expenditure. The solutions
depend, of course,  on the spatial pattern,
area and number of features in the target
region as well as on the objectives, their
weights and cost-functions (Nicholls and
Margules 1993; Possingham et al. 2000). For
example, numerous small distinct reserves
were caused mainly by preselection of small
key habitats protected by law. The algorithm
selected new stands adjacent to existing re-
serves in order to increase the size of indi-
vidual reserves within target limits, and se-
lected new small stands close together and
between the clusters to decrease inter-reserve
distances and to create larger clusters. The
balance between increasing area of indi-
vidual reserves and decreasing inter reserve
distances was regulated by adjusting the
weights of spatial functions.

4.4 Weighting and definition of
the objectives affects the balance
between quality,
spatial arrangement and
representativeness of the reserve
network

Weighting and definition of the non-spatial
and spatial objectives regulate the balance
between quality and spatial arrangement of
the selected reserves. When the goal is to
select areas which satisfy quality and area
objectives well at present, the weight of non-
spatial objectives should be set high in rela-
tion to spatial objectives (III). When spatial
arrangement of the reserves is more impor-
tant than their present quality, the spatial
objectives should be weighted more (IV).
Real-life reserve design wanders between
these two goals.

However, ambitious and strongly
weighted non-spatial objectives – in relation
to the number of available features which
fulfills these objectives in the target region –
means that several stands become irreplace-
able, which decreases the number of alter-
native solutions (Ferrier et al. 2000). For ex-
ample, in paper IV (see also Siitonen et al.
2003), small differences between solutions
with differently weighted spatial objectives
were partly caused by rather ambitious (in
relation to the available resource which ful-
filled some of the non-spatial objectives) and
strongly weighted non-spatial objectives for
the proportions of old forests. The algorithm
used the unfulfilled part of the objectives to
weight the speed with which they are
achieved (III), as a consequence of which the
algorithm preferred to first select stands
which supported achievement of the unful-
filled and strongly weighted objectives for
old forests. Since rather few old forests were
left in the whole area, tight non-spatial ob-
jectives forced the algorithm to select nearly
all of them (Siitonen et al. 2003; IV).

4.5  More clustered solutions can
be obtained at the cost of
present day quality

The long-term planning goal was to comple-
ment the network of old forest reserves by
creation of larger continuous areas, but the
total area of old forests in the study region
in eastern Finland was scattered and insuffi-
cient (IV). Therefore, selecting only those re-
maining old forests which fulfill strict crite-
ria for age and quality would lead to frag-
mented and in the long term perhaps not
the most cost efficient solution in terms of
representativeness of the habitats and per-
sistence of old-forest adapted species at mini-
mum economic expenditure (Hanski 1999;
2000). Therefore, it was necessary to con-
sider also younger forests to obtain more
compact solutions in the long term.

To provide alternative solutions for com-



20

parison, the weight of the spatial objectives
was substantially increased in relation to non-
spatial objectives (Siitonen et al. 2003; IV).
As a result, the number of alternative solu-
tions in terms of non-spatial objectives in-
creased, and the spatial arrangement of the
solutions was regulated more by spatial func-
tions and spatial objectives (IV). Thus, more
compact spatial arrangement of the reserves
was obtained at the cost of the present qual-
ity of reserves, while economic expenditure
did not change markedly. In the long term,
larger reserves closer together may support
persistence of species that require wide and
continuous old forest areas (Hanski 2000),
are sensitive to edge-effects (Esseen and
Renhorn 1998; Fagan et al. 1999) or disperse
poorly (King and With 2002; Edman 2003)
more efficiently than presently well qualified
but small and scattered fragments.  In re-
gions, e.g. in southern Finland, where the
remaining few old forest fragments are small
and isolated, restoration may be the only
possibility to maintain species adapted to old
forest in the long term (Hanski 2000;
Westphal and Possingham 2003).

Balancing of weight between non-spa-
tial and spatial objectives is thus an efficient
tool for restoration planning. The algorithm
can be applied sequentially, and the weight
of the objectives can be adjusted on each
cycle. For example, areas protected by law
and all > 120 years old forests were first
preselected for the conservation core areas
(IV). After that the weight of the spatial ob-
jectives was increased to complement these
core areas to increase their areas and con-
nectivity by selecting stands adjacent to and
between already selected areas (IV). More-
over, even when the weight of the non-spa-
tial objectives was decreased in relation to
spatial objectives, the algorithm preferred to
select the remaining unprotected oldest for-
est stands which fulfilled several non-spatial
objectives (IV). For example, 110 years old
forest with a lot of dead wood was likely to
be selected because it supported achieve-
ment of the objectives for both > 80  and >

100 years old forests and volume of dead
wood, if these objectives were not yet ful-
filled.

It is imperative to note that the objec-
tive is not wrong even if it cannot be ful-
filled, which is usually the case in reserve
selection, and the objectives should not be
fit to meet available resources. Therefore, for
instance, the non-spatial objectives for the
total areas of pine-, spruce- and birch-domi-
nated forests were defined as proportions
of their assumed original rather than remain-
ing extent (III, IV). Consequently, the objec-
tives for old birch-dominated forests were
not fulfilled in any regions simply because
there were not enough such forests left (III,
IV). Instead of adjusting the weight of the
objective, an additional sub-objective was
defined to obtain younger mixed forests that
would eventually fulfill targets for old de-
ciduous-tree dominated forests (III).

The idea of changing the weight of the
objectives is to provide alternative scenarios
for decision makers (see also Ferrier et al.
2000; Possingahm et al. 2000; Store and
Kangas 2001; Peterson et al. 2003). It is also
informative to screen the benefits and costs
of  “impossible” solutions such as protec-
tion of almost everything or almost noth-
ing, in order to determine the limits of the
realistic alternatives (Peterson et al. 2003).
Moreover, scenario building provides infor-
mation on the price of the fulfillment of dif-
ferent conservation objectives. The method
(III, IV) allows the decision maker to com-
pare several alternative scenarios in relation
to the achievement of non spatial and spa-
tial objectives and costs.

4.6  Relative weights of spatial
objectives regulate spatial
arrangement of the results

Spatial functions address the critical ques-
tion of whether conservation efforts should
focus on one large or several small reserves
(Saunders et al. 1991; Shafer 1999). To evalu-
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ate the tension between continuous area and
connectivity objectives, the algorithm was
applied giving different weights to these
objectives (Siitonen et al. 2003; IV). Siitonen
et al. 2003 observed that use of the spatial
objectives increased the number of small in-
dividual reserves and size of the cluster most
when the connectivity objective was
weighted but also to some extent when the
continuous area objective was weighted. The
non-spatial objectives and their weights, tar-
get size of individual reserves and maximum
inter-reserve (edge-to-edge) distances were
the same in this calculation (Siitonen et al.
2003). Thus weighting of the continuous
area objective did not markedly increase the
area of individual reserves only because there
were only a few large enough continuous
old forest areas that would also meet some
non –spatial objectives, but also because the
maximum inter-area distance to create a clus-
ter was rather long (500 m) (IV). Moreover,
the target size of individual reserves (50–100
ha) did not support the selection of reserves
larger than 100 ha (Siitonen et al. 2003).
Consequently, it was much easier for the al-
gorithm to find stands which in addition to
non-spatial objectives, also fulfill the connec-
tivity objective, than to increase the area of
the individual reserve (IV). In addition to
weighting of the objectives, the tension be-
tween the increasing size of continuous area
and increasing connectivity appeared to be
strongly regulated by definition of target
sizes for continuous area and maximum in-
ter-area target distances of stands belong-
ing to the same cluster (IV).

4.7  Pre-specified inter-reserve
target distances affect spatial
arrangement of the solution

To evaluate the tension between spatial ob-
jectives the algorithm was applied with dif-
ferent maximum inter-stand distances (100–
500 m) with and without a proximity func-
tion (IV). The proximity function, which gives

more weight to stands close to already se-
lected stands, was used particularly to regu-
late the selection order of stands which were
located closer to already selected stands than
the maximum inter-area target distance de-
fined for the formation of a cluster.  The con-
tinuous area objective (defined without any
upper limit), non-spatial objectives and their
weights were the same in all scenarios. How-
ever, the weights of the non-spatial objec-
tives were substantially reduced (IV).

Increasing inter-area target distances
decreased the sizes of distinct continuous
areas, because formation of clusters by se-
lecting stands between already selected
stands was easier with long than short inter-
area distances.  Moreover, the algorithm also
created smaller continuous areas when us-
ing the proximity function, because use of
the proximity function decreased the rela-
tive weight of the continuous area function
(IV). The proximity value of a candidate stand
was higher the closer it was to the nearest
already selected stands, whereas a candidate
stand received more connectivity value the
more its selection increased the area of a clus-
ter. Furthermore,  stands adjacent to already
selected stands received value from each
spatial function, because they increased the
continuous area, were located close to al-
ready selected stands, and increased the area
of a cluster at least by their own size. How-
ever, usually they did not support the for-
mation of larger clusters as efficiently as in-
terconnecting “stepping stones” between
two distinct clusters.

The longer the inter-area target distance,
the more the proximity function regulated
the selection order of stands which were lo-
cated within the pre-specified maximum in-
ter-area target distance. This was indicated
by e.g. strings of small stands (IV). Thus, the
proximity and connectivity functions to-
gether can lead to the selection of reserve
networks which consider certain maximum
dispersal lengths of target species (maximum
inter-area target distance) and simulta-
neously give more value to stands closer to
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already selected stands. Weights of the func-
tions can be adjusted on the basis of data
from e.g. species dispersal (e.g. Nordén and
Larsson 1999; King and With 2000; Edman
2003).

In real life conservation area design, only
certain parts of the large stands are often
protected, e.g. to connect two distinct ar-
eas to each other. When the interconnect-
ing stand is large and expensive, the algo-
rithm does not always consider it. Therefore,
transformation of the vector format stand
database to raster (grid) data would increase
flexibility of the systems  specifically in terms
of spatial arrangement of the reserves. The
algorithm could then select only those parts
of the stands that best fulfill the non-spatial
and spatial objectives.

The size of the target region and par-
ticularly the number of candidate stands (se-
lection units) affected the result (Siitonen et
al. 2003; III; IV). Siitonen et al. 2003 observed
that he solution in one sub-region was more
clustered when the algorithm was applied
to the whole region than when the stands
were selected only from that sub-region.
Thus, consideration of a larger landscape
area surrounding the target region can re-
sult in a spatially more desirable solution
(Siitonen et al. 2003). The larger the plan-
ning region and the number of selection
units, the more alternative solutions exist and
the more cost efficient solution can be found.
The large number of candidate stands is par-
ticularly important when the target region
has several landowners, and availability of
land for conservation is limited (see Kurttila
et al. 2002). When planning region consist
of several sub-region belonging to different
landowners or otherwise having different
land use goals, the algorithm can be applied
to select stands to fulfill the objectives set
for each subregion in addition to planning
targets for the whole area (III; Kurttila et al.
2002; Siitonen et al. 2003).

4.8  Biased and insufficient data
biases results

Inadequate data can bias and complicate the
reserve selection independently of the selec-
tion methods used (Prendergast et al. 1999).
For example, missing data of indicator fungi
from existing reserves in the Taivalkoski plan-
ning region systematically biased the results,
particularly when the existing conservation
areas were not preselected (III). Because in-
dicator fungi in the Kylmäluoma recreational
area and managed forests had been inven-
toried more closely than in existing reserves,
the algorithm preferred selection of stands
outside reserves to satisfy these objectives
(III). Although the algorithm itself would pro-
vide an optimal or good solution, the accu-
racy of the results is affected by the quality
of the data.

Systematically collected data on spatial
and specifically temporal distribution of spe-
cies and habitat characteristics is scarce
(Margules and Pressey 2000; Possingham et
al. 2000). Typically, data is biased towards
charismatic species and specific areas, inde-
pendently their real indicator or conserva-
tion value (Gaston and Rodrigues 2002). In
Finland, characteristics of old forests and in-
dicator species in many old existing reserves
have been more poorly studied than in un-
protected old forests, which were invento-
ried recently to select complementary areas
for protection. However, inadequate data of
existing reserves made it difficult to set real-
istic conservation objectives and to assess
how well conservation needs were already
achieved. On the basis of such data well stud-
ied regions appear to be more valuable than
poorly studied regions. Conservation deci-
sions must be made despite deficient data,
but it is imperative to note that reserve se-
lection systems are sensitive to both the qual-
ity and quantity of input data (Prendergast
et al. 1999; Margules and  Pressey 2000;
Possingham et al. 2000).
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5  Reserve design
in a changing world –
managing within
the unmanageable

Reserve network design consists of several
interacting dynamic systems, and its man-
agement requires understanding of the sys-
tems and their uncertainties. These uncer-
tainties are related to every phase of reserve
selection: to definition and specification of
the overall goals by the objectives and cost-
functions, sensitivity of algorithms to defi-
cient data and biased objectives, ability of
the algorithms to solve the planning prob-
lems and interpretation of the results.

5.1  Gap between overall goals
and specific objectives

Overall conservation goals – representative-
ness and long term persistence of viable popu-
lations of species, their habitats and processes
– include requirements for dynamic reserve
design approach because nature is not static.
First, the populations which should be main-
tained are dynamic over time, with local ex-
tinctions and colonization of new habitats
(Hanski 1999). Second, the habitat patch net-
work is dynamic since patch sizes, inter-area
distances and suitability for target species all
change due to e.g. natural succession and
disturbances and human activities (Esseen et
al. 1997; Saunders et al. 1991; Hanski 1999).
In reserve selection, a crucial goal is to allo-
cate reserves in such a way that they will also
fulfill the conservation targets in future even
if surrounding habitat drastically changes
(Hanski 2000; Possingham et al. 2000).

However, insufficient ecological knowl-
edge makes it difficult to define conserva-
tion objectives and their weights in order to
accurately reflect real long term conserva-
tion goals for representation and persistence
of species and habitats (Prendergast et al.
1999; Margules and Pressey 2000; Possing-

ham et al. 2000; III). Moreover, testing of
shortcuts such as indicator species, taxa and
environmental variables gives varying results
on their ability to indicate overall biodiversity,
particularly its persistence  (Pressey et al.,
1994; Howard et al. 1998; Wilson 1998; An-
delman and Fagan 2000; Lawler et al. 2003;
I). The least risky strategy might be combi-
nation of several different approaches in goal
and objective setting. This might include
definition of objectives on the basis of the
population viability analysis of certain well
known species with different responses to
habitat modification (a shopping basket ap-
proach see e.g., Niemelä and Bauer 1998),
and definition of the objectives for preferred
spatiotemporal arrangement of the features
on the basis of requirements of several dif-
ferent species and natural forest dynamics
(Noss 1990; 1999; Lindenmayer et al. 2000;
Williams 1998). However, it is important to
note that in complex multicriteria planning
problems such as real life reserve selection,
there is always an uncertainty as to whether
specific conservation objectives accurately
reflect real conservation goals (Margules and
Pressey 2000; III). Therefore, fulfillment of
the conservation objectives does not neces-
sarily mean that a species would persist; this
can be assessed afterwards by species spe-
cific population viability analyses, if sufficient
data is available (Cabeza and Moilanen
2001).

5.2  Changing goals

Third, conservation, economic and social
objectives and constraints set for a given re-
gion vary, reflecting values of the human
society and impacting the availability of the
land for conservation (Hughey et al. 2003;
Peterson et al. 2003). For example, existing
reserve networks appear to be biased in re-
lation to present conservation goals partly
because they were established originally for
other reasons (e.g. scenic beauty) (Shafer
1999). It is rather evident that increasing



24

ecological knowledge will constantly update
conservation needs, whereas e.g. marketing
forces such as changes in wood and land
price and changes in landownership alter
economic, social  and political constraints.

Fourth, the reserve network itself is dy-
namic, since every new conservation area
changes the degree to which reserve net-
works achieve changing conservation tar-
gets. The ability of conservation areas to rep-
resent and maintain biodiversity in the long
term may drastically decline e.g. by climatic
change through its effects on species ranges
(Shafer 1999). Indeed, our present conser-
vation goals and planning usually ignore cli-
matic change simply because it is too diffi-
cult to predict its possible effects. Finally, new
conservation practices such as temporary
conservation areas, increasing the character-
istics of natural ecosystems in managed ar-
eas, and restoration smooth the tradition-
ally sharp border between  preserved and
managed areas (see e.g. Esseen et al. 1997;
Angelstam and Pettersson 1997; Prendergast
et al. 1999). Conservation areas are not iso-
lated from their surroundings; thus improve-
ment or decrease in the capacity of the man-
aged forests to maintain species also affects
the efficiency of reserve network (e.g. due
to reduced edge effects) (Saunders et al.
1991; Murcia 1995; Shafer 1999; II).

Management of dynamic reserve design
systems requires understanding of the com-
plex interaction of these interconnected dy-
namic systems, and acceptance of the par-
tial unmanageability and uncertainty of the
whole system (Peterson et el. 2003).  The
solution of  such a planning problem would
require combination of dynamic population
models and algorithms which can dynami-
cally solve multicriteria spatial problems over
long time periods in constantly changing
forest landscape (Prendergast et al. 1999;
Possingahm et al. 2000; Noss et al. 2002). It
is important to understand that because of
these changing forces there will perhaps
never be “enough” conservation areas, and
attempts to find final solutions for fitting

together conservation and economic targets
will obviously fail. Adaptive management, in
which conservation strategies are constantly
updated through interactive screening of
different development scenarios might be a
cost-efficient management strategy in the
unpredictable future.

Scenario planning is a potential frame-
work for conservation planning and policy
making in an uncertain and changing world
(Peterson et al. 2003, III,IV). The central idea
of scenario planning is to consider a variety
of possible futures that include many of the
important uncertainties in the system, rather
than to focus on a single outcome (Peterson
et al. 2003; Westphal and Possingham
2003). Several conflicting or alternative sce-
narios are used to explore the uncertainty of
the future consequences of a decision. Par-
ticipation of several interest groups in goal
setting, analyzing and  interpreting of sce-
narios appeared in many cases to build
shared understanding, which facilitated the
generation of conservation decisions ac-
cepted by different instances (Store and
Kangas 2001). In conservation design, sce-
nario planning  appears to increase under-
standing of key uncertainties, incorporates
alternative perspectives, and increases the
resilience of decisions to surprise (Prendergast
et al. 1999; Peterson et al. 2003). Foresters
and conservation planners of the forest and
park service (III) and Tornator (IV) participat-
ing in the reserve selection efforts presented
in this thesis, reported that specification of
concrete conservation objectives and evalu-
ation of the solutions opened partially the
black box of overall biodiversity conservation
goals and increased their (and our) aware-
ness of the uncertainties of reserve design.
Correspondingly, our  capacity to understand
economic and social constraints was im-
proved. Moreover, close co-operation be-
tween different interest groups is also im-
portant because it helped us to understand
and focus on finding solutions to real-life
conservation problems (see also Prendergast
et al. 1999).
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5.3  Practical considerations

Efficiency in conservation planning means
that objectives are met readily and at mini-
mum cost. The kind of heuristic algorithms
presented in this thesis can not guarantee
how near to the optimum the solution is
(Pressey et al. 1997). However, the method
succeeded in solving a complex planning
problem with several spatial and non-spa-
tial objectives across wide areas (III,IV,V).  In
real-life planning, practicability and flexibil-
ity are possibly more important requirements
of a reserve design tool than absolute
optimality (Pressey et al 1997; Ferrier et al.
2000, Margules and Pressey 2000). Decision
makers need explicit statements to support
harvesting or conservation decisions of cer-
tain stands; on how harvesting or conserva-
tion of a stand would affect the fulfillment
of the conservation and economic objectives
and at what cost (Ferrier et al. 2000; Church
et al. 2000). Because conservation and man-
agement needs and resources (candidate
stands) constantly change, the alternative
scenarios must be updated almost interac-
tively. Therefore objectives, their weights and
planning regions must be easily changed,
and the results should be understandable.

5.4  Availability of land
for conservation

One rarely addressed planning problem is
availability of land for conservation (Prender-
gast et al. 1999). In real life, conservation
areas are selected from a landscape divided
into several operational sub-regions, which
belong to several landowners with their own
land use and conservation targets (Prender-
gast et al. 1999; Kurttila 2001; Kurttila et al.
2002; Siitonen et al. 2003). The landowners
may provide their lands for conservation, but
the order in which they do so is not neces-
sarily the priority order of provided areas for
conservation. Decision makers then must
assess whether the land provided satisfies

unfulfilled conservation objectives well
enough in relation to other areas which are
not available for conservation now, or will
perhaps never be. Thus, in addition to direct
costs and  benefits, a decision maker should
also consider the risk that better land may
never be available, and if  they do not select
the land offered for conservation now, it will
possibly not be available in the future (e.g.
because it will be harvested). This kind of
problem exists presently e.g. in southern Fin-
land, where existing reserves are inadequate
to maintain species, and new conservation
and restoration areas are recruited from pri-
vately owned lands through e.g. voluntarily
protection. The method presented in this
thesis can be applied to solve such a plan-
ning problem by assessing how well offered
candidate reserve achieves objectives defined
for the whole target region considering risk
that better land will not be available. Deci-
sion analysis techniques, which can consider
several decision makers might provide use-
ful information for conservation design in
regions with several landowners (see e.g.
Belton and Stewart 2002)

5.5  Combination rather than
competition between different
strategies

In reserve selection, an objective has usually
been to minimize the costs needed to
achieve ecological benefits or objectives (e.g.
certain proportions of population of species
or desired spatial arrangements of habitats)
(Possingham et al. 2000). However, in for-
estry planning objectives are usually defined
in order to maximize wood production (eco-
nomic benefits), whereas ecological, recre-
ational and landscape values including the
legislation which regulates harvesting are
constraints which limit the economic use of
forests (Kurttila et al. 2002; Church et al.
2000).  However, simplification of conserva-
tion objectives as constraints may lead to a
fragmented and ecologically inefficient so-
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lution, particularly if the spatial objectives are
not considered (Prendergast et al. 1999; Bri-
ers 2002; Öhmal and Eriksson 2002; III, IV).
On the other hand, a simple economic cost
function based on land and wood price does
not consider real harvestings costs (such as
transportation and storing costs) and social
constraints (e.g. landownership), and may
result in an economically inefficient solution,
respectively (Church et al. 2000).

An alternative would be to integrate
these different approaches into one prob-
lem. The most efficient solution would pos-
sibly be obtained by defining objectives for
both timber production and conservation
while minimizing production and conserva-
tion costs. To solve such a multiobjective
dynamic reserve and harvesting area selec-
tion problem, the method should calculate
dynamically spatiotemporal relationships
between candidate sites. One of the main
problems is that although forest growth can
be predicted, the exact locations of natural
disturbances and harvesting (e.g. because of
changes in wood market and landownership)
can usually not be predicted in advance.
Consequently, temporal dynamics of the for-
est landscape (pool of potential sites) can
only be partly simulated, and therefore ef-
fects of habitat fragmentation caused by
forestry to particular sites can not be pre-
dicted, only restricted (IV).  Combination of
economic, ecological and recreation criteria
to one planning problem is challenge for the
development of the future decision support
system tools for cost-efficient reserve design
in uncertain and changing world.
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