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Abstract

Background: Forest management affects the viability of forest grouse populations, causing alterations to habitat
quality. At the regional level, common targets for wood harvesting and safeguarding of specific habitats are
negotiated between various stakeholders. Analysing potential trade-offs between forest grouse habitats and wood
production in the region could support resource-smart decision making.

Methods: In this paper, we compiled trade-off curves represented as production possibility frontiers demonstrating
the relationship between forest grouse habitat area and wood removal, using a Finnish forestry dynamics model and
the Finnish Multi-Source National Forest Inventory. For the modelling of forest grouse habitats, a landscape-level
occurrence model based on nationwide wildlife triangle census data was used. Five alternative forest scenarios in
terms of wood removal were compiled for two study areas in Finland representing two different landscape structures.

Results and conclusions: Results showed that impacts on forest grouse habitats were case-specific. In the southern
study area, increasing the roundwood harvesting rate affected grouse habitats more strongly as forests were already
fragmented for other land uses and became more spruce-dominated over time. If the maximum sustainable removal
rate was implemented, predicted grouse habitat area was 55% less than in a no-removal scenario. In the eastern study
area, a more heavily forested region, the decrease was far lower at 22%. Scenario results were also compared to levels
of recorded (business as usual) wood removal and that envisaged by valid regional forestry programmes, and their
sustainability in terms of grouse habitat area was discussed. The production possibility frontiers calculated in this study
support the evaluation of the loss of suitable habitat caused by different wood harvesting rates, or vice versa, the
economic cost of increasing habitat areas.

Keywords: Forest grouse, Forest landscape, Habitat model, Production possibilities frontier, Scenario analyses, Wood
production

Introduction
The need to replace fossil-based materials and energy
has triggered increasing demand for renewable resources
(McCormick and Kautto 2013). In Finland, the National
Forest Strategy (2015) aims to increase annual round-
wood removals by 2025 to meet the needs of a growing
bioeconomy (The Finnish Bioeconomy Strategy 2014).

This has escalated concerns about the ecological sustain-
ability of an increased exploitation of forest biomass. As
such, there is a need to better understand the value
trade-offs between wood production and other ecosys-
tem services, such as biodiversity and wildlife. Agricul-
ture in combination with infrastructure and modern
forestry have significantly altered landscape composition
and configuration of boreal forests, changing the dynam-
ics and structures of these forest landscapes. Species vary
in their sensitivity to human-induced changes to their
habitats, and species that suffer the most from habitat
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shifts are either habitat or resource specialists with poor
dispersal ability, or species affected by transformed
inter-specific interactions in these communities (Angel-
stam 1992; Andrén 1995; Moilanen and Hanski 1995).
The relationship between suitable habitat area and
breeding success or population density can be non-
linear; there can be certain thresholds where only a
slight reduction in habitat area can cause an abrupt drop
in habitat connectivity (Andrén 1994). Knowing how in-
dividual species respond to habitat loss allows us to bet-
ter understand how changes to their habitats affect their
population survival.
In Finland, populations of forest grouse to include

black grouse (Tetrao tetrix L.), capercaillie (T. urogallus
L.) and hazel grouse (Tetrastes bonasia L.), have declined
severely over the past forty years (Valkama et al. 2011).
Changes to the landscape and forest structure due to
forest management (habitat loss, habitat degradation,
forest fragmentation), increased predator densities, ex-
cessive hunting, and adverse climatic changes have been
implicated in this decline (e.g., Helle and Helle 1991;
Storaas et al. 1999; Kurki et al. 2000; Ludwig et al. 2006).
Several studies on the structural features of landscapes
and forest stands for grouse habitats indicate how forest
felling may negatively affect their populations (e.g., Rol-
stad 1989; Klaus 1991; Storch 1993; Åberg et al. 2003;
Miettinen et al. 2008, 2010; Sirkiä et al. 2010; Wegge
and Rolstad 2011; Huhta et al. 2017). The safeguarding
of grouse habitats is urgently needed to ensure the sur-
vival of forest grouse populations in boreal forest land-
scapes over the long term. In Finland, results of recent

studies have been used to define game-friendly guide-
lines for forest management (Lindén et al. 2014). Know-
ledge of species habitat requirements can be used in
forest planning to identify stands where forest manage-
ment should be adapted to provide optimal conditions
for forest grouse. If adaptive measures lead to economic
losses in wood production, forest owners need to decide
whether the gain in game is worth the costs. However,
some forest owners have shown an interest in alternative
forest management methods to support game over wood
production, and have been willing to sacrifice economic
interests to protect wildlife (Hallikainen et al. 2010).
Many forest owners are also engaged in hunting, motiv-
ating them to practise so called game-friendly forestry.
In Finland, forest grouse species are game animal spe-

cies. Hunting is based on the principle of sustainable use
and strictly regulated through the Hunting Act (615/
1993 1993) and the Hunting Decree (666/1993 1993),
taking into account the size and development of game
populations. Government decrees are issued to deter-
mine, for example, the maximum limits, areas and tem-
poral restrictions for hunting of game animals, including
forest grouse. Regulations are based on continuous game
monitoring and estimations of regional population sizes.
As regards forest grouse, hunting is governed also by EU
legislation (Directive 2009/147/EC 2009). For example,
because of declining trend in the population size since
2011 (Fig. 1) hunting of forest grouse species was further
restricted (Decree 604/2017 2017). In addition to hunt-
ing regulations, game policy is implemented through
game management plans which include active measures

Fig. 1 Estimated population density of forest grouse (individuals per km2 of forest land) in Finland from 1989 to 2018 based on the wildlife
census data (http://www.Riistakolmiot.fi, Luonnonvarakeskus (Luke) 2019)
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to increase or preserve game populations and improve
their living conditions. The current management plan
for forest grouse aims to improve habitats suitable for
forest grouse, especially in managed forests (Suomen
metsäkanalintukantojen hoitosuunnitelma 2014).
At the regional level where common targets for both

wood harvesting and safeguarding of specific habitats are
negotiated between stakeholders, analysing the trade-off
between forest grouse habitats and wood production can
support resource-smart decision making. In Nordic coun-
tries, the typical size of a managed forest stand (i.e., a
management unit) ranges from 0.5 to 2 ha which is too
small to fulfil the habitat requirements for all forest grouse
species. An analysis of habitats suitable for grouse should
be extended to large landscapes as opposed to single forest
stands. Consequently, modelling habitats to determine
trade-offs should be based on forest landscape data with
full geographic coverage. Large-scale field data is often
limited to sample plots, but remotely sensed data such as
satellite imagery can produce spatially explicit information
on forest characteristics. Recently, airborne light detection
and ranging (LiDAR) data has been used to identify struc-
tural features of forests and predict species occurrence at
the regional level (Graf et al. 2009; Zellweger et al. 2013;
Melin et al. 2016).
Trade-off analyses applied to a forestry context for bal-

ancing between ecological and economic objectives have
been proposed before. According to Chen et al. (2016),
commonly used methods include optimization program-
ming, multi-criteria decision analyses, and production
possibility frontiers (PPFs). Kangas et al. (2015) pre-
sented analytical methods used in decision support for
forest management, and Uhde et al. (2015) reviewed
multi-criteria decision analyses in more detail. A PPF
curve can illustrate the efficient production combina-
tions of two outputs with a given set of inputs and avail-
able technology, and provide forest management
solutions where the increase in one output necessitates a
decrease in the other (Mas-Colell et al. 1995).
In trade-off analyses, ecological provision objectives have

been expressed as areas of old forest (Kangas and Pukkala
1996; Carlsson 1999), volume of old deciduous forest
(Andersson et al. 2006), and habitat suitability quantified by
means of spatially explicit and species-specific habitat
models or habitat indexes based on forest structure and
landscape characteristics (Arthaud and Rose 1996; Calkin
et al. 2002; Nalle et al. 2004; Hurme et al. 2007; Tikkanen
et al. 2007; Hauer et al. 2010; Mönkkönen et al. 2014; Kline
et al. 2016). Recently, several studies have focused on joint
production of multiple ecosystem services by simulating al-
ternative scenarios (Kline et al. 2016; Pukkala 2016; Heino-
nen et al. 2017; Eggers et al. 2018; Eyvindson et al. 2018)
and have incorporated social sustainability into their ana-
lyses by evaluating management strategies in a participatory

stakeholder process (Nordström et al. 2013; den Herder
et al. 2017; Eggers et al. 2018).
Analytical methods for multi-objective forest manage-

ment planning have been developed to support forest
owners in decision making at the forest holding level (see
Pukkala 2008; Kangas et al. 2015). Consequently, many
trade-off studies have used stand-level forest data and
been limited to geographically small areas (e.g., Hurme
et al. 2007; Seidl et al. 2007; Pukkala 2016). For policy sup-
port at the regional and national scale, studies have
resorted to sample plot data of national forest inventories
(NFI) (Sievänen et al. 2014; den Herder et al. 2017; Heino-
nen et al. 2017). However, spatially explicit habitat models
for generating ecological values for trade-off analyses re-
quire spatial forest data. Stand-level forest data is seldom
available or up-to-date and rarely offers full geographic
coverage for large areas such as provinces, but remote
sensing can provide this data. In Sweden, Eggers et al.
(2018) used a country-wide forest stand map based on sat-
ellite imagery and field data from NFI (Reese et al. 2003)
for balancing diversified management goals at the munici-
pality level. In Finland, Haakana et al. (2017) applied a
multi-source national forest inventory (MS-NFI) method
based on satellite data and NFI sample plot data (Tomppo
et al. 2008) to study the effects of alternative forest man-
agement strategies on habitats of the Siberian flying squir-
rel (Pteromys volans) at the regional level.
In this study, we used the same methodology in scenario

modelling as in Haakana et al. (2017) but took it a step
further. The results of alternative felling scenarios were
constructed as PPFs to evaluate trade-offs between eco-
nomic and ecological objectives, represented by volume of
wood removal and net present value of wood production,
and habitat area of forest grouse. PPFs for wood removal
and forest grouse habitat were calculated by applying a
forestry scenario model, the Finnish MS-NFI, and a joint
habitat model of three forest grouse species. Our main ob-
jective was to link information on habitat requirements of
the species with forestry scenario analyses, and use PPFs
to explore the loss of suitable habitat caused by different
felling rates and to assess the economic cost of increasing
habitat areas. An additional objective was to compare the
trade-offs in two regions representing different landscape
structures and dependencies on forestry as a livelihood in
the area. Scenario results were also compared to levels of
recorded (business as usual) wood removal and that envis-
aged by valid regional forestry programmes, and their sus-
tainability in terms of grouse habitat area was discussed.

Material and methods
Study areas
We selected two areas representing two different vegeta-
tion zones and landscape structures. The eastern study
area covered the province of North Karelia and is
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located within the northern and mid-boreal zones
(Fig. 2). In this region, managed forest landscapes are
dominated by Scots pine (Pinus sylvestris L.) and
Norway spruce (Picea abies (L.) Karst.) with a mixture of
deciduous tree species, primarily birch (Betula spp.) and
sparse aspen (Populus tremula L.). Open mires, pine
mires, peatland forests, and small lakes are common,
and agriculture is generally small-scale. Forestry land
covered 89% of the land area in North Karelia (Forest

resources 2018). The southern study area comprised the
former Forestry Centre of Southwest Finland, largely
encompassing two provinces in continental Southwest
Finland (Satakunta and Varsinais-Suomi), and was lo-
cated primarily in the southern boreal zone (Fig. 2). In
contrast to the eastern area, large agricultural plots and
settlements cover a considerable proportion of the land,
and open mires and drained peatland are less common.
The proportion of forestry land was 64% of the land area

Fig. 2 Locations of the study areas (I: North Karelia and II: Southwest Finland) and vegetation zones: 1 hemi-boreal, 2 southern boreal, 3 middle
boreal and 4 northern boreal

Haakana et al. Forest Ecosystems            (2020) 7:21 Page 4 of 16



(Forest Resources 2018). In Southwest Finland, the share
of privately owned forestry land was higher (79%) than
in North Karelia (53%) (Forest Resources 2018).

Grouse data
We used Finnish wildlife census data of tetraonids, known
as wildlife triangular census data, conducted from 1997 to
2004 in southern and central Finland. Census data was
taken annually from between 66 and 125 wildlife triangles.
The basic unit in this nationwide monitoring programme,
organized by the Natural Resources Institute Finland and
the Finnish Wildlife Agency and conducted by volunteers,
is a permanent, 12 km triangular route (each side is 4 km in
length) that is enumerated twice each year. To ensure the
random location of routes, each wildlife triangle is restricted
to one topographic map sheet (10 km× 10 km), and no
map sheet contained more than one triangle (Lindén et al.
1996). The shape and considerable large size of a triangle,
compared to the size of a map sheet, increase the probabil-
ity that different forest habitats are well-represented (Helle
and Lindström 1991). The special grouse censuses were
started already in early 1960’s in Finland, first based on line
transect sampling (1964–1988) and since 1989 counts on
permanent wildlife triangles (Lindén et al. 1996). The cen-
sus data applied in this study was restricted to the years
1997–2004 as this was available for the research.
Grouse census collections along triangle routes were

conducted in mid-August, after the most intensive
grouse breeding season (May–July). In this study, we
limited our observations to forest grouse species; caper-
caillie, black grouse, and hazel grouse females with
broods. A census of grouse species was taken along a 60
m belt by a chain of three people (Helle and Lindström
1991). The total census area covered by one triangle was
0.72 km2. All observations of grouse broods were marked
on a topographic map (1:20,000). A total of 2243 brood
observations were made (230–344 per year).
Forest grouse females remain with their brood until at

least mid-August, and the wildlife triangle census data
yielded a useful variable, namely the occurrence of a
grouse hen with a brood, as an index of breeding success
(Rajala 1974; Lindén 1981). The index was calculated by
determining the sex and age (old or young of the year)
of black grouse, capercaillie, and hazel grouse. The re-
corded index may be an overestimate owing to the lower
probability of observations of broodless hens in the cen-
sus (Brittas and Karlbom 1990), but temporal and spatial
analyses of the variable are nonetheless justified. As ob-
servations were of the presence of adult grouse females,
the habitat was considered suitable for grouse broods.

Landscape data
We digitized the observations of adult female grouse with
broods and imported these observations to a Geographic

Information System (GIS), ArcGIS. Around each observa-
tion point, we measured the landscape structure to a ra-
dius of 500m, covering 78.5 ha. In addition, a
corresponding number of random points were selected,
and the same landscape variables were measured around
them to the same radius. A random point was situated on
forest land at least 1000m from a grouse brood observa-
tion point to avoid the overlapping of landscape struc-
tures. In statistical analyses, the landscape variables
associated with the grouse brood observations were con-
trasted with the corresponding variables around the ran-
dom points, i.e., background locations or pseudo-
absences. The random points provided a comparative data
set for constructing a predictive model of the species’ oc-
currence. A radius of 500m was selected as the spatial
scale for measuring habitat selection by grouse broods, as
this included the nest site and home ranges of grouse fe-
males and their broods during the summer (e.g., Rolstad
et al. 1988; Åberg et al. 1995; Kurki et al. 2000).
The land use and forest resource data was produced

by the Multi-Source National Forest Inventory of
Finland (MS-NFI) (Tomppo et al. 2009) based on field
measurements taken from NFI sample plots in 2004 and
2005, as well as Landsat 5 TM images (from the year
2005) and digital map data from the National Land Sur-
vey of Finland. The MS-NFI data included georeferenced
raster layers of 20 different forest variables at a reso-
lution of 25 by 25m. In the estimation of forest vari-
ables, digital map data such as roads and agricultural
land were used to separate forested land from non-
forested land. Satellite image-based MS-NFI data was
imported into the GIS and each pixel was reclassified
into 11 biologically meaningful habitat classes (Table 1).
MS-NFI layers used in the reclassification were the total
volume of growing stock (m3·ha− 1) and volumes by tree
species, largely Scots pine, Norway spruce, birch (Betula
pendula Roth and Betula pubescens Ehrh.), and other
deciduous trees (mainly aspen and alder (Alnus incana
(L.) Moench)) (m3·ha− 1). In addition, MS-NFI map data
was used to separate peatlands from mineral soils. The
distribution of different landscape classes in the two
study areas is presented in Table 2. For statistical ana-
lyses, the landscape variables were calculated as propor-
tions (%) of each landscape class (Table 3) within a
radius of 500 m around the grouse brood observation
and random points.

Statistical analyses
We used a multiple logistic regression model when analys-
ing the relationship between forest characteristics and
grouse females with broods. We used the presence of a
grouse female with a brood as a dependent variable, and
the proportions of different landscape classes as independ-
ent variables. As most wildlife triangles were investigated

Haakana et al. Forest Ecosystems            (2020) 7:21 Page 5 of 16



every study year, the data consisted of repeated observa-
tions in the same areas across time. Because there were
variations in the numbers of brood observations between
the study areas and over different years for separate grouse
species, year of observation was included as a fixed factor,
as a forced variable in a stepwise model. The year variable
was not found to be significant (P = 0.860) indicating that
there was no year effect, and was excluded from the
model. As a final result we obtained forest habitat vari-
ables that predicted the probability of grouse brood occur-
rence in the landscape (Table 4). The overall accuracy of

the model according to the proportion of correctly classi-
fied observations in the modelling data was 56.1%, i.e., the
whole material was used both for model estimation and
testing. The constructed model was used for predicting
suitable grouse habitats in forest scenario analyses.

Modelling forest scenarios
The MS-NFI approach was also utilized in the estima-
tion of initial forest data for scenario analyses using the
Finnish forestry dynamics model MELA (Siitonen et al.
1996; Redsven et al. 2007). First, by means of Landsat 5
TM images, map data, and NFI sample plot data, forest

Table 1 Variables used in modelling and predicting the occurrence of grouse broods on a landscape scale, within a 500 m radius

Landscape class Description

Field Agricultural areas (in map data)

Water Lakes and rivers (in map data)

Clear-cut area Mean volume≤ 4 m3·ha−1 and mineral soil, clear-cut or open area with scattered trees

Open peatland Mean volume≤ 4 m3·ha− 1 and peatland (in map data)

Pine mire Mean volume≥ 4 m3·ha− 1 and dominated by pine (≥ 60% of volume) and peatland (in map data)

Spruce mire Mean volume≥ 4 m3·ha− 1 and dominated by spruce (≥ 60% of volume) and peatland (in map data)

Young pine forest Mean volume > 4 and≤ 60 m3·ha− 1 and dominated by pine (≥ 60%) and mineral soil

Pine forest Mean volume > 60 and≤ 150m3·ha− 1 and dominated by pine (≥ 60%) and mineral soil

Young spruce forest Mean volume > 4 and≤ 60 m3·ha− 1 and dominated by spruce (≥ 60%) and mineral soil

Spruce forest Mean volume > 60 and≤ 150m3·ha− 1 and dominated by spruce (≥ 60%) and mineral soil

Young mixed forest Mean volume > 4 and≤ 60 m3·ha− 1 and mixed with deciduous trees (pine and spruce < 60%)

Mixed forest Mean volume > 60 and≤ 150m3·ha− 1 and mixed with deciduous trees (pine and spruce < 60%)

Old forest Mean volume > 150m3·ha− 1

Built-up areas Infrastructures, urban areas, buildings and roads (in map data)

Table 2 The distribution of landscape classes in the two study
areas according to the MS-NFI data in 2005

Landscape class North Karelia Southwest Finland

Area (ha) Percent (%) Area (ha) Percent (%)

Field 102,752 4.8 425,854 19.4

Water 382,692 17.7 485,980 22.2

Clear-cut area 14,526 0.7 10,352 0.5

Open peatland 45,987 2.1 28,502 1.3

Pine mire 257,247 11.9 74,137 3.4

Spruce mire 6761 0.3 1063 0.0

Young pine forest 81,187 3.8 101,501 4.6

Pine forest 249,934 11.6 185,410 8.5

Young spruce forest 17,854 0.8 15,771 0.7

Spruce forest 20,164 0.9 16,376 0.7

Young mixed forest 184,423 8.5 91,377 4.2

Mixed forest 339,807 15.7 185,844 8.5

Old forest 355,834 16.5 413,347 18.9

Built-up areas 100,224 4.6 154,306 7.0

Total 2,159,391 100.0 2,189,821 100.0

Table 3 Descriptive statistics of the forest habitat variables (%
of the area) measured at a radius of 500 m around the grouse
observation points (N = 2243)

Landscape class Mean Std. Dev. Min Max

Field 3.71 7.89 0.00 62.03

Water 1.38 3.96 0.00 39.95

Clear-cut area 0.61 0.96 0.00 14.48

Open peatland 1.53 4.00 0.00 69.07

Pine mire 18.32 16.37 0.00 91.46

Spruce mire 0.79 1.59 0.00 30.3

Young pine forest 3.93 3.50 0.00 27.53

Pine forest 10.79 6.96 0.00 50.79

Young spruce forest 0.61 0.99 0.00 13.05

Spruce forest 0.70 1.00 0.00 6.33

Young mixed forest 6.30 4.93 0.00 51.04

Mixed forest 16,93 7,48 0,48 67,16

Old forest 31.62 15.16 0.24 85.44

Built-up areas 2.78 3.27 0.00 50.08
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characteristics for the management units were estimated
using the k nearest neighbour method (Haakana et al.
2017). Image segments derived from satellite images ap-
proximating forest stands and a combination of similar
forest stands in terms of spectral properties served as
management units. Administrative land use constraints
were taken into account by separating management
units in protected forests (i.e., national parks and nature
conservation areas), and in other areas where forest
management was restricted, from those in managed for-
ests. In the MELA analyses, each management unit was
represented by a set of NFI sample plots (Mäkelä et al.
2011).
In the MELA system, a stand simulator based on indi-

vidual tree level models was used to produce a large num-
ber of feasible management schedules for each
management unit, and thereafter, an optimisation package
(Lappi 1992) was used to simultaneously select a produc-
tion programme for the whole forest area and correspond-
ing management schedules for all management units. In
this study, five alternative forest scenarios in terms of
wood removal over a 60-year planning period were com-
piled separately for both study areas. The simulation time
was divided into 6 ten-year sub-periods, for which forest
management activities were simulated in the middle of the
sub-periods. The results were reported for the first five
sub-periods and the sixth sub-period was used only to en-
sure sustainability of wood production after the 50-year
period. Management activities included thinnings based
either on number of trees or on basal area, regeneration
fellings (clear cutting, seed tree cutting or shelterwood
cutting), clearing of regeneration areas, soil preparation,
artificial regeneration of pine, spruce or birch, and tending
of young stands (see Redsven et al. 2007). Simulated man-
agement schedules were based on development models
designed for Finnish conditions (see Hynynen et al. 2002)
and aligned with management practice recommendations
(Hyvän metsänhoidon suositukset 2006). The manage-
ment practice recommendations defined the guidelines for
the details of the activities, for example, the minimum
basal area requirements before and after thinnings, and
the minimum rotation periods in terms of biological age

and mean diameter. For each regeneration and intermedi-
ate felling activity, a no-treatment alternative was also
simulated. As a consequence of this, the felling activities
could also be postponed and simulated in the subsequent
sub-periods as alternative management schedules. Clear-
ing of regeneration area, soil preparation, artificial regen-
eration and tending of young stands were treated as
obligatory activities and they could not be postponed. Unit
costs and revenues were as used by Nuutinen and Hirvelä
(2006). Protected forests were not included in wood
production.
In all five scenarios, the net present value from wood

production was maximised using a 4% interest rate. The
4% interest rate has been commonly used in the forestry
scenario analyses of maximum sustainable removal in
Finland (e.g., Nuutinen et al. 2000; Salminen et al. 2013;
MELA Summary Report 2018). In the first scenario,
known as the scenario of maximum sustainable wood re-
moval, the net present value from wood production was
maximized with constraints demanding a sustainable
flow of wood removal, saw log removal, and net income
over the 60-year period. In the second, third, and fourth
scenarios, the same constraints were applied, but the
level of wood removal was set as 75%, 50%, or 25% of
the level of removal in the first scenario, respectively. In
the fifth scenario, no regeneration or intermediate felling
were applied, to indicate no wood removal over the 60-
year planning period. In all scenarios, ecological and so-
cial objectives were taken into account when simulating
management for units. Forest conservation areas were
completely set aside from all management activities and
clear felling was not allowed on units in restricted use.
Further, as stated in the recommendations for forest
management practises (Hyvän metsänhoidon suositukset
2006), simulation accounted for, for example, retention
trees on clearcutting sites.

Predicting grouse habitats in the forest scenarios
The grouse occurrence model was applied using the esti-
mated MELA forest data for 2005 and 2055, simulated
according to the five felling scenarios. Forest variables
required for the formulation of the explanatory variables
(total volume of growing stock and volume by tree spe-
cies) were assigned to each management unit (image
segment), and these were output as raster maps. The
average size of the segments was 1.34 ha in North Kare-
lia and 1.17 ha in Southwest Finland. The model was ap-
plied at points along a regular one-kilometre grid over
the study areas. Forest data was reclassified (Table 1)
and landscape scale variables (pencent of area) within a
buffer zone of 500 m around points were calculated and
used for prediction. If the predicted probability of occur-
rence was greater than or equal to 0.5, the point was
interpreted as a suitable grouse habitat. Areas of suitable

Table 4 The multiple logistic regression-based likelihoods for
grouse broods in relation to forest habitat variables measured at
a radius of 500 m spatial scale. The model fit was χ2 = 125.6,
df = 4, P < 0.001

Independent variable Coefficient S.E. Wald df P

Intercept −1.106 0.207 28.653 1 < 0.001

Mixed forest (%) 1.850 0.313 35.013 1 < 0.001

Old forest (%) 0.853 0.189 20.338 1 < 0.001

Pine forest (%) 0.633 0.273 5.383 1 < 0.05

Spruce forest (%) −5.168 0.574 81.093 1 < 0.001
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habitat in each scenario were calculated for the study
areas, and effects of different felling levels were analysed.

Results
The estimated area of forestry land in North Karelia was
1.57 million ha and the total volume of growing stock was
167.7 million m3 at the beginning of the simulation period
(2005), of which 97% was available for wood production.
The estimates for Southwest Finland were 1.12 million ha
and 140.7 million m3 (99%), respectively. The develop-
ment of growing stock in the different scenarios depended

upon the level of felling (Fig. 3a and b). With regards to
tree species structures of growing stock and wood re-
moval, pine was dominant in both study areas in their
current state, and its share of the removal was also largest
during the first decades of the simulation period for all
scenarios. In North Karelia, forests remained pine-
dominated, but in Southwest Finland, the proportion of
spruce increased towards the end of the simulated study
period, accounting for the largest proportion (44%–53%)
of standing volume in 2055 in all scenarios except in the 0
and 25% scenarios, where pine remained dominant (44%).

Fig. 3 The estimated volume of growing stock in (a) North Karelia and (b) Southwest Finland in 2055 according to the scenario of maximum
sustainable wood removal (SUST) with different felling levels (25%, 75%, and 100%). Map colours: yellow – agricultural land, blue – water, grey –
built-up areas, and green – forestry land; the darker the shade, the higher the volume. Digital map data: National Land Survey of Finland 2008
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In North Karelia, the scenario of maximum sustainable
wood removal resulted in a removal of 7.0 million m3 per
year (Fig. 4), and a net income of 247.1 million euros per
year by the end of the study period (2045–2054), while
felling potential was 11.7 million m3 per year. The felling
potential is the maximum removal that can be harvested if
the profitability and sustainability of the fellings are ig-
nored and only the management practice recommenda-
tions (Hyvän metsänhoidon suositukset 2006) are used as
guidelines. Removal included saw logs and pulpwood, but
not energy wood. The proportion of saw log removal was
53%; this increased in scenarios with lower levels of felling
and was highest (59%) in the 25% level scenario. The 75%
level scenario resulted in the removal of 5.2 million m3

per year which matched levels recorded from 2012 to
2014 (Official Statistics of Finland (OSF) 2018). For refer-
ence, the goal of the valid regional forestry programme of
North Karelia is to increase felling up to 6.6 million m3

per year by 2020 (Metsäkeskus 2016a). Recorded and tar-
geted removals also only included saw log wood and pulp-
wood removals.
In the scenario of maximum sustainable wood removal

in Southwest Finland, felling potential was 8.4 million
m3 per year by the end of the study period (2045–2054);
removal amounted to 5.9 million m3 per year, of which

43% were saw logs (Fig. 5). The proportion of saw log
removal was again highest (59%) in the 25% level sce-
nario. Compared to the recorded felling level in South-
west Finland, which amounted to 3.5 million m3 per
year from 2012 to 2014 (Official Statistics of
Finland (OSF) 2018), the 50% level scenario came the
closest, resulting in the removal of 2.9 million m3 per
year. The goal set for 2020 in the valid regional forestry
programme for the two provinces in southwestern
Finland was 5.0 million m3 per year (Metsäkeskus
2016b), which is 14% higher than the removal calculated
for the 75% level scenario (4.4 million m3 per year). The
actual provinces do cover a slightly different area than
the study area of Southwest Finland, however, and also
include part of the archipelago south of the study area.
In both study areas, the predicted amount of potential

forest grouse habitat in 2055 gradually decreased as inten-
sity of felling increased (Figs. 4 and 5). Under the scenario
of maximum sustainable wood removal, the predicted
habitat area was 22% smaller than under the no removal
scenario in North Karelia, whereas in Southwest Finland
the decrease was more pronounced at 55%. The 75% fell-
ing levels reduced predicted habitat areas by 10% and
24%, respectively. The predicted amount of forest grouse
habitat in 2055 under the scenario of maximum

Fig. 4 Trade-off between the predicted amount of suitable grouse habitat in 2055 and wood removal (total removal – blue line, and saw log
removal – red line) in 2045–2054 according to the scenario of maximum sustainable wood removal (SUST) with different felling levels (0, 25%,
50%, 75% and 100% – blue and red dots) in North Karelia. As a reference, the green dot shows the recorded felling level from 2012 to 2014
(STAT) and predicted habitat area in 2005
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sustainable removal was 78% of the total forestry land area
in North Karelia and 45% in Southwest Finland. The op-
portunity costs of increasing the area of forest grouse
habitat measured with the net present value of wood pro-
duction are shown in Fig. 6. No felling (0%) scenarios re-
sulted in negative net present values, signifying no income
from wood harvesting to offset management costs, for ex-
ample, due to tending of young stands.

Discussion
PPFs were effective tools to explore case-specific trade-
offs between wood production and forest grouse habitat
areas. In North Karelia, the 75% level of maximum sus-
tainable wood removal, which also corresponded to re-
cent levels of recorded felling (Official Statistics of
Finland (OSF) 2018), resulted in a mere 10% loss of
habitat area. Even in the scenario of maximum sustain-
able wood removal, reduction of the habitat area was
moderate (22%) compared to the non-felling scenario.
The proportion of forest in North Karelia is 84% of the
total land area, and results suggest that the amount of
suitable habitat for forest grouse will not decline dramat-
ically if the forests are managed sustainably and the
amount of deforestation is kept to a minimum. In
Southwest Finland, habitat reduction was more

pronounced as wood removal increased. The scenario of
maximum sustainable wood removal reduced the habitat
by 55% compared to the no felling scenario. This could
be explained by the fact that forests in Southwest
Finland are more fragmented by other land use than in
North Karelia. Low forest cover causes the changes in
forest structure due to increased felling to have a stron-
ger impact on suitable habitat area. Recorded wood re-
moval in Southwest Finland (Official Statistics of Finland
(OSF) 2018) was comparable to wood removal in the
50% level scenario, which also demonstrates the differ-
ences between the regions in terms of forestry as a
means of livelihood.
The scenario of maximum sustainable removal

reflected an intensive felling scenario where the felling
potential was maximally utilized taking into account log-
ging profitability and sustainability assuming a non-
decreasing flow of wood removal, saw log removal, and
net income over the 60-year study period. In both study
areas, recorded felling levels (Official Statistics of Finland
(OSF) 2018) have been lower than estimated maximums
for sustainable wood removal (MELA Summary Report
2018). It should also be noted that the use of newer NFI
data in the scenario analyses could have resulted in dif-
ferent removal amounts.

Fig. 5 The trade-off between the predicted amount of suitable grouse habitat in 2055 and wood removal (total removal – blue line, and saw log
removal – red line) in 2045–2054 according to the scenario of maximum sustainable wood removal (SUST) with different felling levels (0, 25%,
50%, 75% and 100% – blue and red dots) in Southwest Finland. As a reference, the green dot shows the recorded felling level from 2012 to 2014
(STAT) and predicted habitat area in 2005
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The fact that the proportion of saw log removal was
higher in the scenarios with lower felling rates (Figs. 4 and
5) indicates that felling is first carried out for the most eco-
nomically viable forest stands, that is, stands with higher
volumes or higher percentage of saw logs, to fulfil the ob-
jective of maximizing net present value in the optimization
phase. The proportion of wood removal from regeneration
felling compared to that from intermediate felling, however,
increased alongside increased felling levels. Consequently,
scenarios with an increased amount of regeneration felling
to include clear-cut areas and seeding stands demonstrated
a negative effect on suitable grouse habitats.
The tree species structure of growing stock changed

over the 50-year period, particularly in Southwest Finland,
where the proportion of spruce volume increased towards
the end of the simulation period in all scenarios. In
addition to the more fragmented landscapes, another rea-
son for the greater loss of grouse habitat in Southwest
Finland was that, according to our model, spruce domi-
nated forests were less favourable to forest grouse. NFI re-
sults also show an increasing trend towards spruce
dominated forests in South Finland (Korhonen et al.
2017). Until the 1990s, pine was most favoured for plant-
ing, even on fertile sites, but currently spruce is the dom-
inant tree species in young forests (Korhonen et al. 2017).
Scenario results were logical, although the grouse occur-

rence model did not perform as expected. Nearly all the
forestry land was predicted to be suitable grouse habitat at

the beginning of the simulation period (2005) and in the
scenario of no felling in 2055. One reason for this could
be that the model combined habitat preferences for three
forest grouse species. Of these, the capercaillie most
strictly favours old coniferous forest, whereas black grouse
and hazel grouse favour younger forests (Rolstad 1989;
Kurki et al. 2000; Åberg et al. 2003; Miettinen et al. 2010).
Because of this, the occurrence model included a wider
forest habitat pool than if we had used habitat preferences
for a single species. The high amount of suitable habitat
also suggests that the threshold of 0.5 used for transform-
ing the predicted probability of occurrence into habitat
suitability may not have been optimal (Pearce and Ferrier
2000). As the occurrence data lacked information on true
absences, model predictions should be treated with a cer-
tain amount of caution (Pearce and Boyce 2006). Because
the random absence locations were not searched for the
species, some of these locations might actually represent
presence locations (Keating and Cherry 2004). Inclusion
of these false absences may substantially bias analyses
(Hirzel et al. 2002). In addition, because of sampling the
same number of random absence locations as presence lo-
cations, the proportion of presences may not represent
the true prevalence of the species (Pearce and Boyce
2006).
The model was based on the MS-NFI forest data esti-

mated using the k nearest neighbour method, which is
known to lead to averaged and potentially biased estimates

Fig. 6 Opportunity cost of increasing the habitat area suitable for forest grouse, measured by the net present value of wood production (NPV) in
2045–2054 according to the scenario of maximum sustainable wood removal with different felling levels (0, 25%, 50%, 75% and 100% – blue and
red dots) in the two study areas
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(Altman 1992; Nilsson 1997; Katila and Tomppo 2001).
This may have affected the prediction results; the volume
thresholds used in reclassifying landscape classes could
have led to the overestimation of suitable habitats. Esti-
mated volumes by tree species in the MS-NFI data are not
accurate at pixel level (Katila and Tomppo 2001), which in
turn confuses the separation of pine, spruce, and mixed
forests used as explanatory variables in the model. We as-
sume that the suitable habitat area was overestimated pri-
marily due to different forest data used in fitting and
applying the model; MS-NFI volumes at pixel level were
used as modelling data, whereas NFI sample plot mea-
surements and simulations were based on tree level data
averaged for the segments in predicting occurrences over
the study areas. However, the model did enable the calcu-
lation of PPFs and an exploration of the trade-offs be-
tween felling levels and forest grouse habitats.
It should also be noted that the selection of simulated

management activities for the management units were
optimised for the regional scale, and consequently, the lo-
cations of these activities were arbitrary. Forest ownership
or adjacent management units and their management ac-
tivities were not taken into account in felling allocations.
Hence, the PPFs as described herein can support strategic
planning only at the regional level; they can be used to es-
timate the loss of raw material to the forest industry in
favour of forest grouse habitats. In addition, the opportun-
ity cost of increasing grouse habitat area could be esti-
mated in the form of reduced net income from wood
production for forest owners. For that purpose, the evalu-
ation of trade-offs could be improved by applying a mon-
etary value to grouse habitats, by including hunting,
recreation, and biodiversity value. Management options
applied to continuous cover forestry (single-tree and patch
logging) could also be included in the set of alternative
management practises in forest dynamics models. Cur-
rently in MELA, continuous cover forestry can be simu-
lated only, for example, with prolonged rotations and
regulation of the level of thinning.
The grouse occurrence model confirmed that the area

of old-coniferous mixed forest is important for the grouse
species. This pattern was most likely due to the availability
of a rich canopy and understory cover along with better
food resources for broods in the old mixed forests (Mietti-
nen et al. 2008, 2010; Melin et al. 2016). Blueberries play
an especially important role in the ecology of forest grouse
broods (Storch 1993; Baines et al. 2004). At the forest
stand scale, grouse broods need stands rich in deciduous
trees, with good canopy and ground cover to provide food
and shelter. These characteristics also appear in younger
forests and may have confused the modelling because the
forest classes known to have negative effects on grouse oc-
currences, such as clear-cut areas and seedlings, were not
included as explanatory variables in the model. It has been

found that on mineral soils the cover provided by blue-
berry bushes increases with forest stand age and basal area
and decreases strongly during regeneration cuttings (Ton-
teri et al. 2016; Turtiainen et al. 2016; Nilsson and Cory
2017). Because recently regenerated stands have lower
understory cover and higher predation risks, grouse brood
survival is better in old forest stands (Kastdalen and
Wegge 1985; Moss and Oswald 1985; Miettinen et al.
2010; Melin et al. 2016).
At the landscape scale, both habitat loss and fragmen-

tation are considered to have negative effects on animal
population persistence (Wilcox and Murphy 1985;
Trzcinski et al. 1999). Land-use shifts from forest to
other uses in addition to felling can make the landscape
less suitable for forest grouse. In southern agricultural
landscapes, forests are more permanently fragmented
than in northern managed forest landscapes. In a previ-
ous study it has been shown that forest habitat loss is
more important than habitat fragmentation for grouse
broods (Huhta et al. 2017). However, forest fragmenta-
tion might not be totally meaningless since grouse
broods were less numerous in the areas with high dens-
ities of forest–open land edges (Huhta et al. 2017).
An increase in open fields or clear-cut areas and young

successional forest stages tends to sustain populations of
potential grouse nest predators (Wegge et al. 1990; Kurki
and Lindén 1995; Kurki et al. 2000). The decline in grouse
breeding success is commonly associated with elevated
rates of nest predation, particularly from mammalian
predators (Marcström et al. 1988; Caizergues and Ellison
1997; Kurki et al. 1997, 1998; Kauhala and Helle 2002).
Nest predation patterns in a boreal forest landscape are af-
fected by the population cycles of microtine rodents living
in open habitats, which in turn affect numbers and habitat
use of small- and medium-sized predators (Angelstam
et al. 1984; Lindén 1988; Lindström et al. 1995).
Concerning so called game-friendly forest manage-

ment, forest grouse would benefit from increasing over-
all forest area with characteristics (old pine-dominated,
mixed forests) beneficial for the species. Spatial distribu-
tion of the habitat, however, is important as well. The
spatial data allowed the use of a landscape-level occur-
rence model in which the characteristics of the sur-
rounding 78.5 ha were considered. However, the regional
approach failed to properly address two important fac-
tors for suitable grouse habitats, namely patch size and
connectivity. Because the average size of management
units was just over 1.0 ha, the simulation of the felling
was based purely on current growing stock, and there
were no constraints on the habitat area, optimization led
to fragmentation. In practice, neighbouring stands are
generally taken into consideration in management plan-
ning. For example, the approach did not allow the com-
bining of neighbouring units or concentration of old
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forest in areas where suitable habitats already exist, with
an exception of protected forests, where only ingrowth,
growth, and mortality (but no management activities)
were simulated. Hence, to study game-oriented forest
management on a local level, different optimization
techniques such as heuristic optimization and spatial ob-
jectives should be applied. This would help in realizing
solutions that maximize wood production while minim-
izing impacts on forest grouse habitats.

Conclusions
Tetraonids have experienced significant population de-
clines in Fennoscandia during recent decades. Land-use
shifts and forest management practices with their diverse
ecological consequences have been implicated in these de-
clines. More specifically, the area of old forests with ad-
equate food and shelter for forest grouses has been
reduced (Kardell 1980; Atlegrim and Sjöberg 1995; Uotila
and Kouki 2005; Kvasnes and Storaas 2007). For this rea-
son, there is an urgent need to safeguard forest grouse
habitats and develop grouse-friendly forest management
practices. Our occurrence model confirmed that forest
grouse prefer old, mixed, and pine dominated forests.
These characteristics could be enhanced by forest owners
when making decisions on forest management.
At the regional level, forest grouse would benefit from

sacrificing part of the sustainable wood removal and lim-
iting the amount of felling, for example, to the 75% or
50% level as demonstrated in our study areas. Of note,
these levels correspond to recorded felling which has
been less than the estimated maximum sustainable wood
removal in recent decades. The reduction of suitable
habitat area by increasing felling varied according to
current forest and landscape structures. In the region
where forested area was smaller and more fragmented,
the negative effect of increased felling level was more
pronounced than in the more heavily forested region.
The two study areas also differed in the importance of
forestry as a livelihood, measured by different levels of
recorded and targeted wood removals in each region.
The study utilized two nationwide data sources,

Finnish wildlife triangle census data and MS-NFI data
on forest resources. Integrating them with the Finnish
forestry dynamics model MELA allowed us to explore
trade-offs between wood production and grouse habitats.
The PPFs calculated in this study support the evaluation
of the loss of suitable habitat reflected by different felling
rates, as well as the economic cost of increasing habitat
areas. Our approach is suitable for regional analyses, but
not as such for operational management planning at the
stand level, where it is important to take into account in-
formation on adjacent stands in the optimization phase
when selecting different management schedules. In this

study, spatially explicit objectives or constraints for
grouse habitats were not used.
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