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a b s t r a c t

There are currently competing demands on Europe's forests and the finite resources and services that
they can offer. Forestry intensification that aims at mitigating climate change and biodiversity conser-
vation is one example. Whether or not these two objectives compete can be evaluated by comparative
studies of forest landscapes with different histories. We test the hypothesis that indicators of wood
production and biodiversity conservation are inversely related in a gradient of long to short forestry
intensification histories. Forest management data containing stand age, volume and tree species were
used to model the opportunity for wood production and biodiversity conservation in five north European
forest regions representing a gradient in landscape history from very long in the West and short in the
East. Wood production indicators captured the supply of coniferous wood and total biomass, as well as
current accessibility by transport infrastructure. Biodiversity conservation indicators were based on
modelling habitat network functionality for focal bird species dependent on different combinations of
stand age and tree species composition representing naturally dynamic forests. In each region we
randomly sampled 25 individual 100-km2 areas with contiguous forest cover. Regarding wood produc-
tion, Sweden's Bergslagen region had the largest areas of coniferous wood, followed by Vitebsk in Belarus
and Zemgale in Latvia. NW Russia's case study regions in Pskov and Komi had the lowest values, except
for the biomass indicator. The addition of forest accessibility for transportation made the Belarusian and
Swedish study region most suitable for wood and biomass production, followed by Latvia and two study
regions in NW Russian. Regarding biodiversity conservation, the overall rank among regions was
opposite. Mixed and deciduous habitats were functional in Russia, Belarus and Latvia. Old Scots pine and
Norway spruce habitats were only functional in Komi. Thus, different regional forest histories provide
different challenges in terms of satisfying both wood production and biodiversity conservation objectives
in a forest management unit. These regional differences in northern Europe create opportunities for
exchanging experiences among different regional contexts about how to achieve both objectives. We
discuss this in the context of land-sharing versus land-sparing.

© 2018 Elsevier Ltd. All rights reserved.
Naumov).
1. Introduction

Traditional European forest management aims to maximize
economic revenue from forest resources such as timber, pulpwood
and biomass (Puettmann et al., 2009). However, current policies
about sustainable forest management also target the maintenance
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of other benefits, such as biodiversity and social values (European
Forest Institute, 2013; The Montreal process, 2015). This is consis-
tent with green infrastructure policy for natural and semi-natural
land covers in general (European Commission, 2013). There are,
however, currently new emerging conflicts between competing
demands on Europe's forests and the finite resources and services
that they can offer (EASAC, 2017). Several international agreements
and policy areas have impact on EU forests, such as the Paris
Agreement on climate change which is used to advocate that
intensified forest management helps mitigate climate change, and
the Convention on Biological Diversity. This is particularly evident
from the emerging focus on bio-economy as a means of advocacy
towards intensifying the traditional wood and biomass production
(EASAC, 2017). Supported by powerful actors this discourse may
displace policy about sustainable forest management and biodi-
versity conservation (e.g., Pülzl et al., 2014).

Whether or not forestry intensification and biodiversity con-
servation are rival can be understood by comparative studies of
forest landscapes with different histories (Angelstam et al., 2018).
The past trajectories of forest use and management in a particular
region may affect the opportunities for delivering present and
future benefits in terms of forest landscapes' goods, services and
values (Worster, 1994; Balee, 2002; Williams, 2003). To understand
the role of regional context for satisfying production and conser-
vation objectives, a landscape history approach has been used in
Sweden (Angelstam et al., 2013a), Latvia (Susko, 1997), Belarus
(Gusev, 2014) and Russia (Josephson et al., 2013; Naumov et al.,
2016).

Northern Europe, including Fennoscandia, the Baltic States,
Belarus and NW Russia, hosts a diverse range of forest landscape
histories along the West-East gradient from markets demanding
natural resources to regions that deliver them (Angelstam et al.,
2011a, 2013b). This led to expanding frontiers of forest resource
demands, and as a response, efforts to intensify wood production.
For example, in Sweden and Finland methods for intensive wood
production have been implemented (Sverdrup and Stjernquist,
2013; Nordberg et al., 2013). The same process is in progress in
the Baltic States (T�erauds et al., 2011; Angelstam et al., 2018) with
forest management aiming to secure financial income for state
companies and private enterprises by adopting the Fennoscandian
model towards intensification (Vanwambeke et al., 2012; Brukas,
2015; Rendenieks et al., 2015a). Increased wood production is
also promoted in Belarus by including all economically accessible
and non-protected areas into wood production (Anonymous, 2010).
In contrast, Russia has only recently commenced discussions on the
opportunities for intensified wood production. Nevertheless, some
localized actions have been tested on the ground (Naumov et al.,
2016). These efforts have been hampered and largely unsuccess-
ful due to a poorly developed road network (Holopainen et al.,
2006; Goltsev et al., 2012) as well as societal and institutional ob-
stacles (Angelstam et al., 2017a). There is thus a West-East gradient
in the implementation of forestry intensification.

Conversely, where intensification of wood and biomass pro-
duction has been successful, biodiversity conservation and resto-
ration has become a difficult challenge (Halme et al., 2013;
Angelstam et al., 2018). In northern Europe's West (e.g., Sweden)
intensification of forest management continues, and the current
biodiversity conservation challenge remains (Angelstam et al.,
2011b; Jonsson et al., 2016). Thus, countries in the West have not
maintained the historical range of variability of boreal and hemi-
boreal forests (Kuuluvainen, 2002). To maintain biodiversity in
terms of species, habitats and processes (Brumelis et al., 2011), ef-
forts towards protection of high conservation value forests
(Angelstam et al., 2011b), conservation management (Angelstam
et al., 2017b; Simili€a and Junninen, 2012; Stanturf, 2015) and
landscape restoration (Miller and Hobbs, 2007; Dawson et al., 2017)
are being made. Also, the Baltic States aim at maintaining remnants
of near-natural forest ecosystems (Kurlavicius et al., 2004). In NW
Russia's remote regions with a short history of forest use (Moiseev,
2001), Europe's last intact forest massifs still exist (Aksenov et al.,
2002). However, they are facing increasing pressure as forestry is
recovering after the collapse of the Soviet Union (Brukas, 2015;
Naumov et al., 2017).

This diversity of contexts implies that the overall goal of sus-
tainable forest management needs to be approached from different
directions in Europe's West and East, respectively. Hence, there is a
need to understand how to satisfy the objectives of both wood
production and biodiversity conservation in different forest land-
scape history and societal contexts at multiple spatial scales
(Angelstam et al., 1995, 2018). At the European level there is a
debate whether to integrate production and biodiversity goals at
the stand level, or to segregate them at the landscape level
(Bollmann and Braunisch, 2013). However, there is a lack of
comparative studies on how these two goals can be integrated at
the scale of forest management units in different forest history and
societal contexts in Europe.

The aim of this paper is to compare the potentials for satisfying
both wood production and biodiversity conservation objectives in
boreal Europe's West and East, which have different forest land-
scape histories and societal contexts. We developed and applied
indicators for wood production and for biodiversity conservation in
regions that represent different trajectories of forest resource use
and management in Sweden, Latvia, Belarus and NW Russia. These
countries are members of the Pan-European process on criteria and
indicators for sustainable forest management (http://www.fao.org/
forestry/ci/16609@45898/en/). Using four indicators for wood
production and four indicators for biodiversity conservation, we
tested the hypothesis that wood production and biodiversity con-
servation are rival objectives. We discuss the opportunities for
land-sparing by zoning at different spatial scales to accommodate
competing forest benefits in forest management units in societal
contexts with different types of land ownership and landscape
stewardship.

2. Methodology

2.1. The regional logging frontier in the northern Europe as an
experiment

The spatial extent of entire forest management units, or simply
local landscapes, located in regions with different land use histories
precludes the application of replicated experiments. An alternative
option is natural experiments (sensu Diamond, 1986) in the form of
comparative macroecological studies that trade off the precision of
small-scale research with an appropriate spatial scale (Brown,
1995). To capture the gradient in forest use history in northern
part of the European continent we selected five case study regions
located in Sweden (Bergslagen), Latvia (Zemgale), Belarus (Vitebsk)
and NW Russia (Pskov and Komi) where the logging frontier swept
from the West to the East over the past two centuries (Naumov
et al., 2017). The dominating tree species are Norway spruce
(Picea abies), Scots pine (Pinus sylvestris) and deciduous trees
(Betula spp., Populus tremula). In both North America and Europe,
the terms logging frontier and timber frontier (Drushka, 2003)
describe spatially expanding large-scale extensive logging of trees
without regeneration efforts (“wood mining”). For instance, in
Sweden the frontier of industrial harvesting began regionally in
south-central Sweden's metallurgic industry region Bergslagen
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(Angelstam et al., 2015) and spread northwards from the mid-19th
century (€Ostlund et al., 1997). High-grading methods dominated at
first, i.e. only valuable and big trees were cut. The same approach
occurred locally in European Russia in the 18-19th centuries
(Red'ko and Babych, 1993; Moiseev, 2001). Since the mid-19th
century Sweden's once naturally dynamic forests have been
transformed to even-aged forest stands aimed at maximum sus-
tained yield forestry (€Ostlund et al., 1997), whereas in NW Russia
intact forest landscapes remain (Aksenov et al., 2002). In Latvia and
Belarus forest exploitation for timber began later compared to
Western Europe (T�erauds et al., 2011). We used the forest use his-
tory gradient from Sweden via Latvia and Belarus to NW Russia to
compare forest regions which have completed 4e5 forest rotations
in the West (Angelstam et al., 2011a) to not yet one full forest
rotation in the East (Naumov et al., 2016).

In each of the five case study regions, we randomly selected 25
individual 100-km2 grid cells with >40% forest cover for analyses,
viewing those as local forest management units. This area corre-
sponds to the order of magnitude of forest landscape planning units
in the Baltic Sea Region, which are typically 50e300 km2 (Elbakidze
et al., 2016; Angelstam et al., 2017a). The 40% forest cover threshold
corresponds to the requirement of species sensitive to forest frag-
mentation by allowing percolation of individuals through contig-
uous habitat (Gardner et al., 1991; With and Crist, 1995).

2.1.1. Bergslagen region in Sweden
The informal Bergslagen region (hereafter SE-Bergslagen)

(Fig. 1) in south-central Sweden is a good example of a region
with a long history of focusing on maximum sustained yield
forestry for wood production (Angelstam et al., 2015). The bedrock
is rich in minerals (Stephens et al., 2009), and metals were first
produced there already more than 2000 years ago (Nelson, 1913).
Mining and metal production led to intensive use of forests to
produce charcoal, and thus gradually to maximum sustained yield
forestry. To secure contiguous forest stand data in the core of SE-
Bergslagen we chose to use the forest management data for the
state forest company Sveaskog (Elbakidze et al., 2013). Formally
protected areas and voluntary set-asides occupy 10.4% of total
forest land area (Elbakidze et al., 2010). Total forest cover in the 25
different 100-km2 grid cells selected in SE-Bergslagen was high
(75%) and was dominated by Scots pine and Norway spruce. Mires
made up 8.6%, freshwater bodies 8.9% and agricultural land 7.2%
(Table 1).

2.1.2. Zemgale planning region in Latvia
The Zemgale planning region (LV-Zemgale, 10,733 km2) is

located in southern Latvia along the border with Lithuania (Fig. 1).
The forest history of forest management in LV-Zemgale is complex
(e.g., Fescenko et al., 2014). During the Soviet period (1940e1991)
forestry was an industry of secondary importance. After the Soviet
period from 1991 Latvian forestry actively adopted a market-
oriented forest management approach and signed agreements
promoting sustainable management of forests (T�erauds et al., 2011;
Rendenieks et al., 2015a). Being important for the country's econ-
omy, forest harvesting rates have increased over the past two de-
cades. A total of 50% of forest is owned by the state. The rest is
owned by several private industrial companies and numerous small
non-industrial private forest owners. The dominating land covers of
the 25 different 100-km2 areas selected in LV-Zemgale included a
mixture of forest (84%), agricultural land (10%) followed by mires
3%, and freshwater bodies (1%) (Table 1).

2.1.3. Vitebsk oblast in Belarus
The study region in NW Belarus (hereafter BY-Vitebsk,
9102 km2) includes 5 municipalities (Fig. 1) located in the Vitebsk
oblast in NW Belarus. Belarus keeps legacies from the Soviet period
of forest management. Thus, forests remain as state property, and
all silviculture and logging activities are done by state enterprises.
After collapse of the Soviet Union in 1991, forest harvesting
decreased, but by the end of the 2000s had returned to its previous
level (Fedorenchik, 2014). The dominating land covers of the 25
different 100-km2 areas selected in BY-Belarus included forest
(79%), agricultural land (10%) followed by mires (9%), and fresh-
water bodies (9%) (Table 1). BY-Vitebsk includes 5 municipalities in
the western part of that oblast.

2.1.4. Pskov oblast in NW Russia
Pskov oblast is the westernmost administrative subject of the

contiguous Russian Federation and covers 5625 km2 (RU-Pskov).
Dominating tree species include Norway spruce, Scots pine, aspen,
and birch species. Reforestation after harvesting started only in the
1960s. Since the collapse of Soviet Union, the rural population has
dwindled, and many fields and meadows have been abandoned.
During the latter half of the 1990s commercial wood harvesting
was increased again, mainly for bioenergy but also some conifers
for sawmilling. The main land covers of the 25 different 100-km2

areas selected in RU-Pskov included forest (73%), agricultural fields
(18%) followed by mires (5%) and freshwater bodies (1%) (Table 1).

2.1.5. Komi Republic in NW Russia
The Komi Republic in NW Russia (RU-Komi) has the shortest

forest history (Fig. 1). We used data from the Kortkeros district
(2477 km2) where the frontier of final felling of old-growth forest
reached the area in the 1960s, and currently forests are either
younger successional stages or remnants of naturally dynamic old-
growth forests (Naumov et al., 2016). The Kortkeros district plays a
key role in the Komi Republic's forestry and is among the most
exploited forest areas at regional level (Sherstyokova, 2012). All
forest land is state-owned. The 25 different 100-km2 areas selected
in Kortkeros were dominated by forest (81%), mires cover 4% while
agricultural fields and water bodies total only 0.1% (Table 1).

2.2. Harmonization of spatial data

To assess the opportunity of satisfying wood production and
biodiversity conservation objectives at the forest management unit
level, using 25 different 100-km2 areas as proxies for each study
region, we used digital spatial forest management databases
describing stand age, tree species and area. The spatial databases
represented the time period 1994e2010. This small variation
should be compared to the broad range of time periods that the five
different forest regions have been subject to intensive forest man-
agement aimed at maximum sustained yield forestry, i.e. >150
years for SE-Bergslagen, <30 years in LV-Zemgale and BY-Vitebsk,
and not at all in RU-Pskov and RU-Komi. To minimize spatial data
distortions, each regional dataset was individually analyzed using
the local coordinate system.

Indicators of wood production and biodiversity conservation
states were based on spatial modelling. The variables and param-
eter values for indicators included both direct data, e.g. land cover,
and proxy data such as distance to transport infrastructure. For
each of the 100-km2 grid cells we calculated the total area pro-
portion of the forest mask that satisfied each of the four wood
production and four biodiversity conservation indicators. Since our
indicator variables are proportions (e.g., coniferous stands pro-
portion of total forested area within 100 km2 grid cells), we
employed generalized linear models with binomial errors of
response variable and logit link function (Fox, 2015) to test if these
indicators are the same across 5 study regions. To account for over-



Fig. 1. Map of the 5 study regions (SE-Bergslagen, LV-Zemgale, BY-Vitebsk, RU-Pskov and RU-Komi) and the 25 different 100-km2
fictive forest management units in each of them in

northern Europe. Hatched area represents boreal and hemi-boreal biomes. Source: OpenStreetMap contributors (www.openstreetmap.org).
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dispersion (Hinde and Dem�etrio, 1998) we refitted the models us-
ing quasi-binomial family of errors.

2.3. Wood production indicators

2.3.1. Coniferous wood (CONWOOD)
The minimum accepted final-felling age was determined using

the dominating forest site type quality represented in the Swedish
case study (SE-Bergslagen) for Scots pine and Norway spruce, i.e.
the two conifer species in focus, for maximum sustained yield
forestry in northern Europe. The suitable site type quality for Scots
pine and Norway spruce respectively were T24 and G28, (i.e. ac-
cording to the Swedish H100 system in which site type quality is
defined as a combination of a tree species codes (T for pine and G
for spruce) and the tree height at age 100 years) (Skogsstyrelsen,
2013), and set to minimum age of 65 years (Table 2)). This is the
Table 1
Descriptive statistics of land cover proportions in 25 individual 100-km2 cells used as pr

Country Study area definition Size of forest
management unit

Sweden (SE-Bergslagen) Sveaskog Co in Bergslagen region 567,614
Latvia (LV-Zemgale) Zemgale planning region 420,758
Belarus (BY-Vitebsk) Braslav, Grubok, Mior, Postav and

Sharkoy districts
910,191

Russia (RU-Pskov) Strugo-Krasny, Velikoluky and Kunyisk
districts in Pskov oblast

562,500

Russia (RU-Komi) Kortkeros district in Komi Republic 247,692
norm for maximum sustained yield forestry and mirrors the
intensification ambitions of the countries studied. The standing
volume threshold was set to the average at the age 65 years (250
m3/ha) in the core of SE-Bergslagen. The area of selected stands was
expressed as the proportion of the forest mask inside each 100-km2

grid cell. The forest mask includes all forest stand age classes,
including clear-cuts. Stands were included based on the defined
variables and their parameter values (Table 1).

2.3.2. Bioenergy (BIOMASS)
Biomass from forests is an increasingly important commodity

for bioenergy production (Parikka, 2004). This includes fuelwood,
other biomass, charcoal and black liquor (Trossero and Drigo,
2004). Focusing on direct forest products we defined biomass
(BIOMASS) as timber, pulpwood and biomass. To maximize forest
harvest for biomass productionwe assumed that all tree species are
oxies for local forest management units.

(ha)
Forest (%) Agricultural fields (%) Mires (%) Freshwater

bodies (%)

74.9 (51.4e85.2) 7.2 (0.4e25.5) 8.6 (1.6e21.6) 8.9 (0.3e28.0)
84.1 (62.4e99.6) 9.5 (0.4e16.7) 2.5 (0.0e9.0) 1.4 (0.1e3.6)
79 (51.2e87.7) 9.5 (1.0e20.3) 9.0 (1.4e15.5) 8.9 (0.2e30.0)

73.1 (54.8e87.2) 18.3 (4.6e36.7) 4.9 (0.1e20.5) 1.2 (0.0e11.1)

81.3 (54.5e99.4) 0.1 (0.0e0.4) 3.9 (0.0e29.9) 0.1 (0.0e0.2)

http://www.openstreetmap.org


Table 2
Variables and target values for wood production indicators estimated for each forest stand in local 100-km2 cells used as proxies for local forest management units.

Indicators Variables used for modelling Unit Parameter values

Sawlogs and pulpwood (CONWOOD) Tree species
Proportion
Age
Standing volume

NA (*)
%
years
cubic m/ha

Scots pine OR Norway spruce
>¼70
>¼65
>¼250

Forest biomass for energy (BIOMASS) Tree species
Share
Standing volume

NA
%
cubic m/ha

NA
1e100
>¼100

Accessible forest biomass (ACC_BIO) BIOMASS
Location from road

ha
m

NA
<¼500

Accessible sawlogs and pulpwood (ACC_CON) CONWOOD
Location from road

ha
m

NA
<¼500

(*) NA e not applicable, no threshold is applied.
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equally useful. In Finland, Ahtikoski et al. (2008) estimated that a
harvest level of about 45e60 m3/ha is economically viable. Thus,
we assumed that the stand volume should be> 100m3/ha to satisfy
sufficient economic net benefits (Table 2). The algorithm of spatial
and statistical operations was the same as for CONWOOD.

2.3.3. Accessible coniferous wood (ACC_CON) and biomass
(ACC_BIO)

To be economically effective, accessibility of wood and biomass
was assigned based on a 500-m buffer into the forest from forest
roads, represented by economically acceptable forwarding costs
(Nordfjell et al., 2003). This was done by masking stands selected
for indicators CONWOOD and BIOMASS with a 500-m buffer from
roads (Table 2). The algorithm of spatial and statistical operations
was the same as for CONWOOD.

2.4. Biodiversity conservation indicators

2.4.1. Habitat suitability index models using knowledge about focal
species

The amount of functional habitat network for species, i.e. one of
the aims of green infrastructure (European Commission, 2013), is a
key variable affecting the opportunity for biodiversity conservation
(Lindenmayer and Franklin, 2002). To maintain viable species
populations, it is vital and efficient to consider the requirements of
focal species, and to identify priority areas for conservation across
entire landscapes (Woodhouse et al., 2000). The focal species
approach (Lambeck, 1997) is based on the idea that conservation of
specialized and area-demanding species can contribute to the
protection of many naturally co-occurring species (Hess and King,
2002; Roberge and Angelstam, 2004). This can be viewed as an
umbrella function based on the assumption that the maintenance
or restoration of habitats with the quantities and qualities for the
most demanding species will meet also the requirements of other
species dependent on the same or similar habitats (Roberge and
Angelstam, 2004). The protection and active management of suf-
ficiently connected and functional habitat networks for focal spe-
cies is therefore likely to accommodate also less demanding species
in viable populations (Margules and Pressey, 2000; Gergle and
Turner, 2001).

Combining the focal species approach and habitat suitability
index (HSI) modelling (Scott et al., 2002) can assist operational
planning in the quest towards maintaining biodiversity (Angelstam
et al., 2003; Gibson et al., 2004; Manton et al., 2005). HSI models
combine empirical data knowledge about focal species' habitat
requirements using variables and parameter values for land covers,
digital land cover data and a geographic information system (GIS)
to run ecologically relevant algorithms (Kliskey et al., 1999). The
creation of HSI models involves three main steps. Firstly, the suit-
able forest land covers, for example a certain forest type with a
certain age class and tree species structure, as required by the
target focal species, is selected. Secondly, the patches satisfying the
minimum areas required by the target focal species are selected.
The final step involves identifying suitable forest habitat tracts
where the species-specific critical thresholds at the local landscape
level are satisfied (Angelstam et al., 2004). Technically this can be
produced by applying a neighborhood window analysis (Manton
et al., 2005) based on the home range size of the targeted focal
species, thus providing a key indication of the species-specific
connectivity of land cover stands at the landscape scale (Villard
and Taylor, 1994; Fahrig, 2003). The resulting probability map is
then used to estimate the area proportion of available habitat
among the 25 randomly selected 100 km2 grid cells.

Birds are often used as indicators of biodiversity at larger
spatial extents (Newey et al., 2016). To estimate biodiversity
conservation indicator values, with focus on the most abundant
representative habitats in naturally dynamic forest landscapes, we
selected a suite of area-demanding resident focal forest bird
species that match different combinations of deciduous and
coniferous proportions in different stand age classes (Fig. 2,
Table 3). The selected species are vulnerable to maximum sus-
tained yield wood production because intensive forestry reduces
both the deciduous component in young and middle-aged stands,
and the amount of dead wood in late successional stages
(Angelstam et al., 2004). Obviously, forestry intensification alters
many more aspects of biodiversity than can be captured by spatial
modelling using forest birds as focal species. For instance, Ranius
and Roberge (2011) showed that intensified forestry leads to
strongly increased extinction risks of all saproxylic insect species.
Thus, they can be used as indicators of habitat quality (Djupstr€om
et al., 2012). Nevertheless, birds have advantages as well-studied
focal species for which the habitat requirements are better
documented than for other specialized organisms (Angelstam
et al., 2004). Moreover, there is a trade-off between attempting
to capture aspects of biodiversity in great detail, i.e. species,
habitats and processes (Brumelis et al., 2011) on the one hand, and
comprehensible communication of the results to stakeholders,
planners and policy makers on the other. Birds are usually better
recognized by forest land owners than other species, such as li-
chens or vascular plants (Uliczka et al., 2004).
2.4.2. Old pine forest (PINE)
The capercaillie (Tetrao urogallus) is an area-demanding old pine

forest specialist (Storch, 1997). The forest usually has bilberry
(Vaccinium myrtillus) as ground vegetation (Hjeljord et al., 2000;
Angelstam et al., 2004). At the landscape scale a critical threshold
minimum of 25% suitable habitat in a 16 km2 area (Table 3) is
sufficient for presence of a local population (Angelstam, 2004).
Thus, capercaillie can be used as focal species in boreal forests
(Suter et al., 2002; Pakkala et al., 2003).



Fig. 2. Conceptual picture of how forest habitats for focal bird species can be represented by different combinations of tree species (e.g., deciduous vs. coniferous) and age class. At
the landscape scale, avian focal species with different habitat requirements prefer different combinations of stand age and coniferous/deciduous structure. The age distribution in
the graph represents an average naturally dynamic forest landscape (e.g., Pennanen, 2002) with different successional stages after stand-replacing disturbance, cohort dynamic with
Scots pine and gap phase dynamic with Norway spruce (Angelstam and Kuuluvainen, 2004). Bird drawings by Maris Stradz.

Table 3
Variables and target values for biodiversity indicators estimated for each forest stand in local 100-km2 cells used as proxies for local forest management units.

Forest habitat types not
accommodated by maximum
sustained yield forestry

Focal species Variables and its parameter values

Tree species Propor-tion (%) Age (years) Patch size
requirements
(ha) þ buffer (m)

Neighborhood window
size (km2) and minimum threshold (%)

Old pine (PINE) Capercaillie Scots pine >¼70 >¼70 200 16 (25)
Old spruce (SPRUCE) Three-toed woodpecker Norway spruce >¼50 >¼80 10 þ 25 4 (25)
Deciduous successions (DEC) White-backed woodpecker Deciduous >50 >50 1 þ 25 20 (15)
Mixed multi-layered (MIX) Hazel grouse Norway spruce >60 >40 15 þ 10 1 (20)

Deciduous >20 >40
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2.4.3. Old spruce forest (SPRUCE)
The three-toed woodpecker (Picoides tridactylus) is a medium-

sized woodpecker, which prefers old-growth coniferous forests
with dead spruce trees. It feeds on bark beetle larvae (Scolytidae),
which inhabit coniferous trees and other insects found in dead and
decaying wood (Murphy and Lehnhausen, 1998). It requires large
diameter trees (at least 30e40 cm) for nesting which can be found
in multi-layered old-growth spruce forests with gap-phase dy-
namic (Pechacek and d'Oleire-Oltmanns, 2004). The three-toed
woodpecker is also found commonly where disturbances such as
fire have caused local outbreaks of insects (Winkler et al., 2010).
The three-toed woodpecker is associated with a high species
richness of other forest birds (Mikusi�nski et al., 2001).

2.4.4. Deciduous forest successions (DEC)
The white-backed woodpecker (Dendrocopos leucotos) prefers

late stages of the deciduous phase in the succession after stand-
replacing forest disturbances, and permanent deciduous corridors
along water bodies (Angelstam and Mikusi�nski, 1994). Habitat re-
quirements include large tracts of deciduous forest (50e90 years
old) with high amounts of standing and laying dead wood (Stigh€all
et al., 2011), and a critical threshold minimum of 15% suitable
habitat in a 20 km2 area (Carlson, 2000). Conserving this species
yields a coarse filter for the conservation of several other deciduous
forest species (Roberge et al., 2008).

2.4.5. Mixed multi-layered forest (MIX)
The hazel grouse (Bonasa bonasia) prefers multi-layered dense
rich mixed forests (>20 years) containing deciduous trees for food
and coniferous trees (mainly Norway spruce) for shelter (Swenson
and Angelstam, 1993). This species avoids open areas and is
particularly vulnerable to fragmentation of the forest cover (Åberg
et al., 1995). Hazel grouse requires suitable forest stands and a
critical threshold minimum of 20% suitable habitat in a 1 km2 area
(Jansson et al., 2004). Forest stand age alone has minimal impact on
the species, however, at a landscape scale loss and isolation of
habitat may dramatically reduce the occurrence of hazel grouse
(Jansson et al., 2004). The hazel grouse is considered as a focal
species since it is sedentary and sensitive to habitat isolation (Åberg
et al., 2003).
3. Results

3.1. Age class and tree species composition

The forest age class distributions by area demonstrated a steep
gradient among the five study regions (Fig. 3). SE-Bergslagen with
final felling ages of 50e65 years was dominated by younger forests.
In contrast, LV-Zemgale, BY-Vitebsk and RU-Pskov study region had
higher final felling ages, and therefore a relatively even distribution
of age classes up to 100 years, but very small proportion of older
forest. In contrast, RU-Komi where the timber frontier had just
passed had a bimodal age distribution peaking at 30 and 170 years,
respectively.

In SE-Bergslagen, there were no deciduous forest stands (Fig. 3).
In contrast, there was a large amount of deciduous forest stands in



Fig. 3. Age class distributions and the relative area proportion of coniferous stands (dark grey) and stands with >30% deciduous trees (light grey) in the five regions studied.
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LV-Zemgale, BY-Vitebsk and RU-Pskov, which comprised on
average 38e81% in stands <100 years old, but only 1e3% in forests
>100 years old (Fig. 3). Finally, RU-Komi was characterized by a
high proportion (18%) of young deciduous forest stands (0e39
years of age), but there were no old deciduous forest stands (>140
years).
3.2. Wood production indicators

Regarding wood production indicators (Table 4, Fig. 4), CON-
WOOD was similar in SE-Bergslagen (9.6%) and LV-Zemgale (6.8%),
whereas the value was lowest in RU-Pskov (2.7%) and in RU-Komi
(1.0%). The highest value for this indicator was in BY-Vitebsk (14%).
The introduction of road density as a proxy of accessible wood
(ACC_CON) showed the highest value for BY-Vitebsk (11%) and SE-
Bergslagen (8.8%), followed by LV-Zemgale (4.2%), RU-Pskov (1.7%)
and RU-Komi (0.1%). BIOMASS demonstrated a different pattern
bringing BY-Belarus and LV-Zemgale to the top with 77% and 72%,
respectively, followed by SE-Bergslagen (47%) and RU-Pskov (46%)
and ending with RU-Komi (56%). Adding the role of accessibility of
these stands (ACC_BIO) made SE-Bergslagen (43%), LV-Zemgale
(41%) and RU-Pskov (32%) similar, and with the lowest value for
RU-Komi (5.9%). The highest value of the ACC_BIO indicator was
observed in BY-Vitebsk (61%). Statistical analyses show that the 5
study regions were significantly different for CONWOOD (F¼ 7.9;
p< 2.2e�16), ACC_CON (F¼ 61.7; p< 2.2e�16), BIOMASS (F¼ 44.3;
p¼<2.2e�16) and ACC_BIO (F¼ 136.2; p< 2.2e�16).
Table 4
Means and ANOVA results based on generalized linear models with quasi-binomial fam
forested land in 100 km2 grid cell); n¼ 25.

Indicator SE-Bergslagen
(mean)

LV-Zemgale
(mean)

B
(m

Production CONWOOD 9.6 6.8 1
BIOMASS 46.7 72.2 7
ACC_CON 8.8 4.2 1
ACC_BIO 43.0 40.9 6

Biodiversity conservation PINE 0.0 0.0 3
SPRUCE 1.3 0.0 0
DEC 0.0 25.1 5
MIX 7.6 48.5 7
3.3. Biodiversity indicators

Regarding the biodiversity conservation indicators (Table 4,
Fig. 5), the results along the landscape history gradient were
opposite to the production indicators. The indicator PINEwas 0% for
both Sweden and Latvia, but 8.0% for RU-Komi. BY-Vitebsk and RU-
Pskov took an intermediate position with 2.7 and 3.5%. For SPRUCE
the gradient was very steep; from 0% in LV-Zemgale and 1.3% in SE-
Bergslagen to 69% in RU-Komi. BY-Vitebsk was similar to LV-Latvia
(0.2%), and RU-Pskov was similar to SE-Bergslagen (1.1%). The
amount of deciduous forest habitats (DEC) increased from SE-
Bergslagen (0%) via RU-Pskov (6.9%) and LV-Zemgale (25.1%) to
RU-Komi (39%) and BY-Vitebsk (52%). Finally, the MIX indicator
ranged from 7.6% in SE-Bergslagen to 75.8% in RU-Pskov. BY-Vitebsk
and RU-Komi indicator values were similar to RU-Pskov (73and
64%, respectively). Almost half of LV-Zemgale was suitable
regarding the MIX indicator (49%). Statistical analyses show that
the 5 study regions were significantly different all for indicators;
PINE (F¼ 8.8; p¼ 3.0e-06), SPRUCE (F¼ 8.0; p< 2.2e-16), DEC
(F¼ 31.8; p¼ 2.2e-16) and MIX (F¼ 64.0; p¼ 2.2e-16).
4. Discussion

4.1. Forest landscape history determines production and
conservation states

4.1.1. Wood production
From a maximum sustained yield forestry perspective focusing
ily of errors for wood production and environmental indicators (means are in % of

Y-Vitebsk
ean)

RU-Pskov (mean) RU-Komi (mean) ANOVA
F-ratio

ANOVA
p-value

3.7 2.7 1.0 7.9 2.2e-16
7.2 46.3 55.9 44.3 2.2e-16
1.5 1.7 0.1 61.7 2.2e-16
0.7 31.6 5.9 136.2 2.2e-16
.5 2.7 8.0 8.8 3.0e-06
.2 1.1 69.1 8.0 2.2e-16
1.6 6.9 39.4 31.8 2.2e-16
3.3 75.8 63.6 64.0 2.2e-16



Fig. 4. Distributions of parameter values for production indicators in the five study regions. Thick lines are medians and box borders represent lower and upper quartiles,
respectively.
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on conifers, the forests in SE-Bergslagen, LV-Zemgale and BY-
Vitebsk were more suitable for wood production compared to the
two Russian study regions. The reason for this in SE-Bergslagen is
the long history of high-input forest management (Elbakidze et al.,
2013) with the goal of maximizing the productivity of forest stands
measured in terms of charcoal in the past, then sawlogs and
pulpwood, and now also biomass. Key features are forest man-
agement units with even-aged coniferous stands (Fig. 3), a per-
manent and dense forest road network that can be used in all
seasons allowing access for silviculture, and proximity to con-
sumers and export markets. In Bergslagen, forest stands are young
due to low age of final felling (55e65 years), which is linked to high
demands on economic profitability of the state forest company
Sveaskog by the government. The harvested wood includes small
diameter trees used for production of value-added products. In LV-
Zemgale, stand age distribution was close the so-called “normal”
age distribution (Puettmann et al., 2009), i.e. with similar pro-
portions in all age classes up to final felling age of 80e100 years. In
BY-Vitebsk, the forest stand age distribution was bell-shaped with
neither much young nor old forest stands. This is consistent with
forest harvesting being made by selective felling. As a result, the
proportion of clear-cuts is very low (8%) in this part of Belarus
(Zinovskij, 2006, see also Angelstam et al., 2018). Regarding the
CONWOOD and ACC_CON indicators the two Russian study regions
had the lowest wood production values. This is a consequence of
past wood mining that resulted in vast areas of deciduous forest
successions (Naumov et al., 2016, 2017), and a poorly developed
road network. The BIOMASS indicator was higher in RU-Komi, BY-
Vitebsk and LV-Zemgale than in SE-Bergslagen and RU-Pskov.
However, inclusion of accessibility to harvesting (i.e. ACC_BIO)
decreased this indicator's parameter values progressively from
West to East (Fig. 4). The gradual decline in road density is asso-
ciated with the gradually expanding frontier of maximum sus-
tained yield forestry from West towards the East over the past two
centuries in northern Europe (e.g. Naumov et al., 2016, 2017).

4.1.2. Biodiversity conservation
Biodiversity can be maintained with different levels of ambition

(Elbakidze et al., 2011). We focused on four bird species with
documented umbrella functions in terms of indicating the presence
of a wide range of species adapted to the composition, structure
and function of four representative forest habitats that maximum
sustained yield forestry does not deliver. Using this approach, the
four chosen indicators demonstrated an overall increase in biodi-
versity among the five case study regions from northern Europe's
West to East. This pattern was clearly linked to the different forest
landscape histories. In the West, Swedish forestry has gradually
been intensified, especially during the latter half of the 20th cen-
tury (Simonsson, 2016). From a biodiversity conservation
perspective, this has caused severe reduction of both mature and



Fig. 5. Distributions of parameter values for biodiversity indicators in the five study regions. Thick lines are medians and box borders represent lower and upper quartiles,
respectively.
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old-growth forest (Claesson et al., 2015). The LV-Zemgale region
has complex history. The forest cover decreased from 65% to 42%
from the 17th to the 19th century. By the beginning of the 20th
century forest cover had fallen to a minimum of 25% (Fescenko
et al., 2014). Since then, however, the forest cover has continu-
ously increased, reaching 40% in 2011. This was due to conversion
and abandonment of agricultural areas (Prishchepov et al., 2013,
2017). Overall, this process has been favorable for the mainte-
nance of species in middle-aged deciduous and mixed forests. For
example, in the eastern forest-dominated part of LV-Zemgale
“wood mining” of old spruce forest first occurred during the
World War I. Hence, in the 1970s and 1980s large stands of aspen
and birch could be found on sites where spruce would normally
dominate in late stages of stand development. The high proportion
of deciduous trees is also linked to abandonment of agricultural
lands, clear cut areas left for natural regeneration in private forests
since mid-1990, and partly also due to nutrient rich soils in this
region. The situation in BY-Vitebsk is similar to the adjacent LV-
Zemgale region. In NW Russia, even if intensification is desired
(Naumov et al., 2016), this objective has not yet been satisfied
(Elbakidze et al., 2013). The composition and structure of forest
stands are thus more favorable for biodiversity conservation
compared to our study regions with longer histories of maximum
sustained yield forestry. In RU-Pskov this development has resulted
in even larger amounts of deciduous forest succession than in LV-
Zemgale and BY-Vitebsk. RU-Komi has the shortest forest use his-
tory, low-input forest management and a poorly developed road
network, which cannot be used during all seasons. As a result,
accessible forests are systematically over-harvested (e.g., Nordberg
et al., 2013), and left unharvested in remote areas and in riparian
protection zones (Naumov et al., 2017). The age distribution in RU-
Komi was thus bimodal with peaks at 30 and 170 years. This pro-
vides for the best opportunities to maintain biodiversity conser-
vation in old pine and spruce forests among the five study regions.
4.1.3. Wood production and biodiversity conservation compete
Sustained wood production and biodiversity conservation are

two key objectives of sustainable forest management policy. Our
analyses clearly show that landscape history matters for the op-
portunities to satisfy wood production and biodiversity conserva-
tion objectives. Indicators for coniferous wood and biomass
production and biodiversity conservation, respectively, were
clearly inversely related within studied forest management units in
Europe’ boreal forest (Fig. 6). Intensification of wood and biomass
production (Beland Lindahl and Westholm, 2011) including the
development of an effective transport infrastructure (Ahtikoski
et al., 2008), and biodiversity conservation through functional
habitat networks are thus two competing objectives (see also
Angelstam et al., 2018; Trivi~no et al., 2015).

However, as well as the historic frontier of “wood mining” that
swept fromWest to East, i.e. from the center to the periphery of the
northern part of the European continent, there is a current frontier
of forestry intensification heading in the same direction (Naumov



Fig. 6. Ratio of production vs. biodiversity indicators: log10 (mean (CONWOOD,
BIOMASS, ACC_CON, ACC_BIO)/mean (PINE, SPRUCE, DEC, MIX)). Data from Table 4.
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et al., 2016, 2017). Since the collapse of the Soviet Union in 1991,
Latvia and Belarus have actively progressed towards maximum
sustained yield forestry as Sweden did a long time ago. For
example, the total volume of final felling since the mid-1990s in
Latvia is about 12M m3 per year, compared to only 3e4M m3
during the Soviet period (Latvijas PSR tautas saimniec�ıba, 1985).
Thus, LV-Zemgale's and BY-Vitebsk's future opportunities for
maximum sustained yield wood production may become similar to
SE-Bergslagen. Nevertheless, provided appropriate spatial plan-
ning, their opportunities to maintain functional habitat networks
are still muchmore obtainable and economically favorable than the
restoration efforts required in Sweden (Angelstam et al., 2018). In
Russia, even if intensification is desired (Naumov et al., 2016) it is
not implemented (Elbakidze et al., 2013). Instead wood mining of
old-growth remnants is increasing (Naumov et al., 2017).

Three driving forces behind this intensification process are (1)
desires to replace fossil fuels with biofuels under the general aus-
pices of encouraging bio-economy growth (EASAC, 2017), (2)
restitution of private forest ownership in Latvia and the other Baltic
States (Brukas, 2015), and (3) wood being an important source of
regional and state income (Rendenieks et al., 2015b). The pressure
on the remaining functional habitat networks for biodiversity
conservation is thus both increasing over time and expanding to
new areas in the boreal forest biome. This is highly relevant for the
current debate about land-sharing, which combines wood pro-
duction with biodiversity conservation across a landscape; and
land-sparing, in which more intense forestry is combined with
protected areas (Edwards et al., 2014). Clearly, our results stress the
need of land-sparing through spatial planning. This applies both to
protected areas to assure habitat network functionality (Angelstam
et al., 2011b), but also to the development and application of forest
management approaches other than clear-felling systems
(Elbakidze et al., 2017).
4.2. Actions towards balancing production and biodiversity
conservation

How can the rivalry between wood production and biodiversity
conservation be resolved? Both empirical and modelling studies in
northern Europe show that the balance between wood production
and biodiversity conservation can only be secured by trading-off
one priority for another (M€onkk€onen et al., 2014; Trivi~no et al.,
2015; Angelstam et al., 2017b, 2018). Also studies in northeastern
USA have highlighted that the maximization of either wood pro-
duction or biodiversity conservation have negative effects on each
other (Nalle et al., 2004; Polasky et al., 2008). A segregated land-
sparing approach improves the opportunity for delivering
broader portfolios of forest ecosystem benefits (M€onkk€onen et al.,
2014; Trivi~no et al., 2015; Collas et al., 2017).

One approach is to implement forest zoning by dividing a
management unit or region into areas designed and satisfying
different objectives (Nitschke and Innes, 2005; Côt�e et al., 2010;
Montigny and MacLean, 2006; Carpentier et al., 2017). Indeed, the
zoning approach was employed in the former Soviet Union from
1943 with forests divided into zones for wood production and
biodiversity conservation (Naumov et al., 2017). Currently these
systems are still maintained in some post-Soviet countries,
including Latvia (Ozols, 1995), Belarus and the Russian Federation.
In Belarus, according to both the old Forest Code (Anonymous,
2000) and the new one (Anonymous, 2015) there is division of
forest into groups and categories. There are production forests and
forest for special purposes (conservation, protective and social).
The width of water protection zones in Belarus is 50e600m
(Anonymous, 2014). In Russia, there are zones for production,
biodiversity conservation and unmanaged for future harvesting
(Anonymous, 2006). The zoning approach in Russia has been pri-
marily used to protect riparian ecosystem and ranges from 50 to
200m in width (Naumov et al., 2017). However, progression of
forest policy towards forest intensification has already resulted in
increased harvesting of old remnant forests previously protected in
riparian buffer zones (Naumov et al., 2017).

The zoning approach requires an integrated spatial planning
process that can accommodate conflicting management aims, such
as intensified wood production and biodiversity conservation. For
example, within the zone for wood production, the Swedish
intensive forest management model can support an even flow of
timber to the industry through tactical and operational forest
management planning within a long sustainability horizon
(Elbakidze et al., 2013). Latvia is currently embarking on this tra-
jectory. On the other hand, the current approach to forest man-
agement in the Russian Federation is mainly based on natural
regeneration with minimum investments in silviculture
(Angelstam et al., 2017a,b). Therefore, the main concern in the
forest sector is about insufficient forest management intensity,
which does not meet the expectations of sustaining economic
outcomes for the forest industry (Naumov et al., 2016, 2017).

Within the zone for biodiversity conservation, modelling that
combines spatially and thematically sufficiently detailed land cover
data, and evidence-based knowledge about what focal species
require, is a good evidence-based tool to supply spatial planning
processes with relevant information for the maintenance of func-
tional green infrastructure within forest management units and at
the regional level (Scott et al., 2002; Manton et al., 2005). For Eu-
ropean boreal forests we argue that the focal species approach is
appropriate for spatial planners to identify priority conservation
areas in forest management units. Given empirically well-defined
requirements of species, habitat can be quantified using a limited
number of tree species and age classes. Additionally, the focal
species have been shown to have an umbrella function (Roberge
and Angelstam, 2006).

A critical issue is what proportion of a forest management unit
should be devoted to wood production and biodiversity conserva-
tion, respectively. The Aichi targets (Convention on Biological
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Diversity, 2010) provide guidance consistent with evidence-based
knowledge about what is required to maintain biodiversity as a
minimum (Svancara et al., 2005). The Aichi target 11 prescribes that
17% of the land base should be conserved through effectively and
equitably managed, ecologically representative and well connected
systems of protected areas, and other effective area-based conser-
vation measures. Even if biodiversity conservation targets based on
evidence-based knowledge are higher than politically negotiated
targets (Svancara et al., 2005), the notion of critical thresholds for
local extinction of focal species per se is critical (Hanski, 2011).
Additionally, the Aichi target number 7 states that “By 2020 areas
under agriculture, aquaculture and forestry are managed sustain-
ably, ensuring conservation of biodiversity”. Thus, for operational
forest management it is necessary to employ awider range of forest
management systems than the clear-felling system that dominates
in northern Europe (Andersson et al., 2016; Elbakidze et al., 2017).
For example, M€onkk€onen et al. (2014) and Tikkanen et al. (2012)
suggested diversification of forest management regimes by
refraining from thinning on a proportion of commercial stands as a
method to achieve a sufficient balance between wood production
and biodiversity conservation by landscape restoration.

However, the opportunity to implement and maintain a zoning
approach through spatial planning including both different forest
management systems and protected areas (e.g. Gustafsson et al.,
2012) among regional forest governance and ownership contexts
varies. The four countries and five regions involved in this study
illustrate this. Societal steering in Russia and Belarus is top-down
and forests are state-owned. This is in stark contrast to countries
with many forest owners and small fragmented forest land
ownership, such as in Sweden and Latvia. Thus, different ways and
incentives to satisfy production and conservation objectives need
to be used in different regions. Place-based collaborative learning
among stakeholders about the states and trends of different di-
mensions of sustainable forest management can be effective tools
(Nordberg et al., 2013). For instance, Model Forests and other
landscape approach concepts can play important roles to test, apply
and scale up innovative ideas and disseminate knowledge about
how to implement sustainable forest management policy
(Elbakidze et al., 2010; Axelsson et al., 2011). This requires in-depth
understanding of stakeholders' perceptions, ability and willingness
to act at different levels of governance (e.g., Blicharska et al., 2011).

5. Conclusion

Wood production and biodiversity conservation are two
competing objectives of sustainable forest management. Our
comparison of five regions in the forest landscape history gradient
in northern Europe's’West and East shows that when indicators for
wood production perform well, the opportunities for biodiversity
are poor. The Swedish case study region performed well regarding
wood production but did not deliver representative functional
green infrastructures for biodiversity conservation. Latvia occupied
an intermediate position regarding wood production and biodi-
versity conservation. In contrast, the habitat networks were func-
tional in the Belarusian and Russian case studies, which had the
shortest forest use histories. This demonstrates difficulties in terms
of achieving competing policy objectives within individual forest
management units, unless zoning of different functions is satisfied.
Five key recommendations are (1) to restore biodiversity in regions
with a long forest use history (e.g. Sweden), (2) to develop alter-
natives to clear-felling systems for intensified wood production
that are ecologically sustainable in regions with a short forest use
history (e.g. Russia), (3) adapt spatial planning approaches of both
protected areas and different forest management systems to
regional governance and tenure contexts, and (4) to communicate
evidence-based knowledge about how much habitat focal species
require, and (5) for spatial and forest planners in different contexts
to share their knowledge and experience. Exchanging experiences
among regions with different landscape histories can bridge
knowledge gaps through collaborative learning.
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