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Abstract: Intensified forestry can be seen as a solution to climate change mitigation and securing
energy supply, increasing the production of forest bioenergy feedstock as a substitution for fossil
fuels. However, it may come with detrimental impacts on forest biodiversity, especially related to
older forests. The aim of this study was to assess the sustainability of intensified forestry from climateenergy and biodiversity perspectives, targeting forest bird species. For this purpose, we applied
the Landscape simulation and Ecological Assessment (LEcA) tool to the study area of Lithuania,
having high ambitions for renewables and high forest biodiversity. With LEcA, we simulated forest
growth and management for 100 years with two forest management strategies: Business As Usual
(BAU) and Intensive forestry (INT), the latter with the purpose to fulfil renewable energy goals. With
both strategies, the biomass yields increased well above the yields of the reference year, while the
biodiversity indicators related to forest bird habitat to different degrees show the opposite, with
lower levels than for the reference year. Furthermore, Strategy INT resulted in small-to-no benefits in
the long run concerning potential biomass harvesting, while substantially affecting the biodiversity
indicators negatively. The model results have the potential to inform policy and forest management
planning concerning several sustainability goals simultaneously.
Keywords: forest bioenergy feedstock; climate change mitigation; older forest; forest biodiversity;
forest birds; forest management
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1. Introduction
Forest bioenergy feedstock can substitute fossil fuels, which may lead to policies promoting intensified forest management that target climate change mitigation and securing
energy supply, as well as the extraction of other biomass products. However, these forest
practices may have major negative impacts on forest biodiversity, especially related to older
forests [1,2]. Increasing use of renewable energy sources (RES) is essential to achieving
the world’s climate and energy objectives, such as the United Nations (UN) sustainable
development goals 13 “Climate Action” and 7 “Affordable and clean energy” [3]. The
European Union (EU) aims to be climate-neutral by 2050, which is in line with the commitment to global climate action under the Paris Agreement [4]. The demands for forest
products can be expected to rise due to the increased use of RES related to these climate and
energy policies, especially in forest-rich countries. Additionally, the policies and strategies
concerning an overall bio-based economy, aiming to realize sustainability goals through an
increasing provision of goods and services derived from biological resources, will amplify
these demands [5,6].
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To meet the increasing demands for RES in the form of forest residues, fuelwood
and by-products from the forest industry, as well as other bio-based materials, intensified forestry could be applied. Intensified forest management aims at increasing biomass
production by maximizing existing technology, for instance using fertilizers, genetically
improved material, alien fast growing tree species, and optimized forest management
schemes including shorter rotations [7]. However, intensified forest management may
affect natural forest structures and processes, resulting in further simplification of managed
stands and reducing the amount of older forest in the landscape. This can be expected to
lead to habitat loss and related negative impacts on forest biodiversity [1,8–10]. Therefore,
increasing use of forest biomass resources also means potential conflicts with other sustainability goals, such as the global UN goal targeting biodiversity, 15 “Life on Land” [11].
According to the latter, urgent action is required to reduce the loss of natural habitats and
biodiversity, and forest biodiversity needs to be sustained or enhanced over the coming
century to halt the biodiversity crisis [12].
In the EU, the overall objective is to reach 20% of energy from renewable sources by
2020, as stated by the EU Renewable Energy Directive [13]. Furthermore, forest biomass,
used for electricity, heating and cooling, and transport fuels, is the biggest source of
renewable energy in the EU and will contribute significantly to the EU’s RES target [14,15].
Simultaneously, the EU Biodiversity Strategy [16] promotes protection of all primary and
old-growth forests, and recognizes the importance of sustainable forest management. This
implies maintaining forest biodiversity, and biodiversity-friendly forestry practices are to
be further developed [16,17]. Thus, in the EU forest strategy (EC 2013), as well as in the EU
strategic vision “A clean planet for all” [4]; RES, bio-based economy and biodiversity are
all targeted and need to be balanced in a sustainable forest management.
For balancing these sustainability goals, increasing synergies, but minimizing conflicts,
integrated and systemic understanding of the goal interactions need to be developed (e.g.,
References [18,19]). Yet, existing energy models and research on renewable energy options
often have low concerns on land use, landscapes and biodiversity [20]. However, recently,
several studies have addressed potential synergies and trade-offs that can occur between
forest biodiversity and forest biomass production [21–24]. A key question is the potential to secure or increase forest biomass production, while concurrently securing habitat
requirements of forest-dependent taxa [10,25–27]. For such analyses, addressing forest
biomass and forest biodiversity together, several modelling tools have been developed,
e.g., Kupolis [28], Heureka [29], and others (see e.g., Reference [30]).
However, few studies use spatially explicit models on the landscape scale, which
also allow for a landscape pattern induced by forest management strategies to be evaluated. While habitat quality and total habitat amount are of major importance for species’
persistence (e.g., References [31,32]), habitat configuration (spatial arrangement) is also
important, in particular on the landscape scale (e.g., References [33–36]). Habitat configuration such as forest edges and forest interior as well as patch size may imply different
habitat conditions [34,37–39], not least for forest bird species, which may not have the same
requirements as other groups of species (e.g., Reference [40]), and forest management will
strongly affect these spatial properties. Fragmentation of older forests led to decline in
patch size and interior forest habitat, while increasing the amount of forest edges. The
increase in forest edge habitat that is more exposed to human land uses may be negative
for species depending on forest interior, but can, under certain conditions for species
using several habitat types, be beneficial. Therefore, for assessing forest biodiversity, it is
important to not only find and summarize habitat across landscapes, but also to assess its
spatial configuration.
In order to link resource assessment for forest bioenergy and other biomass materials
with the main sustainability goals such as biodiversity, integrating landscape pattern, the
Landscape simulation and Ecological Assessment (LEcA) tool can be applied. The LEcA
tool has moderate data requirements and spatial assessment capabilities across whole landscapes, so it can simulate forest growth and management and assess related biomass yields
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and biodiversity components, including habitat quality, amount and configuration [41].
This enables integrated sustainability assessment of forest management policies and their
impacts on multiple sustainability goals, including climate, energy and forest resources, as
well as important biodiversity aspects.
The aim of the study was to assess the sustainability of intensified forestry from
climate-energy and biodiversity perspectives, targeting forest bird species. For this purpose,
we applied the LEcA tools for simulation of forest growth and management, and impact
assessment, comparing two different forest management strategies, BAU and INT. Specific
targets were to:

•
•

Assess the forest bioenergy feedstock yields for each strategy;
Assess forest biodiversity indicators in the form of total habitat area of forest meeting
species-specific age criteria, tailored for forest bird diversity, as well as forest edge and
forest interior habitat.

The developed methodology is expected to enable localization, quantification and
assessment of potential synergies and conflicts between sustainability goals related to
climate change mitigation using forest bioenergy feedstock, and forest biodiversity, taking
habitat quality, quantity and configuration into account. The results are expected to inform
forest management planning and policy concerning multiple sustainability goals.
2. Materials and Methods
2.1. Study Area
The study comprised the country of Lithuania (Figure 1), situated in Central Europe
by the Baltic Sea, with a total land area of 65,200 km2 and a population of approximately
3 million people. Around 33.7% of Lithuania is covered by forest [42], which can be
categorized as hemi-boreal mixed forest in the transitional zone between boreal coniferous
and nemoral broadleaved forest [43–45]. The dominating tree species are Scots pine
(Pinus sylvestris, 34.5%), birch (Betula spp., 22.0%), and Norway spruce (Picea abies, 21.0%),
where Norway spruce dominates in the west, Scots pine in the southeast, and deciduous
tree species in north-central parts of the country [42]. By the year 2017, the average growing
stock volume in the forest was 260 m3 /ha and the average age was 54 years [42].
Of the forest, 50.3% is owned by the state, 40.6% by private forest owners, and the
remaining 9.2% is reserved for restoration/compensation, with low-to-no active forest management [42]. The forest in Lithuania is managed according to a forest policy, implemented
via regulations concerning the minimum allowable rotation ages and annual allowable cuts,
applied within a land zoning system based on four forest management zones [46,47]. These
group zones of strict reserves (1.2% of the forest area), without active forest management;
special purpose forests (11.8%), targeting ecosystem protection and recreational use, with
strong restrictions on forest management; protective forests (13.1%) aimed at protection of
soil and water, with some management restrictions compared to commercial forests; and
commercial forests (73.9%) prioritizing timber production [42] (Figure 1).
Forest bioenergy is very important in Lithuania; it accounts for 65.6% of the primary
domestic energy resources, while 16.9% of the gross inland consumption [48]. Furthermore,
the consumption has been increasing considerably in the energy sector. During 2000–2015,
forest bioenergy feedstock extraction increased substantially, from 653.1 ktoe in 2000 to
1191.6 ktoe in 2015 [48]. According to the Lithuanian National Energy Strategy [49], high
shares of forest bioenergy feedstock is expected in the energy mix of Lithuania, and forest
bioenergy is very likely to continue to be one of the most important domestic renewable
energy resources in the future [50].
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For the integrated sustainability assessment of forest management strategies, the LEcA
tool was used [41], which encompasses linked modules embedded in a GIS framework.
For this study, we used the modules: (i) the LandSim model for simulating forest growth
and management, (ii) the yield estimator that aggregates the spatially explicit output from
LandSim to estimate the yield of the total harvested stem volume and the related forest
bioenergy feedstock, and iii) the habitat assessment model, used for deriving biodiversityrelated indicators (Figure 2, Table 1). The LandSim model was built in MatLab [63], while
the other LEcA modules were constructed in the ArcGIS ModelBuilder and Python
[64].
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Table 1. Input and output data of the LEcA tool used in the analyses. The first two parameters were
dynamic, while the other were static and stayed the same as the reference year 2015.
Input Parameters

Use

Description
Forest age

Mean age of forest stand in
five-year classes (dynamic
parameter, 33 classes) 1

Forest simulation, bioenergy
assessment, habitat
assessment

Forest volume

Standing volume (stems) in forest
with bark (dynamic parameter, 13
classes) 1

Forest simulation, bioenergy
assessment

Tree species

Dominating tree species (>50% of
standing volume) (8 classes) 1

Forest simulation, bioenergy
assessment, habitat
assessment

Productivity

Site productivity (2 classes) 1

Forest simulation

Ownership

Ownership (2 classes) 1

Forest simulation

Forest group

Forest management group related
to current policy (4 classes) 1

Forest simulation, bioenergy
assessment

Agricultural land

Arable land and grasslands 2

Habitat assessment

Output parameters (five-year time steps for 100 years) of the yield calculator
Firewood

Volume (roundwood) with bark

Industrial wood

Volume (roundwood) with bark

Industrial waste wood

Volume (chips and sawdust)

Harvest residues

Volume (chips)

Output parameters (five-year time steps for 100 years) of the habitat assessment model

1

Forest > 70 years

Area (km2 ) of all forest, coniferous forest and deciduous forest

Older forest

Area (km2 ) of forest with species-specific age criteria

Interior forest habitat

Area (km2 ) of interior forest habitat with species-specific age criteria
and patch size criterion

Edge forest habitat

Area (km2 ) of edge forest habitat with species-specific age criteria
and patch size criterion

State Forest Service (2016). 2 GIS-Centras (2017).

2.2.1. Forest Bioenergy Feedstock
In order to estimate the forest bioenergy feedstock yield, the output of LandSim was
used as input to the yield estimator of the LEcA tool (Figure 2). Thus, the harvested stem
volume was summarized for each time step and from these records, the forest bioenergy
feedstock yield was derived. The latter embraced the categories firewood, industrial waste
(sawdust, wood chips and pulp milling by-products), and logging residues (tops, branches
and stumps), while recycled wood was not taken into account. In accordance with the forest
legislation of Lithuania, environmental restrictions to extracting logging residues were
applied to avoid soil damage [70]. The additional volumes of logging residues (branches
and tops), as derived from the harvested stem volumes, would be 0–15% for branches and
tops, and 0–21% for stumps, see Table A1 (Appendix A).
When estimating the supply of forest bioenergy feedstock from harvested stem volume, assumptions need to be made about the use of the stems, such as the proportion
used for firewood, which corresponds to the use of saw-logs that generate industrial waste.
Based on statistics from the from the Lithuanian State Forest Service [71,72], we made
two assumptions in order to cover the range of possible outcomes. Thus, Assumption A
was that the proportion of firewood was 20% while that of industrial waste (solid wood
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equivalent) was 33% of the harvested stemwood. Assumption B was that the proportion of
firewood was 46% while that of industrial waste was 20% of the harvested stemwood [50].
2.2.2. Forest Biodiversity Components—Forest Bird Habitat
In order to integrate biodiversity into the sustainability assessment, indicators in the
form of prioritized forest biodiversity components were selected, related to habitat quality,
amount and configuration. First, for comparison, a simple age criterion of 70 years age was
applied across all tree species in order to be able to follow the forest dynamics during the
simulation period. Secondly, more specific forest habitat criteria were applied, targeting
older forest, following age criteria per tree species that were considered to be representative
of forest biodiversity requirements in Lithuania, in particular related to bird species [73–77],
see Table A2 (Appendix A). Since pine forest in general is lumped and located in specific
regions of Lithuania, mainly in the south-east, it was not part of this targeted habitat. In the
next step, forest edges of 300 m towards agricultural land was found, representing forest
edge habitat. Likewise, forests further away than 300 m from agricultural land represented
interior forest habitat. Furthermore, a minimum patch size of 2 hectares was applied. These
indicators were modelled using the habitat assessment module of the LEcA tool (Figure 2,
Table 1) for each forest management strategy and time step.
3. Results
3.1. Forest Bioenergy Feedstock
According to the LEcA simulations of Strategy BAU, the total harvested stem volume
would increase from 8.0 M.m3 in 2015, until 2055 when it will reach 13.8 MMm3 , and then
it decreases slightly, but keeps rather stable above 12 Mm3 (Figure 3). On average, over
the whole simulated period of 100 years, the total harvest volume is 12.48 Mm3 per year.
With Strategy INT, the total harvested stem volume would quickly reach high levels close
to 14 Mm3 per year, and higher than that in BAU until year 2045, but then the production
would become lower than in BAU up to 2110 when it would go slightly up again. On
average, over the whole simulated period, the total harvested stem volume in INT would
be 12.63 Mm3 per year, which is only 1.2% higher than that in BAU.
From the total harvested stem volumes, forest bioenergy feedstock were estimated,
including firewood, industrial waste and harvest residues. For both management strategies,
the supply of biomass for bioenergy followed the same pattern as those for the total harvest
projections (Figure 3). In Strategy BAU with Assumption A, the potential supply of
bioenergy feedstock would increase from 6.1 Mm3 in 2015 to 8.8 Mm3 in 2050 and then
slowly decrease, ending at about 8.1 Mm3 in 2115. The average volume over the whole
simulated period is 8.2 Mm3 per year. With Assumption B, the volume increases from
7.2 Mm3 in 2015 to 11.3 Mm3 in 2050 and then decrease until around 10.0 Mm3 by the end
of the period. The average volume over the period is 10.2 Mm3 . With both assumptions,
the volumes with Strategy BAU would peak in 2050.
In Strategy INT with Assumption A, the potential supply of bioenergy feedstock
would increase rapidly from 6.1 Mm3 in 2015 to 9.3 Mm3 in 2020 and then after 2040
steadily decrease down to 7.3 Mm3 in 2100. After that, it increases again up to 8.9 Mm3 by
2115. The average volume over the simulation period is 8.3 Mm3 . With Assumption B, the
volume increases abruptly from 7.2 Mm3 in 2015 to 11.4 Mm3 in 2020 and after 2040 will
decrease until 9.1 Mm3 in 2100. After that, it increases again up to 11.0 Mm3 by 2115. The
average volume over the period is 10.3 Mm3 . With both assumptions, the volumes with
Strategy INT would peak in 2040. The pattern is very similar to that of total harvest volume,
in that the differences between BAU and INT average bioenergy feedstock volumes are
only around 1.2%, with both assumptions. Additionally, for bioenergy yields, the initial
strong surplus with INT drops and is by 2045 exchanged with a long period of lower yields
than with BAU, until an estimated increase at the end of the period so it exceeds BAU
yields again as late as 2105.
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3.2. Forest Older Than 70 Years
The total area of forests older than 70 years, without any species-specific thresholds,
was estimated for the simulated time steps. According to the simulations, the total area will
increase during the first part of the period, while declining later in Figure 4. As can be seen,
with Strategy BAU, the increase is very pronounced during a long period of time, while
with Strategy INT, the increase is small and a long time-span with lower numbers than
the reference year will occur. This pattern is determined by the distribution of age classes
by the reference year 2015 and the age of clear-cutting, which is different for different
tree species.
Comparing coniferous and deciduous forest older than 70 years, the total area of
coniferous forest was about three times as large as the total area of deciduous forest of
this age, by the reference year 2015. With Strategy BAU, the coniferous forest older than
70 years will increase until 2035, then steadily decline to the lowest level by 2100, and then
increase somewhat again. However, from year 2070 and onwards the area is expected
to be well below the area of the reference year. With Strategy INT, the decline is more
pronounced and the peak year is 2035 before the decline starts until the area is very low
by 2095, and then it will increase again. The time period of 2045 and onwards the area
of coniferous forest >70 years old is expected to be much below the area of the reference
year. By contrast, the deciduous forest older than 70 years is expected to increase with both
strategies. During the whole simulated period, the area of deciduous forests >70 years will
be much larger than in the reference year, about 40% larger in BAU and 20% larger in INT.
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According to the LEcA simulations, older forests that met habitat quality criteria conAccording to the LEcA simulations, older forests that met habitat quality criteria
cerning age per tree species (Table A2, Appendix A) would comprise larger areas with
concerning
age per tree species (Table A2, Appendix A) would comprise larger areas with
Strategy BAU than with Strategy INT (Figure 5). As illustrated, when adding habitat conStrategy
BAU
than with
Strategy
(Figure
5).interior
As illustrated,
when
habitat
figuration, including
patch
size andINT
either
edge or
habitat, the
totaladding
habitat area

configuration, including patch size and either edge or interior habitat, the total habitat
area was considerably smaller. In addition, the interior forest habitat comprised an overall
smaller area than edge habitat, which would be a sign of a relatively high fragmentation in
the study area. For older forests in total, applying species-specific age criteria, 4723 km2
was available in 2015. With Strategy BAU, it first increases and then decreases down to
around 75% of the reference year, with the lowest area in 2085. From 2030, the area is
below that of the reference year. With Strategy INT, it decreases continuously until 2085
when it is only around 60% of the area of the reference year. At the end of the period, it
increases again, but during the whole time, it is much below the area in the reference year.
On average, the total forest area that met species-specific age criteria is 15% higher with
BAU than with INT.
For forest edge habitat with Strategy BAU, with a minimum patch size of 2 ha, available older forest is 2326 km2 in 2015 (Figure 5). By 2020, the area increases, but then it starts
decreasing to around 65% of the reference year from 2055, with the lowest value in 2085,
and then it increases again. With Strategy INT, the available habitat area starts from the
same level in 2015, then decreases to around 50% of the reference year from 2045, with the
lowest value by 2085. At the end of the period, it will increase slightly again. On average,
the available edge habitat with BAU is 18% higher than that with INT. For forest interior
habitat with Strategy BAU, with a minimum patch size of 2 ha, available older forest is
1533 km2 in 2015. Then, it decreases to around 70% of the reference year, with the smallest
area by 2090. In Strategy INT, the available habitat area starts from the same level in 2015,
then decreases to around 60% of the reference year during 60 years, with the lowest area in
2045 and in 2085. On average, the available interior habitat with BAU is 14% higher than
that with INT.
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For Assumption A with Strategy BAU (Figure 6), biomass for bioenergy will increase
up to 48.5% in 2050, compared to 2015, then go down until 2110, which is still 28.1% higher
than the base year 2015. In average over the whole simulated time period, the yearly
harvestable volume of bioenergy feedstock would be 34.2% higher than in the reference
year. In assumption B in scenario BAU, biomass for bioenergy will increase up to 56.9% in
2050, compared to 2015, then go down until 2100, which is still 25.6% higher than the base
year 2015. On average, the yearly harvestable volume would be 53.1% higher than in the
reference year.
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Looking at forest habitat with species-specific age criteria, and Strategy BAU, there
will be a decline of the total habitat amount from 2030 down to −20% by 2055 and to −29%
by 2085, with an average of −15% compared to the reference year 2015. By the end of the
simulated period, it will increase again, but below the levels of 2015. Forest edge and interior habitat, taking patch size into account, will follow a similar pattern, but with a de-
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26.6% higher than in the reference year. On average, the yearly harvestable volume would
be 57.6% higher than in the reference year.
With Strategy BAU, the volume of forests older than 70 years (considering all tree
species) will increase as well up to 36% higher in 2035 compared to 2015. Then, it is
projected to decrease so that, after 2090, it will be lower than in 2015 and by 2095 –6%
compared to 2015, while at the end it will increase again. With Strategy INT, the volume of
forests older than 70 years will increase up to 11% higher in 2035 compared to 2015. Then,
it is projected to decrease so that, after 2050, it will be lower than in 2015 and by 2095 –25%
compared to 2015, while at the end it will increase again.
Looking at forest habitat with species-specific age criteria, and Strategy BAU, there
will be a decline of the total habitat amount from 2030 down to −20% by 2055 and to −29%
by 2085, with an average of −15% compared to the reference year 2015. By the end of
the simulated period, it will increase again, but below the levels of 2015. Forest edge and
interior habitat, taking patch size into account, will follow a similar pattern, but with a
decline down to −40% (average −25%) for edge habitat and −33% (average −23%) for
interior habitat. With Strategy INT, the decline will start directly and go down to −42%
for total habitat amount by 2085, with an average of −27% compared to 2015. By the end
of the simulated period, it will increase again, but not to the levels of 2015. Forest edge
and interior habitat will again follow a similar pattern, but with a decline down to −51%
for edge habitat (average −37%) and down to −44% for interior habitat (average −34%)
compared to 2015.
4. Discussion
Intensified forestry could increase forest biomass yields immediately, but not in a
longer time perspective, and at the same time be detrimental to forest biodiversity components. With Strategy BAU, we projected a substantial increase in the production of
forest biomass with a peak around 2050, with high levels also in the following decades.
This pattern is due to the initial state of the forest, before the simulation started, and the
applied management regime. The use of intensified forestry (Strategy INT) in order to
meet increasing demands for biomass as a RES and other bio-based materials will increase
the yields in the short-term. However, in a longer time perspective, in the decades after
around 2050, the yearly harvested volumes are expected to be lower than with Strategy
BAU (Figure 3). The forest bioenergy feedstock that could be harvested will meet and
exceed the projected energy demands and climate-related goals for RES [49] during the
first decades. However, with high goals for RES after 2040 and onwards, together with
the projected decline in the supply, a deficit is projected with both strategies, but more
pronounced with Strategy INT [50].
From a biodiversity perspective, forest edge habitat can have properties that will not
be found in the rest of the forest or in the surroundings (e.g., Reference [37]). In our study,
among examples of species favored by forest edge habitat are different raptors, such as
the lesser spotted eagle (Clanga pomarina), which breeds in edge habitat with older forests
adjacent to agricultural land used as a key feeding habitat [77,78]. However, forest edge
habitat can be exposed to higher disturbances than interior habitat, when it comes to wind,
predation, human disturbances, etc., and for such reasons, other groups of species prefer
forest interior habitat (e.g., Reference [38]. Among the examples of species preferring
forest interior habitat is black stork (Ciconia nigra), for which strong population declines
are reported in Lithuania and overall in the Baltic region during the past decades [79,80].
Other examples of interior-forest species are capercaillie (Tetrao urogallus) and red-breasted
flycatcher (Ficedula parva) [54].
Older forests constitute an important habitat from a biodiversity perspective, and
therefore, the overall amount of this habitat is important, but it is also important to take
habitat configuration into account. Preference for older forests, together with a preference
for either edge or interior habitat, as well as for stands of sufficient size, make species highly
sensitive to forest management. Strong declines are expected for the three biodiversity
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indicators with species-specific age criteria, especially with Strategy INT, but also with
Strategy BAU (Figure 6). The low levels will continue for a long period of time, the lowest
around year 2090. Even if an improvement is expected after that, the populations of species
depending on the targeted habitat may not recover and local or regional extinction risks
can be expected to increase (e.g., Reference [34]). The long-term population persistence
in the landscapes may be at risk, especially for species with low reproduction rate and
strong philopatry, for example the Lesser Spotted Eagle [81]. Moreover, most of the tree
nesting raptors in Lithuania prefers older forests as breeding territory [59] and nest site
level [75,77]. Therefore, such projected bottle-necks in habitat availability should be part of
policy and planning considerations.
The difference between total habitat amount, applying species-specific age criteria,
and edge or interior habitat, can be seen as a measure of habitat fragmentation. Both edge
and interior habitat declines more than the total habitat amount, showing the fragmentation
effects on top of the decline in the total habitat amount, which is substantial, especially
with Strategy INT. In order to estimate the risks for populations with different forest
management strategies, it is thus necessary to take the habitat configuration into account,
since only part of the total habitat amount constitutes the available habitat for many
species and their populations may be at high risk due to the combination of habitat loss
and fragmentation. Thus, even if the total habitat amount is a prerequisite for species’
persistence in landscapes, our findings show that habitat configuration potentially play
an important role in these forest landscapes, since it may lead to an elevated threat to
populations of sensitive species (see e.g., References [33–36,38].
With both forest management strategies, the biomass yields increase well above the
yields of the reference year, while the biodiversity indicators, to different degrees, show the
opposite, with lower levels than for the reference year. Furthermore, Strategy INT results
in small-to-no benefits in the long run, concerning potential biomass harvesting, while
substantially affecting the biodiversity indicators negatively. In line with this, conflicts
between commercial forestry activities and the management of land for biodiversity protection has been identified as a challenge in Lithuania [82]. The high current logging levels
in the region has been seen as a major threat to forest biodiversity values, and needs have
been expressed for expanding protected forest areas, insightful management of these, and
for developing sustainable forest management in commercial forests [2,17,83].
However, compared to a recent study of selected landscapes across several European
countries, including Lithuania, their overall conclusions were different, since their results
showed almost no reduction in outcomes for biodiversity indicators with an increase in
forest biomass harvest [30]. For a selected landscape in Lithuania, they also showed a
significant increase in forest biomass production for the studied time period, but when
it comes to biodiversity indicators, their study came to a different conclusion based on
compositional and structural biodiversity indicators, aggregated across the landscape.
Another study [24] reviewed case studies of European temperate forests using aggregated
biodiversity indicators of compositional and structural diversity. They also came to the
conclusion that biodiversity only changed moderately from unmanaged to managed forests.
Explanations for the difference in overall conclusions between these studies and our study
may lie in, firstly, differences in the scenarios, since their studies seem to have applied
more moderate forest management. Secondly, differences would be due to the difference in
biodiversity indicators, where we used more simplified habitat quality indicators (speciesspecific age criteria) that were both summarized as total habitat area as well as taking
habitat configuration into account.
The LEcA tool is spatially explicit, which allows for a landscape pattern induced by
forest management strategies to be evaluated. The spatial specificity enables the adjacency
between pixels or stands, as well as to other landscape features to be taken into account
and used in the assessment. According to Nordström et al., few decision-support tools
can handle such spatial relationships, and aggregation of information across stands and
landscapes implies a loss of this type of information. For biodiversity indicators, it is
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crucial that decision support tools include spatial components on landscape scale, as
pointed out by in e.g., References [84,85]. In this way, representation of habitat quality
can be improved by adding other spatial data such as wetness, soils, etc., and habitat
configuration can be assessed. Other benefits of keeping the spatial specificity is the ability
to include transportation costs for harvesting, and ownership categories, which are factors
that may affect the probability of harvesting both industrial wood and forest residues for
bioenergy purposes.
For biomass production, aspects that the LEcA tool did not include are the effects
of climate change on forest dynamics, as well as changes to the probability of climaterelated extreme events and disturbances such as wildfires, storms and droughts, which
are issues that would need attention in future studies [86,87]. It would also be interesting
to add more details concerning habitat quality indicators, and to investigate a variety
of habitat requirements (quality, quantity and configuration) to address a wider set of
biodiversity components related to species traits. In this way, a wider range of complexities
and uncertainties could be assessed, which are involved in the projection of the future
development of the forest and related sustainability issues.
In the context of the integrated sustainability assessment that is often associated
with energy systems models, these seldom take landscape and biodiversity aspects into
account [20], and often run up to 2050 or around that, while evaluating scenarios with
more or less high ambitions concerning RES (e.g., References [88–90]). However, when
assessing forest bioenergy feedstock as an RES in this context, it is important to use a longer
time frame, such as 100 years or more, to evaluate the strong effects of forest management
strategies, despite the pronounced inertia of forest systems. In our study, the negative
impacts of Strategy INT not only on biodiversity components, but from a biomass yield
perspective, would not have been visible without the long-time perspective. In addition,
the use of clearly different forest management strategies, motivated by climate and energy
policy, is useful for exploring the limitations of the system for a wider audience, outside
forestry expertise.
5. Conclusions
Intensified forestry, as expressed in our study and motivated by climate and energy
policy, may not necessarily be an effective climate mitigation measure in the long run and
may have negative impacts on biodiversity conservation, targeting forest birds. With both
forest management strategies, the simulations indicated that biomass yields will increase
well above the yields of the reference year, while the biodiversity indicators to different
degrees show the opposite, with lower levels than for the reference year. Furthermore,
Strategy INT resulted in small-to-no benefits in the end concerning potential biomass
harvesting, while substantially affecting the biodiversity indicators negatively.
From a biodiversity perspective, forest bird species with a preference for older forests,
together with a preference for certain habitat configuration, in our study either edge or
interior habitat, would be highly sensitive to forest management practices and thus to the
development of forests, climate and energy policy. Fragmentation of older forest lead to
decline in patch size and interior forest habitat, while increasing the amount of forest edges
adjacent to clear-cuts. Therefore, for assessing forest biodiversity, it is important to not only
find and summarize the habitat of a certain quality across stands and landscapes, but also
to assess its spatial configuration. Furthermore, the implications of the combined changes
in habitat quality, quantity and configuration, in terms of persistence of populations of
sensitive species in the landscape, still comes with great uncertainties that will need further
exploration.
High ambitions concerning climate and energy policy are often played out in scenarios
and pathways that include high demands on forest bioenergy feedstock, assuming an
intensification of the forestry. The effects of such big changes need to be evaluated to
demonstrate the limitations of the system. By applying the LEcA tool, we were able
to show that there may be conflicts between sustainability objectives related to climate
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change mitigation and biodiversity, and the sustainability of proposed forest management
strategies could be evaluated. The LEcA tool can demonstrate potential synergies and tradeoffs between forest biomass production and forest biodiversity components, taking spatial
configuration of habitat into account. Information about biodiversity-related indicators,
within suitable system borders, need to be an integrated part of climate and energy policy
assessment in future studies where forest bioenergy feedstock is seen as a renewable energy
source, in order to evaluate the sustainability of policies.
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Appendix A
Table A1. Volume expansion factors (VEF) for calculating the volume of harvest residues available for extraction without
negative environmental impacts; a) branches and tops, and b) stumps; based on the harvested stem volume (State Forest
Service, 2010), adapted from Pang et al. (2019).
(a) Branches and Tops

Dominating Tree Species
Pine

Soil type

Spruce

Birch

Aspen

Black
Alder

Grey
Alder

Oak

Ash

Volume Expansion of Harvested Stem Volume (%): Branches and Tops

VEF1: steep, poor eroded, organic poor

0

0

0

0

0

0

0

0

VEF2: dry poor, moist poor, organic eroded

2

3

2

2

2

2

3

3

VEF3: dry with some fertility

10

12

12

10

10

10

10

10

VEF4: dry with high fertility

12

15

14

12

10

10

13

15

Grey
Alder

Oak

Ash

(b) Stumps

Dominating Tree Species
Pine

Soil type

Spruce

Birch

Aspen

Black
Alder

Volume Expansion of Harvested stem Volume (%): Stumps

VEF1: steep, poor eroded, organic poor

0

0

0

0

0

0

0

0

VEF2: dry poor, moist poor, organic eroded

4

4

3

4

3

3

4

3

VEF3: dry with some fertility

14

14

10

13

10

10

12

10

VEF4: dry with high fertility

21

21

15

15

15

14

17

16
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Table A2. Specific forest habitat criteria, with age criteria per tree species that were considered
to be representative for forest biodiversity requirements in Lithuania, in particular related to bird
species (Drobelis 2004; Kamarauskaite et al. 2019; Treinys et al. 2011; Treinys and Mozgeris 2006;
Treinys et al. 2009).
Older forest—age requirements by tree
species:

Ash > 70 years
Aspen > 60 years
Birch > 60 years
Black alder > 60 years
Oak > 120 years
Spruce > 70 years

Forest edge habitat

Located within 300 m from the forest border
towards agricultural areas

Forest interior habitat

Located further than 300 m from agricultural land

Patch size

2 hectares
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