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Abstract: Research Highlights: Validating modelling approach which combines global framework
conditions in the form of climate and policy scenarios with the use of forest decision support system
to assess climate change impacts on the sustainability of forest management. Background and
Objectives: Forests and forestry have been confirmed to be sensitive to climate. On the other hand,
human efforts to mitigate climate change influence forests and forest management. To facilitate
the evaluation of future sustainability of forest management, decision support systems are applied.
Our aims are to: (1) Adopt and validate decision support tool to incorporate climate change and
its mitigation impacts on forest growth, global timber demands and prices for simulating future
trends of forest ecosystem services in Lithuania, (2) determine the magnitude and spatial patterns of
climate change effects on Lithuanian forests and forest management in the future, supposing that
current forestry practices are continued. Materials and Methods: Upgraded version of Lithuanian
forestry simulator Kupolis was used to model the development of all forests in the country until
2120 under management conditions of three climate change scenarios. Selected stand-level forest
and forest management characteristics were aggregated to the level of regional branches of the
State Forest Enterprise and analyzed for the spatial and temporal patterns of climate change effects.
Results: Increased forest growth under a warmer future climate resulted in larger tree dimensions,
volumes of growing stock, naturally dying trees, harvested assortments, and also higher profits from
forestry activities. Negative impacts were detected for the share of broadleaved tree species in the
standing volume and the tree species diversity. Climate change effects resulted in spatially clustered
patterns—increasing stand productivity, and amounts of harvested timber were concentrated in
the regions with dominating coniferous species, while the same areas were exposed to negative
dynamics of biodiversity-related forest attributes. Current forest characteristics explained 70% or
more of the variance of climate change effects on key forest and forest management attributes.
Conclusions: Using forest decision support systems, climate change scenarios and considering the
balance of delivered ecosystem services is suggested as a methodological framework for validating
forest management alternatives aiming for more adaptiveness in Lithuanian forestry.
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1. Introduction

The sensitivity of forests and forestry to climate change has been widely reported [1,2].
With nitrogen deposition, increased temperature, and changes in the growing season and CO,
concentrations as the main factors shaping the impact [3-8], the response of forests has been found
to be dependent on the geographic region [2,9,10]. For hemi-boreal forests in the northeastern
part of Europe, positive effects on forest growth and wood production have been reported [2,11].
More specifically, for Lithuania, the increase in air temperature, precipitation amount, and nitrogen
deposition during the vegetative period, and reductions in air SO,, surface ozone concentrations,
and sulphur and heavy metals deposition since the late 1970s have been associated with the rapid
increase in the growth-intensity of Norway spruce, moderate increase in the growth-intensity of Scots
pine, and minimal growth increase of birch species [12-16]. Increasing disturbance risks may have
adverse effects [2,17,18]. Extreme climatic conditions [19] and increases in drought stress, due to
ongoing climatic changes [20] ultimately result in tree death.

Climate change challenges are often important drivers of social readjustments and innovation.
Following the Paris Agreement [21], the European Union (EU) has committed to a 40% domestic
reduction in greenhouse-gas emissions compared to 1990 levels by 2030, 25% of which is expected to
come from land-use change and forestry [22]. Despite doubts about whether such efforts may have an
influence on climate change mitigation [23], they will influence and already have influenced forest
management decisions, and, thus, forests and forestry [24]. Forest management has long aimed for a
sustainable yield of wood; however, the concept of sustainable forest management has been adjusted
to also include ecological and social sustainability requirements [25]. Economic, ecological, and social
values of nature are covered by the concept of ecosystem services, which are defined as the benefits
that humans obtain from ecosystems [26]. Therefore, we are presented with the questions: To what
extent is the sustainable provision of ecosystem services sensitive to forest management, and to what
extent does climate change influence the trends and compatibility of different ecosystem services?

Majority of aforementioned studies on climate change impacts on forests and forestry are based
on exploring past data; However, to make a forest management decision today, one needs to reduce
the uncertainty on the subsequences in the future. To describe the future trends of forest resource
development, we use a forest decision support system. The early forest decision support systems were
used to facilitate the evaluation of future woody biomass availability and potential timber resources
to support policy measures aimed for sustainable timber supply; however, later there are numerous
examples available of the successful decision support system application to modeling future trends
of other forest ecosystem services, balancing wood production with other forest functions [27-32].
After the ratification of the Kyoto Protocol, forest monitoring and resource projections became an
important field of forest decision support systems application [33]. The more recent task for decision
support systems became dealing with climate change impacts [34,35]. Even though the majority of
available decision support systems consider ecological and socioeconomic conditions, estimating the
impacts of climate change on forest growth and forestry remains a challenging task [36].

Scenario projections are always related to uncertainties in input data, models, the compilation of
models into the decision support system and the scenario assumptions made [37]. However, the number
of uncertainties to deal with increases when considering climate change effects in modelling future
development of forest and forestry. To account for climate change effects, the long-term projections need
to be involved, which necessarily increases the uncertainty. The sources of uncertainty are related to
climate change models (temperature, precipitation, abiotic and biotic disturbances), characterization of
forest response to changed growing conditions (input-output data, growth, resistance, mortality,
tree species suitability, regeneration), expectations of society and behavior of forest managers,
including the efforts to mitigate climate change (policies, demand and prices of forest products),
methodological aspects and knowledge gaps to put all these aspects together [31,37-40]. Many of
those challenges are related to the difficulties in modelling stochastic events [37], and the need to use
spatially-explicit data at different geographic scales [36]. Nevertheless, many of currently available
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decision support systems include functionality which may to some extent simulate climate change
impacts on forest and forestry. For instance, seven out of nine European decision support systems used
in H2020 project ALTERFOR currently contain features addressing the effects of climate change [36].
Usually, climate change projection data are used to affect the stand growth by tree species—this refers
to Remsoft Woodstock used in Ireland, InVEST and VALE (Italy), EFISCEN-space (the Netherlands),
Heureka and HoldSim (Sweden) and partly to SADfLOR (Portugal). Two decision support systems
consider single tree growth potential —SILVA (Germany) and Sibyla (Slovakia). Even though the
mentioned decision support systems were found to be suitable as support for forest policies, the need
for more data and models is usually reported when attempting to estimate the impacts of climate change
on biomass production and other forest ecosystem services [36]. Instead of aiming for unattainable
optima, the ALTERFOR project suggests, that ideally the decision support system should be capable
of modelling climate change in terms of its impact on tree growth, tree mortality and tree species
suitability and under different global climate change and market scenarios and taking forest owner
behavior into account [36].

Potential timber supply in the future has been questioned in several national-level studies in
Lithuania, like the assessment of Lithuanian forest growing stock potential and its usage applying the
simulator Kupolis at the whole country [41] and state forest enterprise [42,43] levels. The potential
effects of increased domestic wood use on employment, the economic performance of national forestry,
and carbon sequestration were analyzed using the European Forest Information Scenario Model
(EFISCEN) [44]. Forest biomass potential for Lithuania’s energy pathways was discussed using the
Landscape simulation and Ecological Assessment tool and the modeling framework for medium- to
long-term energy system planning, energy policy analysis, and scenario development (MESSAGE) [45].
To the best of our knowledge, the national decision support system-driven studies did not consider the
effects of climate change on forest growth and forestry.

There are two objectives of the study described in this paper. First, we validate decision support
system-driven solution to include global climate change, timber demand and price scenarios in
simulating future trends of forest ecosystem services as a support for forest policies at the local level.
We demonstrate how forest decision support system without inbuilt climate models, i.e., the Lithuanian
simulator Kupolis [36], may be adopted for the modeling of climate change effects on growth rates.
The solution is based on adjusting the growth functions and forest regeneration characteristics by
the user. The second objective is to determine the effects of climate change on Lithuanian forests
and forestry, and its sustainability in terms of the deliveries of some ecosystem services in the future,
assuming that current forest management practices are continued. More specifically, we aimed to map
the factors that shape forestry in the country, and its regions under changing management conditions,
questioning whether there are any geographic patterns of climate change effects in a small country
like Lithuania. We elaborate on the importance of considering the spatial dynamics of climate change,
as having a strong impact on potential forest management decisions and one of the pre-conditions for
more adaptive forest management.

2. Materials and Methods

The analytical steps of our study include:

(1) Specitying alternative future scenarios, considering human efforts to mitigate climate change and,
therefore, different forest growth, timber demand, and price trends;

(2) Modeling forest resource development and forest use under alternative future scenarios and
assuming that current forest management practices are continued;

(3) Quantifying selected ecosystem services and analyzing their spatial and temporal development
at the regional branch level of the State forest enterprise. The focus has been on timber supply
and biodiversity-related ecosystem services;

(4) Examining the mechanisms of climate change effects on Lithuanian forests and forestry;
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(5) Discussing how decision support systems may contribute to more adaptive forest management.

Even though all steps contribute to validating the use of forest decision support system to assess
climate change impacts on the sustainability of forest management, the steps from (1) to (3) refer more
to Objective 1 of current study, while the steps from (3) to (5) primarily contribute to Objective 2.

2.1. Study Area

Our study covers all forests of Lithuania—a country situated in Central Europe with a total land
area of 65,200 km? and central coordinates of 55°10” N, 23°39’ E (Figure la). Lithuanian forests are
categorized as the European hemi-boreal mixed broadleaved-coniferous forest type in the transitional
zone between the boreal coniferous and the nemoral broadleaved forests [46—48]. Forests cover 33.5% of
the country’s area, of which 50% are owned by the state, 40% are owned by private forest owners,
and the remaining 10% are reserved for restitution, meaning they are currently practically without
active forest management [49]. Scots pine dominates in the southeast, Norway spruce in the west,
and deciduous tree species in the north-central parts of the country (Figure 1d—f). The average growing
stock volume in all forests was 256 m3/ha (260 m3/ha in the state and 253 m3/ha in other forests), and the
average age was 54 years (57 years in the state and 51 years in other forests) based on the Lithuanian
Statistical Yearbook of Forestry 2018 [49].
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Figure 1. Basic characteristics of the study area to date: (a) Location of Lithuania in Europe, (b) average
age of all forest stands, (c) average standing volume in 1 ha, (d) volume proportion of Scots pine,
(e) volume proportion of Norway spruce, and (f) volume proportion of deciduous trees (produced
based on data from forest state cadaster [50]).

2.2. Climate Change and Market Scenarios

We used scenarios developed by the International Institute for Applied Systems Analysis (ILASA)
for the project ALTERFOR [51]. The scenarios differentiate between different climate mitigation
efforts and the resulting climate change on a global scale, linked to different trends in timber demand
and prices. Scenarios consider the policy targets for the EU [52], combined with the Representative
Concentration Pathways and Shared Socioeconomic Pathways developed for the International Panel
for Climate Change [53]. The scenarios used in this study are:

(1) REFERENCE—a continuation of the current development in the EU and only small efforts globally,
followed by strong climate change (temperature increase of ca. 3.7 °C by 2100 compared to
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pre-industrial values). Both timber and pulpwood harvests are expected to increase, with relatively
unchanged proportions, and a medium level of logging residue extraction;

(2) EU BIOENERGY—strong EU policies and medium policies in the rest of the world,
potentially resulting in medium climate change (temperature increase of ca. 2.5 °C by
2100 compared to pre-industrial values). The share of pulpwood increases until 2050, but thereafter,
both timber and pulpwood harvests increase strongly. The logging residue extraction remains at
a medium level;

(3) NO POLICY—wood harvests are expected to follow the current national guidelines and impacts
from climate change, or its mitigation policies are not considered, including the impact on timber
demand and prices.

Land uses are expected to remain unchanged under all scenarios. The dynamics of timber demand
and prices are represented in Figure 2. The scenarios do not consider the development of disturbing
factors, such as wind storms, attacks of pests, diseases, etc.
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Figure 2. Some parameters of the International Institute for Applied Systems Analysis (ILASA) scenarios:
(a) Industrial roundwood demand, total harvest, in millions of m3/year, under bark; (b) sawlog prices,
national average price per m3 (exchange rate in 2010), at the industry gate; (c) pulpwood prices,
national average price per m?3 (exchange rate in 2010), at the industry gate.

2.3. Modeling of Forest Resource Development under Changing Climate Conditions

Simulations were conducted for 2020-2120 in 10-year steps using the Kupolis simulator, which is
a nationally developed decision support system for modeling forest resource development [37].
Kupolis simulates the development of forest and use of wood resources in a forest stand by
modelling the growth of trees by tree species, accounting for natural versus artificial regeneration,
natural mortality, thinnings, and salvage cuttings. The final harvest volumes for the coming decade
are estimated at the management unit level, which in our case was the regional branch of state forest
enterprise and distributed by stands of mature age [41]. Volumes of final harvesting are aimed for
continuous and sustainable timber use, smoothing of age class structure, and balance between cutting
volume and the increment. For this study, Kupolis was enhanced to enable modifications of forest
growth parameters accounting for climate change in our scenarios. All other forestry principles
(e.g., the choice of tree species in regeneration, thinning definitions, site productivity interpretation,
harvesting regimes, etc.) remained unchanged. We made the following assumptions regarding forest
growth under changing climate conditions. First, the average temperature was assumed to be about
0.8 °C cooler in the pre-industrial period than now. We assumed that the average temperature was
~0.3 °C cooler during 1960-1990 than was captured in the models currently used in Kupolis [54].
The average temperature was expected to grow linearly in the future until 2030 under all scenarios to
hit the point of the IASA REFERENCE scenario in 2100 (temperature increase of ca. 3.7 °C by 2100
compared to pre-industrial values). However, after 2030, the trajectory of temperature increase was
changed for the EU BIOENERGY scenario to hit 2.5 °C by 2100. The same trajectories were followed
later by adjusting the diameter, height, and stem volume increment, due to increased temperatures,
following Augustaitis et al. [15]. On average, the stem volume increment was increased by 39%
and 30% for spruce, 21% and 16% for pine, and 4% and 3% for deciduous tree species in 2120,
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assuming REFERENCE and EU BIOENERGY scenarios, respectively. Proportionally, mean diameters
were adjusted by tree species. Therefore, climate change impacts were directly associated with
changed growth by tree species, resulting in changes in tree dimensions and then leading to changed
stand characteristics, volumes of mortality and cuttings. No temperature increase or forest growth
adjustments were considered under the NO POLICY scenario.

For the simulations, we used data from stand-wise forest inventories conducted during the
2010s [50]. The total number of simulated compartments was 1,434,552 covering 2,034,488.9 ha.
The simulated forest management units amounted to 42, matching the number of state forest enterprises
before the reform in 2018. Areas with dominating urban forests and strict nature reserves were
removed from the analysis. The number of compartments ranged from 12,076 in the smallest forest
management unit to 73,068 in the largest unit. No afforestation or deforestation was assumed.
Forest management regime in Kupolis was defined, aiming to emulate current forest management
practices in Lithuania [42,43]. As the starting point, we used the year 2020; thus, we modeled
the development of forest resources from the date of forest inventory until 2020 using the IIASA
scenario-specific considerations.

2.4. Assessed Attributes Describing Forests and Forestry

Kupolis simulates forest management at the stand level, with outputs containing detailed stand
descriptions of all tree species remaining in forest and harvested during the simulation period.
A set of attributes describing the development of Lithuanian forests and forestry was extracted from
the simulated data, referring to each decade starting from 2020. The full list of assessed attributes is
provided in Table A1. Forestry-related expenses used to estimate the costs of silvicultural activities are
listed in Table A2.

To estimate the revenues from forestry activities, timber prices were differentiated depending
on the IIASA scenario. As a starting point, the sawlog and pulpwood, as well as other round wood
prices, were collected from the official statistics, referring to the year 2010. Then, the structures of
the assortments were estimated for final and intermediate cutting separately, considering the average
diameter of trees cut. Considering the shares of each assortment type in the total amount of harvested
volume, the weighted average price for 1 m?> was estimated for major tree species (pine, spruce, oak,
ash, birch, black alder, aspen, and grey alder). Then, the prices were adjusted for each decade assumed
in ITASA scenarios, considering the changing ratio of sawlogs and pulpwood (Table A3). The profit
was calculated as the difference between estimated revenues and silvicultural costs.

2.5. Mapping and Evaluating Climate Change Effects

To quantify the impact of climate change on specific forest attributes, we subtracted the value
achieved in the NO POLICY scenario from the corresponding values of REFERENCE and EU
BIOENERGY scenarios for each time point (i.e., 2020, 2030, ..., 2120) or decade (i.e., 2020-2030,
2030-2040, ..., 2110-2120) used in simulations. To detect the presence of a monotonic increasing or
decreasing trend in the differences during the entire simulation period, we performed the nonparametric
Mann—-Kendall test and then estimated the slope of a linear trend with the nonparametric Sen’s method
using the MAKESENS tools developed by the Finnish Meteorological Institute [55].

The slope was estimated and plotted on a map for all forest management units—management
areas of the regional branch of the state forest enterprise. Global Moran’s I was used to assess the
global spatial autocorrelation of the slope. Anselin Local Moran’s I enabled us to identify statistically
significant hot spots, cold spots, and spatial outliers in the mapped slope values.

To better understand the mechanisms of climate change effects on forests and forestry, we searched
for ordinary least square regression models that explain the variance of the slope parameter introduced
above. We checked all possible combinations of the input candidate explanatory variables describing
current forest conditions. Characteristics describing current forest conditions were used as the
explanatory variables, including average age, height, dbh, standing volume, and volume of trees that
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die through natural mortality (m3/ha/year); average probability of mortality, due to competition, wind,
and diseases; share of broadleaved tree species in the standing volume; proportion of the volume of pine,
spruce, birch, black alder, aspen, and grey alder; average soil fertility and humidity grade, based on
soil typology and the average site index used in Lithuanian forest inventories [56]; and minimum,
maximum, mean, and standard deviation values of elevation (based on GDR250LT—geo-referential
spatial data set at scale 1:250,000 of the territory of the Republic of Lithuania (www.geoportal.lt)).
The number of explanatory variables ranged from two to five. The following conditions were used to
consider the model as passing: Only those explanatory variables whose coefficients were statistically
significant at the 95% confidence level and whose variance inflation factor was under 7.5 were used to
avoid multicollinearity; the minimum acceptable Jarque Bera p-value was 0.1 to test whether the model
residuals were normally distributed; and, finally, model residuals were tested for spatial clustering
using Global Moran’s I (maximum value allowed 0.1) for the cases that passed all the above search
criteria. Geographic information system (GIS) processing and exploratory regression investigations
were conducted using ArcGIS v10.6 (Esri Inc., Redlands, CA, USA).
The overall structure of our study is summarized in Figure 3.
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Figure 3. Flowchart summarizing the overall structure of the study.
3. Results

The results are presented in three sections. First, we demonstrate our approach to incorporate
climate change and its mitigation impacts on forest growth, global timber demands and prices for
simulating future trends of forest ecosystem services. The overall figures on forest resource development
and timber harvesting until 2120 are introduced in Section 3.1. In Section 3.2, we investigate the
temporal trends and spatial patterns of climate change effects on Lithuanian forests and forestry.
Finally, in Section 3.3, we analyze the factors influencing the shape and magnitude of some climate
change effects on forest resources and the delivery of selected ecosystem services.
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3.1. Development of Forest Resources and Forestry in Lithuania during the Next Century

The majority of attributes describing forests and forestry are expected to increase or remain
at similar levels in Lithuania during the coming century (Figures 4 and 5, more detailed results
are introduced in Table S1). However, trajectories of many attributes change in the middle of the
21st century. The trends under scenarios that consider climate change effects are usually more different
from the NO POLICY case than each other.
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Figure 4. Selected attributes of Lithuanian forests at specific time points, depending on future scenarios:
(a) Standing volume in 1 ha, (b) average diameter of all forest stands, (c) relative share of broadleaved
tree species in the standing volume, and (d) tree species diversity.

More specifically, standing volume in 1 ha is expected to increase during the whole simulation
period; however, it stabilizes and even decreases for the NO POLICY scenario, i.e., if the potentially
increasing yields, due to warmer temperatures are not considered (Figure 4a). The average diameter of
all stands seems to be decreasing until ~2050 (Figure 4b) and stabilizes afterwards for the NO POLICY
case or slightly increases for the other two scenarios, due to the adjusted diameter increase used in
simulations. The relative share of broadleaved tree species in the standing volume (Figure 4c), as one of
the proxies for biodiversity, is expected to decrease by the midpoint of the simulation period before it
stabilizes or even increases. Tree species diversity is expected to increase during the whole simulation
period, with less steep trends if climate change effects are included in the simulations (Figure 4d).
Average age remains rather stable (52.5-54.5 years) during the whole simulation interval with some
drop-down around the year 2050 (Table S1). No climate change effects were assumed on the age of
stands, because of specifics of current forest management practices applied in Lithuania and of the
Kupolis simulator.

Current forest management, if continued during the next century, is expected to deliver increasing
harvested timber volumes. They get stable or even declining towards the end of the simulation period
(Figure 5a). A common feature for the amounts of harvested timber is the potential volume increase,
due to climate change, regardless of human mitigation efforts. Annual natural mortality is simulated
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to increase, due to the death of trees of larger dimensions (Figure 5b). The annual wood volume
increment, if not adjusted for the yield increase, due to climate change, remains rather stable during
the whole simulation period (Figure 5c). A sudden drop-down at 2050 is observed, which is explained
by the vast mature pine forests planted after WWII changing into young stands.
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Figure 5. Selected attributes of Lithuanian forests during certain simulation steps, depending on future
scenarios: (a) Volume of annually harvested timber, (b) annual natural mortality, (c) annual wood
volume increment, (d) profit from forestry activities, and (e) felling rate.

If climate change effects are considered, the annual wood volume increment increase is steeper
during the first half of the simulation period, despite the larger yields expected later, due to higher
temperatures assumed in REFERENCE and EU BIONERGY scenarios. The NO POLICY scenario
suggests relatively small, but slightly increasing profits during the whole simulation period (Figure 5d).
However, if climate change effects are included in the simulation, profits from forestry activities are
expected to increase rapidly during the whole simulation period, suggesting, in principle, climate change
benefits for Lithuanian forestry if only timber supply is considered, neglecting other ecosystem services.
Additionally, profits under the EU BIOENERGY scenario, which involves additional human efforts to
mitigate climate change, reach the profits of the REFERENCE scenario by the end of the simulation
period. Finally, the felling rate (Figure 5e) is always simulated to remain under the margin (i.e., 95%)
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assumed for a “good” rating following the criteria for sustainable forestry by FOREST EUROPE,
the United Nations Economic Commission for Europe, and the Food and Agriculture Organization
of the United Nations [57]. Increased yields under climate change with current forest management
approaches usually result in lower felling rates, even though they are increasing during the largest
part of the simulation period, before starting to decrease during the last four decades.

3.2. Spatial Pattern of Selected Climate Change Impacts on the Development of Forest Resources and Forestry

The magnitude of climate change effects on selected forest attributes and the increasing or
decreasing impact trajectories over time, are presented in Figures 6-9. The hue of color used in the
figures below is associated with the positive or “good” (red) and negative or “bad” (blue) interpretation
of climate change effects on specific attributes, whereas the color value reflects the strength of the effect,
with dark meaning “strong” and light indicating “weak”.
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Figure 6. Pattern of climate change effects on selected dendrometric attributes in Lithuanian forests
during next 100 years from 2020 to 2120: (a) Standing volume in 1 ha, REFERENCE scenario, (b) standing
volumein 1 ha, EU BIOENERGY scenario, (c) average diameter of all forest stands, REFERENCE scenario,
(d) average diameter of all forest stands, EU BIOENERGY scenario, (e) annual wood volume increment,
REFERENCE scenario, (f) annual wood volume increment, EU BIOENERGY scenario.

The presence of a statistically significant trend (« < 0.05) in slope values is observed in practically
all cases discussed, except for species diversity in areas with a dominance of deciduous tree species
and the felling rate, where the differences between the outputs from NO POLICY and the two other
scenarios remain stable over time. The values of the slope, estimated and mapped by polygons
corresponding to management areas of regional branches of state forest enterprise, exhibit a clustered
pattern (Global Moran’s [ is usually relatively high) in practically all cases, which cannot be the result
of random chance (p-value is usually much less than 0.05—Table A4). Usually, the north-central and
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south-eastern parts of the country stand out. This is confirmed by the cluster and outlier analysis that
identified spatial clusters, as shown in Figure 10.
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Figure 7. Pattern of climate change effects on selected biodiversity-related attributes in Lithuanian
forests during the next 100 years from 2020 to 2120: (a) Annual natural mortality, REFERENCE scenario,
(b) annual natural mortality, EU BIOENERGY scenario, (c) relative share of broadleaved tree species
in the standing volume, REFERENCE scenario, (d) relative share of broadleaved tree species in the
standing volume, EU BIOENERGY scenaril (e) tree species diversity, REFERENCE scenario, (f) tree
species diversity, EU BIOENERGY scenario.

More specifically, greater climate change (REFERENCE scenario) is expected to yield larger
average tree dimensions, volumes per 1 ha, and annual increments compared to medium change
(EU BIOENERGY scenario), especially in the south-eastern and western parts of the country, as shown
in Figure 6. The increase in attributes is relatively smaller in the deciduous-dominated north-central
part of Lithuania. A warmer climate may cause a further decrease in the share of broadleaves and
slow-down the rise of species diversity (Figure 7). The influence is smaller in the north-central part of
Lithuania with dominating deciduous tree species; however, it is also low in the extreme south of the
country, where pine dominates. No significant temporal trends of effects on species diversity were
detected in the most deciduous and pine-dominated areas. EU BIOENERGY is the most favorable
scenario for biodiversity attributes.

A relatively warmer climate seems to have a stronger impact on increasing the volumes of
harvested assortments (Figure 8) and, in general, geographic patterns of increasing dendrometric
attributes and increment are here followed. However, even though the statistically significant global
clustered spatial pattern is maintained (i.e., the p-value remains less than 0.05), the values of the slope
in some polygons start standing out, not yet yielding spatial outliers.
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Figure 8. Pattern of climate change effects on volumes of major assortments of harvested timber in
Lithuanian forests during the next 100 years from 2020 to 2120: (a) Volume of sawlogs harvested
annually, REFERENCE scenario, (b) volume of sawlogs harvested annually, EU BIOENERGY scenario,
(c) volume of pulpwood harvested annually, REFERENCE scenario, (d) volume of pulpwood harvested
annually, EU BIOENERGY scenlo, (e) annual volume of harvesting residues, REFERENCE scenario,
(f) annual volume of harvesting residues, EU BIOENERGY scenario.

a b
Slope
under -0.8
-0.79--05
[7-049--03
-029-0
B 0.01-0.15
016 -04
Il 0.41 and above

Slope
under 16.8
16.81 - 18.5
[118.51-195
1951 -21.2
2121 -22
2201 -225

Il 22 .51 and above

------ Significance of slope, a<0.05

Figure 9. Pattern of climate change effects on harvesting intensity and economic efficiency of forestry in
Lithuanian forests during the next 100 years from 2020 to 2120: (a) Felling rate, REFERENCE scenario,
(b) felling rate, EU BIOENERGY scenario, (c) profit from forestry activities, REFERENCE scenario,
(d) profit from forestry activities, EU BIOENERGY scenario.
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The impact of climate change on the felling rate during the simulation period is relatively low,
usually resulting in an insignificant slope (Figure 9). However, spatial clustering is even stronger.
The final felling rate is expected to decrease slightly in the south-eastern part of Lithuania and,
in contrast, to increase in the northern part, outside the area dominated by deciduous tree species.

Climate change effect on profit from forestry activities is stronger under the conditions of the EU
BIOENERGY scenario (Figure 9). This could be explained by the steadily increasing profit during the
whole simulation period under the EU BIOENERGY scenario and a sudden jump in profit during the
initial simulation steps followed by a slower increase later under the REFERENCE scenario (Figure 5d),
which both reach the same point in 2120. Irrespective of scenario, climate change increases the profit
least in the north-central area of Lithuania with abundant deciduous species, while the relatively
largest increase is seen in pine-dominated Southeast Lithuania.

a b

¥
™ } - ‘

Not Significant High-High Cluster [l High-Low Outlier
I Low-High Outlier Low-Low Cluster

Figure 10. Hot spots, cold spots, and spatial outliers of climate change effects on selected key forestry
attributes in Lithuanian forests during the next 100 years from 2020 to 2120: (a) Annual wood
volume increment, REFERENCE scenario, (b) annual wood volume increment, EU BIOENERGY
scenario, (c) profit from forestry activities, REFERENCE scenario, (d) profit from forestry activities,
EU BIOENERGY slario, (e) felling rate, REFERENCE scenario, (f) felling rate, EU BIOENERGY scenario.

3.3. Factors Influencing Climate Change Effects on Lithuanian Forests and Forestry

Generally, a high proportion of variance in changing development trajectories of key forest
attributes, due to climate change impacts is explained by current forest conditions (Figure 11).
Adjusted R? parameters for most of the dependent variables are above 0.7. Better models are generally
achieved for all forests than for just the state forests. Best regression models explaining the effects of
climate change on selected forest attributes are given in Table S2.

The proportions of times that each candidate explanatory variable was found to be statistically
significant during the tests of all potential variable combinations are illustrated in Figure 12.
The proportion of spruce trees in current forests seems to be an important factor for all scenario cases.
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The tested increase in spruce growth is expected to be the largest, relatively, due to climate warming.
The share of spruce in current forests is also responsible for changes in harvested timber in state
forests. Elevation, especially the presence of hilly landscapes in the management area, is an important
variable in many models. The vulnerability of current forests to catastrophic events, as expressed by
the probability of mortality, may be responsible for changes in volumes of harvested products, due to
climate change. The two climate change scenarios do not differ much; however, the proportion of
aspen seems to be relatively more important for revenues and profits under the REFERENCE scenario,
whereas the same is true for all broadleaved species under the EU BIOENERGY case.
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Figure 11. Highest proportions of variance explained in ordinary least square regression models
describing the change of key forest and forestry characteristics, due to climate change.
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Figure 12. The proportions of times that each candidate explanatory variable was statistically significant
when testing all potential regression models: (a) REFERENCE scenario, (b) EU BIOENERGY scenario.
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The explanatory variable may have different effects on the changing trajectories of forest
development under climate change. Information on the consistency of the relationships of explanatory
and dependent variables in regression models is provided in Figure 13. So, the greater the dominance
of spruce in current forests, the larger the impacts on the increase in forest productivity-related
characteristics. However, spruce causes decreasing biodiversity-related characteristics, like the
proportion of broadleaved tree species and species diversity. Opposite impacts are associated with
the current proportion of broadleaved species, birch, and aspen. Elevation-related variables indicate
positive effects, except for the primarily negative effect on the change of species diversity, the share of
broadleaved species and the felling rate.
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Figure 13. The stability of candidate explanatory variables in tested regression models: (a) REFERENCE
scenario, (b) EU BIOENERGY scenario.

4. Discussion

The current study was aimed, first, to validate modelling approach which combines global
framework conditions in the form of climate and policy scenarios with the use of decision support
system and considering local and national forest governance aspects. Our predictions cannot eliminate
all uncertainties about future conditions of forests and forestry, but they can rather reduce uncertainty
in current forest management decisions. Thus, we discuss the results of our validations first comparing
the approach and achieved figures with the findings of other national and international studies.
Second, we evaluate the modelling approach considering its suitability to disclose the effects of
climate change on Lithuanian forests and forestry and potential use as support for forest policies,
i.e., how well the second objective of our study has been met.
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4.1. Incorporating Climate Change Effects in Decision Support System Simulations

Even though forest management decisions are adopted for the future, examples of using decision
support systems in Lithuanian forestry remain rare, and their theoretical basis is weak. Nevertheless, our
projections developed under the NO POLICY scenario do not contradict the findings of previous
national studies, even though the objectives and methodological approaches are different. The volume
of felled trees in our simulations increases during the three initial decades, but then rather stabilizes
and remains under 13 million m3, meaning approximately 10.7 million m® of merchantable timber,
using the definitions of Lithuanian practical forestry. This is in line with forecasts by Petrauskas
and Kuliesis [41], where projected harvest levels reach 10 million m® during the 21st century in
protective and commercial (Groups 3 and 4) forests. If approximately 6% of additional timber is
made available from Groups 1 (strict reserve) and 2 (special purpose) forests [49], then we obtain
compatible findings. Near identical results were achieved using data from sampling based on the
national forest inventory of Lithuania and modeling forest development applying European forestry
dynamics model EFDM [58]. Jasinevicius et al. [44] projected harvest levels in Lithuania that did not
exceed 10 million m?; however, they only considered timber products. As some bias in simulated
results is inevitable, we obtain comparable results for several forestry simulation studies in Lithuania.
Therefore, harvesting levels above 10 million m3
Lithuania. The major difference between our study and all other forestry simulation studies conducted
in Lithuania is that none of the previous exercises has incorporated the potential impact of climate
change on forest growth and forest management. Disregarding this factor, we may face a significantly
larger bias than, due to methodological simulation issues. For example, in our study, the average
increase in standing volume in 1 ha of all forests during the simulation period without considering
potential climate change effects (NO POLICY scenario) was about 15%, while considering the climate
yielded 18%-20%. We determined a 5% increase of the annual wood volume increment during the
coming 100 years in the NO POLICY scenario, but a 23% or 27% increase under warmer conditions
(EU BIOENERGY and REFERENCE scenarios, respectively). Assuming that the models need to be
evaluated according to the level of reduced uncertainty in management decisions, we emphasize the
importance of climate change in forestry simulations.

Some of the globally available decision support systems incorporate climate effects on forest
growth and forestry [36]; however, Kupolis does not explicitly include climate models. The approach
used in the current study was employed to consider climate change by adjusting growth rates under
different scenarios of average annual temperature changes. In fact, all the changes are related to
changed growth, tree dimensions, and, thus, relevant forest characteristics, like volumes of the
growing stock, naturally dying trees and harvested timber, tree species proportions, etc. For instance,
increased spruce productivity under warmer climate may result in decreasing share of broadleaved
species, or larger basal area may influence changes in thinning regimes and harvested timber volumes
(total, by tree species, by assortment types), however, climate change has no impact on the age of stands,

annually should be considered as unrealistic for

which is the key parameter for final harvesting and is predefined by the principles of current forest
management practices. We do not discuss the IIASA scenarios, considering they have already been
well-introduced [52,53]. However, the main problem in our study is the lack of data on climate change
effects on growth in Lithuania apart from expert opinions. Therefore, the study by Augustaitis et al. [15],
which discusses the growth changes of main tree species retrospectively in changing environments,
is, in principle, the only source of information we used to adjust the growth models used in Kupolis.
We think further studies that deliver more information on forest reactions to climate change will be able
to improve the simulations. We do consider the trends revealed in the current study to be sufficiently
reliable to provide guesses about Lithuanian forestry under the changing climate.

An increasing number of studies addressing climate change impacts on forest growth and
forest management suggests the importance of geographic aspect in interpreting the results.
Numerous studies, involving the use of decision support systems, suggest changing forest productivity
in the long-term. However, the direction of changes may be radically different. Reduced forest
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growth, basically, due to increased temperatures and decreased precipitation is reported in
the Mediterranean and Atlantic countries of Europe—Spain [59], France [60], Ireland [40,61,62],
Denmark [63] also in Central Europe—Austria [64] and Slovakia [62]. Both increasing [62,65] and
decreasing [62] trends may be observed for Germany, depending on the region, climate change
patterns and characteristics of forest and forest management. Nevertheless, countries neighboring
to Lithuania geographically—Sweden [61,63], Norway [63] and Finland [63,66,67], usually report
increased forest productivity, due to climate change impacts. This is completely in line with our
findings, suggesting larger wood volume increment and timber harvesting potential in the scenario
with less climate change mitigation efforts, and thus, faster increasing temperatures. An Irish
study [40] with a similar methodological approach to ours and compatible climate change scenarios,
suggested changing timber prices to have more effects on forest management than climate change
growth impacts. Climate change may have geographic region-specific effects on other components,
which need to be considered aiming for sustainable forestry. For instance, H2020 project ALTERFOR
suggested [62] better outcomes for biodiversity under current climate change mitigation efforts in
Europe and low globally (cf. our REFERENCE scenario) in Germany, Slovakia and Italy, but worse
in Sweden and Lithuania, usually associating them with growth rates. The same study concluded
that global climate change scenarios did not have a substantial impact on the vulnerability of
landscapes to catastrophic events, such as fires or wind, however, some country-specific outputs
were reported, underlining methodological limitations in the functionality of used decision support
systems. Warmer climate was suggested to offer the most advantages from a carbon sequestration
perspective. So, the geographic context and spatial scale are important in relation to both incorporating
climate change effects in decision support systems and suggesting adjustments to forest management.
Our study elaborates on that more—even though Lithuania is a relatively small country and uniform
climate change scenarios have been used for its whole area, we obtain spatially clustered results of
climate change impacts on forest and forestry development. Different forest management strategies
could be created for regions with different forest characteristics, and such aspects are currently
disregarded in forest policy and management.

Climate change scenarios used in our study do not consider the development of disturbing factors,
such as wind storms, attacks of pests, and diseases. The predictions achieved here are aimed to support
strategic or long-term forest planning. Climate change-induced long-term changes in forest growth;
however, are considered to have a more significant impact on forest conditions than both harvesting and
natural disturbances [68]. We test only current forest management approaches, i.e., forest management
specifications in Kupolis have been defined by best describing current forest management practices in
Lithuania [41-43], or more precisely, as they have been during the last one to two decades. Lithuania has
a strictly centralized forest management system, denying decision freedom of forest managers and
owners and involving detailed planning, legal prescriptions, and scrupulous control [69,70]. Forestry is
built around the concept of a normal forest, aimed at maximizing the even flow of timber implemented
via forestland zoning by forest functions, strict rotation ages, and area control of age classes [71].
This makes the consideration of climate change in our projections easier; however, forestry becomes
more vulnerable to management decisions made based on biased assumptions about the future.
The EU BIOENERGY and REFERENCE scenarios developed by IIASA predict a higher demand for
forest products and higher prices, reflecting the human effort to mitigate climate change. In our
study, the supply from Lithuanian forests (the felling rate) is bound to the current forest management
principles with rigid planning and fixed allowable rotations. Thus, we limited the positive economic
effects of the markets to higher revenues following higher prices, but disregarded the potential for more
intensive harvests. Increased growth results in larger volumes of harvested assortments and changing
forest characteristics, including the ability to provide ecosystem services other than timber supply.
Thus, all subsequent interpretations need to be considered in the context of current forest management
approaches. The result would change if forest governance and management in Lithuanian becomes
less rigidly regulated and more adaptive to future socio-economic contexts and climatic conditions.
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4.2. Effects of Climate Change on Forests and Forestry

Summarizing the potential effects of climate change on Lithuanian forestry, we note both
positive and negative impacts. First, the tree dimensions increase, resulting in a larger average
diameter, the volume of growing stock, harvested assortments, and annual wood volume increment,
consequently leading to higher profits of forestry activities. Some attributes that can be considered
as proxies for biodiversity—the share of broadleaved tree species in the standing volume, the tree
species diversity, and the felling rate—have smaller values under REFERENCE and EU BIOENERGY
scenarios. This is a result of differences in increasing stand growth processed through forestry simulator.
The development trajectories of some modeled attributes change from approximately the 2050-2070s.
We associate this with historical facts of Lithuanian forestry: Large-scale afforestation with pine in the
first post-WWII decades and the prioritization of spruce plantations since the 1970s [70], which will
resultin a huge amount of forest stands reaching a mature age in near future; and the ideological imprint
of the normal forest theory from the classical German school on forest management principles aimed
at volume accumulation. After the second half of the 21st century, positive changes occur in the trends
of biodiversity-related attributes. The increases in forest productivity and timber harvesting-related
attributes become less intensive compared to the nearest future, but the profit from forestry activities
continues to grow because of increasing sawlog prices, as suggested in the IIASA scenarios.

To proceed with more detailed analyses of climate change effects on Lithuanian forestry,
simulation results at a forest management unit level are used. Following the Law on Forests of
the Republic of Lithuania [72], a five-year norm for the cutting area and maximum amount of harvested
merchantable timber is approved by the Lithuanian Government for all state forests, which is estimated
and distributed by regional branches of the state forest enterprise. State forest management practices
are defined by a forest management plan for 10 years, which includes detailed management provisions,
such as sequencing stands for thinning and final felling [70]. Forest management planning also includes
adjusting the annual final cut area by prevailing tree species for each regional branch for the next five
years, considering both the characteristics of available forests and provisions of norms for the cutting
area by the Lithuanian Government. The annual cut area should guarantee stable harvesting by tree
species during the next two decades. Therefore, in principle, this makes the regional branch of the state
forest enterprise the most suitable unit for forecasts in state forests. Management of private forests in
Lithuania is independent of state forest management, even though it is under the same ideological
and legal forestry framework as state forests [73]. We discuss the development trends and the climate
impacts aggregating all forests that geographically located inside the management area of the regional
branch of the state forest enterprise. All official forestry statistics in Lithuania usually assign private
forests to the corresponding management area of the state forest enterprise to geographically represent
the data [49].

The relatively low forest felling rate in Lithuania has been associated in previous studies
with current forest management practices, aimed at volume accumulation and strong disagreement
of different stakeholders’” groups about whether it must be increased or even decreased [70,74].
Even though the potential to increase the timber supplies from Lithuanian forests without negative
effects on other ecosystem services is significant [43,44,70], the potential increase in felling rate in
the nearest future is debated, due to ideological imprints and political realities [70]. Our findings
suggest that the felling rate, on average, can be lower under changing climate, under the condition
that current forest management practices are continued. However, climate change effects on felling
rate at the management unit level can vary considerably, also involving its increase in some areas.
We obtained a statistically insignificant value of the slope at the individual management unit level,
but a strongly clustered pattern if looking at the whole country. The felling rate is expected to decrease,
due to climate effects in Southeast Lithuania, while it may increase in some northern management
units, suggesting the need for a careful investigation if suggesting forest management strategies for
these areas.
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As the principles of management for volume shape much of the Lithuanian forestry,
economic variables describing forestry development have been estimated as a post-modeling exercise
using data of simulated amounts of harvested timber and the prices of assortments by tree species,
elaborated separately, i.e., outside Kupolis. Optimizing the profits from forestry has never been among
the tasks of the decision support system’s simulation under conditions of current forest management
models. The current study has demonstrated the importance of economic variables in making the
final judgement regarding the simulation outputs, e.g., no matter the larger increment and volumes
of timber produced under the REFERENCE scenario, the larger positive increase in profits may be
expected under the EU BIOENERGY scenario with less productivity, but steadily increasing prices of
timber during the whole simulation period.

Numerous characteristics of current forests were tested as potential variables to explain the
changing trajectories of forest development under climate change. We do not discuss the multiple
regression models in detail as they were developed for modeled parameters. According to our findings,
the terrain inside the management unit is a significant explanatory variable for practically all examined
dependent variables, even though Lithuania is a relatively flat country. The proportion of Norway
spruce—the species the most influenced by a warmer climate [15]—is another important variable.
The third group of important explanatory variables is the probability of mortality, which is determined
for current forests and incorporates several forest characteristics, like diameter and height, which are
seldom significant if used individually. The best regression models developed (having the highest
adjusted R?, Table S2), often involved the factors in principle slowing down the increasing effect of
climate change (e.g., the proportion of aspen, grey alder, birch, or all broadleaved species), but missing
those directly responsible for positive impacts, like the proportion of Norway spruce.

5. Conclusions

With this study, we validated decision support system-driven solution without inbuilt climate
models to include global climate change, timber demand and price scenarios in simulating future trends
of forest ecosystem services as a support for formulating long-term forest policies. The overall picture
of future forests without the above-mentioned factors was demonstrated to be biased, consequently,
leading to higher uncertainty in forest management decisions. We confirmed the geographic context
and spatial scale to be important, considering both incorporating climate change effects in decision
support system and suggesting adjustments to forest management. Notably, considerable spatial
patterns of climate change impacts on forests and forestry development have been observed for a
relatively small country like Lithuania.

In this study, which to our knowledge was the first national attempt to consider climate change
effects in forest decision support system, we demonstrated some opportunities and risks for Lithuanian
forestry. Climate change and human mitigation efforts may have both positive and negative effects.
Basically, the increased forest productivity under a warmer climate results in larger tree dimensions,
increasing volume of growing stock and harvested assortments, consequently leading to higher profits
of forestry activities. A warmer climate is associated with a lower felling rate as, according to the current
restrictive policies, moderate harvesting volumes would be maintained despite increased increment.
However, negative impacts have been detected for the biodiversity-related attributes, i.e., the share
of broadleaved tree species in the standing volume and the tree species diversity. Climate change
effects, if they are analyzed at the level of management unit corresponding to the area of the regional
branch of the state forest enterprise, result in spatially clustered patterns. The positive effects related
to increases in stand productivity, and amount of harvested timber are concentrated in the regions
with dominating coniferous species, while the same areas are exposed to stronger negative impacts on
dynamics of biodiversity-related attributes. Current forest characteristics explain 70% or more of the
variance of climate change effects on key forest and forestry attributes. Important characteristics of
current forests in this aspect are related to the terrain in the management unit area and proportions of
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tree species and mortality probabilities. The potential to use all the advantages of climate change in
Lithuania is limited by the current forest management concepts focused on volume accumulation.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/9/809/s1,
Table S1: Potential development of attributes, characterizing Lithuanian forests and forestry, during the period
from 2020 until 2120, depending on future scenarios, Table S2: Best ordinary least square regression models
explaining the effects of climate change on selected forest attributes.
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Appendix A
Table A1l. Assessed forest attributes.
Attribute Units Explanation References
Gross remaining wood volume of the living trees
Standing volume m3/ha after harvest and mortality in the

preceding period

The relative share of broadleaved tree

species in the standing volume Percent
Area-weighted average height of stands at m
the unit of forest management
Area-weighted average diameter at m
breast height
Area-weighted average age Years
Tree species diversity at the end of each Shannon The mde.x was calculat.ed C0n51der1ng' the volume
. . . o proportions of all available tree species at forest [75]
simulation step diversity index .
management unit
To obtain the figures on mortality rates, we used
data from permanent sample plots of the
Lithuanian national forest inventory (NFI)
Gross volume of the trees that died, due to referring to three 5-year inventory cycles in
natural mortality during the m3/ha 1998-2016. Using detailed information on [76]
preceding period volumes of trees that died, were harvested, and
remained growing on the NFI sample plots,
annual mortality models were developed by the
State Forest Service for nine main tree species
Binary logistic regression models for the
mortality were developed using data from
permanent sample plots of Lithuanian NFI and
following the approaches described in references.
Soil fertility gradient, soil humidity gradient, age,
height, and diameter of prevailing tree species in
the stand; mean height and diameter of the stand;
Probability of tree mortality, due to wind, Percent site index; ownership; and forest group (forest [77,78]

diseases, and competition group defines the forest management regime)
were the variables used as model predictors.
Models were developed for eight tree species
groups (pine, spruce, birch, black alder, aspen,
grey alder, oak, and ash), all of which were
statistically significant. Probability of tree
mortality was used to describe current forest
conditions only
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Attribute

Units

Explanation

References

Volume of harvest residues and sawlogs,
pulpwood, and logs remaining in the forest
during the simulation period

m3/ha/year

The distribution of harvested timber by
assortments and their prices were taken from the
state forestry statistics of the last five years from
2013 to 2018. To reduce the number of assortment
categories, the pulpwood volume also included

the volume of roundwood for particleboard
and firewood

[79]

Net volume increment

m3/ha/year

Volume Increment [t + 1] = (Standing Volume
[t + 1]—Standing Volume [¢] + Harvest Volume
[t + 1] + Mortality Volume [t + 1])/10where t and

t + 1 are two subsequent points of time
(e.g., t: 2020, t + 1: 2030)

Felling rates

Percent

Felling as percent of net annual increment

Costs, revenues, and profits from forestry
activities during each simulation period

Eur
Eur/ha

Total values and values per 1 ha of the forested
area at forest management unit

Table A2. Types of forestry-related expenses used to estimate the costs of silvicultural activities.

Type of Costs

Units

Explanation

References

Afforestation and reforestation costs

Eur/ha

Costs are based on the figures available from the
“Order of payments for afforestation, forest
tending and protection” by National Paying

Agency. The same source was used to estimate
all other costs per ha, including the
pre-commercial thinning costs

[80]

Costs to support natural regeneration

Eur/ha

Calculated for all natural pine, oak, and ash
stands with an age of 10 years or less at the end
of each simulation period

Tending costs

Eur/ha

Estimated for young stands up to seven years for

coniferous (three occasions of tending) and noble

deciduous, and five for the remaining deciduous
tree species (two occasions)

Costs of pre-commercial thinning

Eur/m3

Estimated based on the volume cut and the
thinning intensity

Commercial thinning and final
harvesting costs

Eur/m?3

Estimated based on volumes of merchantable
timber to be harvested and expert-based
knowledge of commercial harvesting costs,
supported by direct timber harvesting, extraction,
and transportation, as well as selling
administration costs in the Lithuanian State
forestry sector during 2014-2016.
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Table A3. Average timber price (in Eur/m?) by tree species, [IASA scenarios, and cutting type during the simulation period.

. Price by Decades
Tree Species
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2010 2020
REFERENCE, final cutting
Pine 40.40 40.85 40.34 43.30 62.31 63.30 63.32 69.40 73.76 76.81 79.86 82.91
Spruce 35.22 36.14 36.02 35.81 50.64 50.46 50.48 54.31 57.05 58.98 60.90 62.82
Oak 93.07 92.46 90.67 103.61 14295 14755 147.61 162.68 17347 181.01 188.55 196.09
Ash 34.56 34.37 33.81 37.88 50.26 51.70 51.72 56.46 59.86 62.23 64.60 66.97
Birch 37.49 38.34 38.25 37.90 51.14 50.93 50.94 54.30 56.71 58.40 60.09 61.77
Black alder 24.16 24.04 23.71 26.12 33.45 34.31 34.32 37.12 39.13 40.54 41.94 43.35
Aspen 18.38 18.62 18.55 18.75 23.54 23.58 23.59 24.92 25.87 26.54 27.21 27.88
Grey alder 10.89 10.87 10.79 11.31 12.88 13.06 13.07 13.67 14.10 14.40 14.70 15.00
EU BIOENERGY, final cutting
Pine 40.40 40.36 40.85 43.16 43.55 52.96 58.89 66.71 70.49 75.36 80.24 85.11
Spruce 35.22 35.06 35.02 35.86 35.56 41.48 45.21 51.05 53.99 57.75 61.50 65.26
Oak 93.07 93.35 95.51 10290 10536 128.68 143.36 160.24 168.08 178.28 188.49  198.70
Ash 34.56 34.65 35.33 37.66 38.43 45.77 50.39 55.69 58.16 61.37 64.58 67.79
Birch 37.49 37.33 37.27 37.95 37.65 42.84 46.12 51.31 53.94 57.29 60.65 64.00
Black alder 24.16 24.21 24.61 25.99 26.45 30.79 33.53 36.67 38.13 40.03 41.93 43.83
Aspen 18.38 18.35 18.37 18.74 18.71 20.77 22.07 23.98 24.93 26.15 27.37 28.59
Grey alder 10.89 10.90 10.99 11.28 11.38 12.31 12.90 13.57 13.88 14.29 14.70 15.11
REFERENCE, intermediate cutting

Pine 36.70 37.11 36.64 39.33 56.60 57.50 57.52 63.04 67.00 69.77 72.54 75.31
Spruce 21.83 22.40 22.32 22.19 31.38 31.28 31.29 33.66 35.36 36.55 37.74 38.93
Oak 67.70 67.26 65.96 75.37 10399 10734 107.38 11834 126.19 131.68 137.17 142.65
Ash 27.77 27.61 27.16 30.43 40.37 41.53 41.55 45.36 48.08 49.99 51.90 53.80
Birch 29.50 30.18 30.10 29.83 40.25 40.08 40.09 42.74 44.63 45.96 47.29 48.62
Black alder 17.30 17.21 16.97 18.70 23.95 24.56 2457 26.58 28.02 29.02 30.03 31.03
Aspen 16.28 16.49 16.43 16.60 20.85 20.88 20.89 22.07 2291 23.50 24.10 24.69
Grey alder 8.38 8.37 8.31 8.71 9.92 10.06 10.06 10.52 10.85 11.09 11.32 11.55
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Table A3. Cont.

. Price by Decades
Tree Species
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2010 2020
EU BIOENERGY, intermediate cutting
Pine 36.70 36.67 37.11 39.21 39.56 48.11 53.49 60.59 64.03 68.46 72.88 77.31
Spruce 21.83 21.73 21.70 2222 22.04 25.71 28.02 31.64 33.46 35.79 38.12 40.45
Oak 67.70 67.91 69.48 74.86 76.64 93.61 104.29 11657 12227 129.70 137.12  144.55
Ash 27.77 27.84 28.38 30.25 30.87 36.76 40.48 44.74 46.72 49.30 51.88 54.46
Birch 29.50 29.38 29.33 29.87 29.63 33.72 36.29 40.38 42.45 45.09 47.73 50.37
Black alder 17.30 17.33 17.62 18.61 18.93 22.04 24.00 26.25 27.30 28.66 30.02 31.38
Aspen 16.28 16.25 16.27 16.60 16.57 18.39 19.54 21.24 22.08 23.16 2424 25.32
Grey alder 8.38 8.39 8.46 8.69 8.76 9.48 9.93 10.45 10.69 11.00 11.32 11.63
Table A4. Results of tests for the presence of global spatial autocorrelation of the slope.
Results of Tests by Climate Change Scenario
Forest Attribute REFERENCE EU BIOENERGY
Moran’s I Index Value  z-Score p-Value Moran’s I Index Value z-Score p-Value
Standing volume in 1 ha 0.511 4.205 0.000 0.497 4.085 0.000
Average diameter of all forest stands 0.598 4.894 0.000 0.634 5.169 0.000
Annual wood volume increment 0.655 5.330 0.000 0.672 5.448 0.000
Annual natural mortality 0.608 4.945 0.000 0.586 4.774 0.000
Relative share of broadleaved tree species in the standing volume 0.422 3.352 0.000 0.415 3.466 0.000
Tree species diversity 0.353 2.979 0.003 0.323 2.741 0.006
Volume of sawlogs harvested annually 0.419 3.499 0.000 0.372 3.139 0.002
Volume of pulpwood harvested annually 0.417 3.458 0.001 0.387 3.229 0.001
Annual volume of harvesting residues 0.420 3.500 0.000 0.380 3.186 0.001
Felling rate 0.536 4.391 0.000 0.495 4.075 0.000
Profit from forestry activities 0.426 3.521 0.000 0.321 2.733 0.000
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