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Abstract: The protective value of forests is expected to be affected by climate change. Applied forest
management could absorb or enhance such an impact. In this context, we developed a new protective
value index (PVI) that includes biometric and topographical indicators of forest stands. Using PVI
and the LandClim model, we simulated 100 years with low- and high-intensity cuttings within three
climate scenarios to analyze their influence on the protective value of forests included in the soil
protection category. The management types had a low impact on PVI during the simulation period.
However, the effects of moderate climate intensified in the second half of the simulation period. In
contrast, the extreme climate had the highest impact on PVI and its variables throughout the whole
period. The forest stands from lower elevation reached a higher protective value than intermediate
and high elevation. Although the low-elevation forest stands are the most vulnerable to climate
changes, the ongoing adaptation conducts to stands with higher protective value than stable forests
from the higher elevation. The PVI is easily adaptable for different forest landscape models and
can be widely applied to provide an integrated assessment of the forest protective value and the
management measures to maintain or enhance it.

Keywords: forest protective value; forest modeling; climate change; low- and high-intensity
management

1. Introduction

Climate change seriously impacts forest ecosystems [1], affecting forest stand produc-
tivity [2] and increasing the mortality rate [3].

The impact of climate change varies with elevation and a complex topography can
create sheltered sites [4]. For example, the low-elevation forest stands have increased the
chances of die-off caused by drought [5,6] or to change forest structure and composition [7].
At the same time, higher-elevation forests have better growing conditions with longer
vegetation periods because of warmer climate scenarios [8].

The provision of ecosystem services of forests stands included in the soil protection
category may be threatened considerably in the coming decades by climatic change [9]. In
contrast, forests are still influenced by past management regimes in which climate change
had not been considered. The current forest management is important because it can
influence the intensity of the expected changes [8].
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Soil protection ecosystem services are part of the regulating forest ecosystem services
(FES) category [10] and are assessed at local, regional and global scales [11]. Most of the
assessments use indicators such as tree species diversity, stand type and root type [12],
forest stand density (tree/ha), or percentage of vegetation cover [13].

The landscape modeling studies focused more on indexes for protection against
rockfalls and avalanches than landslides [14,15]. On the other hand, the existing indexes to
assess the protective value of the forest, such as FPGH (forest protection against gravitation
hazards) [16] and LPI (landslide protection index) [17], depend only on biometric indicators
and neglect the complex topographical environment [4].

Morphometric indicators, such as aspect and slope, may play an important role in
soil protection, the forest stands from a sunny aspect having a higher protective value [18].
Furthermore, forest stands’ structural and species diversity positively affect hazard re-
duction [19–21] and the root distribution has a key role in forest soil stabilization [22].
Regarding forest density, the ideal forest profile stands for a high level of protection is a
minimum of 400 trees/ha with a DBH higher than 24 cm [23].

In this context, the paper aims to assess how forest management and climate influence
the forest soil protective value by developing, testing and implementing a new index that
incorporates biometric and topographical environment variables. Thus, we addressed three
research objectives: (i) to create an index that evaluates the protective value of forests; (ii) to
test and model the index on diverse forest stands included in the soil protection category;
and (iii) to analyze the potential effects of climate change and management strategies on
forests included in the soil protection category.

2. Materials and Methods
2.1. Study Area

The Romanian forest area is 7.04 million ha [24], of which 4.16 million ha are in
mountain areas. Of the total forest area, 3.14 million ha are owned and managed by the
state. The Romanian forests are classified into three main management types: strictly
protected forests (no harvest), protection forests and production forests.

For the protection forests, the main management objective is to protect ecosystem
services, which are further split into multiple possible categories, depending on the scope:
water protection, soil protection, protection against climate changes, society protection,
scientific interest and biodiversity conservation [25]. More than 26.7% of state-owned
forests belong to the soil protection category [26]. In the protection forests, management is
strongly conditioned by the protective function, resulting in limitations to harvest methods
and intensity or complete exclusion of forests from timber harvesting [27].

In this respect, we selected four forest districts (FDs) [28–31] for the diversity of forest
stands and elevation gradients. The forest stand attributes, such as stand age, the share of
tree species, basal area and production class, were extracted from the forest management
plans of the study sites to create the input files for a LandClim model. The information
from the input and output files of the LandClim model allowed us to test the developed
index on the Pojorâta, Măneciu and Frasin FDs and to forecast the index values for the next
10 decades through modeling in the Râs, ca FD (Figure 1).

In the case of forest stands included in the soil protection category (Table 1), only
low-intensity cuttings are allowed, according to the Romanian technical regulations [25].
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Table 1. Forest stands included in the soil protection category.

Forest
District

Total Area
(ha)

Soil
Protection

Category (ha)

Tree Species Composition of Soil Protection Forest Stands

Elevation
Gradient (m)Norway

Spruce
Norway Spruce–

Silver Fir

Norway Spruce,
Silver Fir
and Beech

Silver
Fir–Beech Beech

Râs, ca 13,521 998.6 - - 14% 79% - 439–1197

Frasin 10,172 898.6 - 12% 65% 15% - 488–1162

Pojorâta 13,306 1257.7 69% 13% 18% - - 578–1670

Măneciu 18,760 2244.1 - - - 25% 66% 605–1995

Three of the selected FDs are in the northern part of Romania and, to complement the
study, we chose the Măneciu FD from the central part of the country (Figure 1).

2.2. Developing Protective Value Index (PVI)

When developing the PVI, we considered seven indicators that influence the soil pro-
tective value of a forest stand (Equation (1)) and how they fit with the LandClim model or
similar landscape models, which allows simulations at high spatial and temporal resolution.
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PVI =
a1 ∗

(
At

maxAt

)
+ a2 ∗

(
Se

maxSe

)
+ a3 ∗

(
Hsp

maxH sp

)
+ a4 ∗

(
Hsz

maxH sz

)
+ a5 ∗

(
Rt

maxRt

)
+ a6 ∗

(
St

maxSt

)
+ a7 ∗

(
Bs

maxBs

)
∑7

i=1 ai
, (1)

where At—aspect and Se—slope are the values for the matrix cell center; Hsp represents tree
species diversity; Hsz represents tree size diversity; Rt describes the rooting system within
each cell; St represents the total number of stems with DBH > 24 cm; and Bs represents total
biomass of existing tree species with DBH > 24 cm within each cell.

The indicators’ weights (a1 to a7) were assumed to be equal and the indicators’ values
were normalized, ranging between 0 and 1. Therefore, the PVI varies between 0—low
protective and 1—high protective value of forests.

Aspect and slope indicators were determined using the digital elevation model (DEM)
constructed using topographical plans with a 1:5000 scale. The topo to raster module of
the ArcGIS 9.3 software was used to generate the elevation model and compute slopes and
aspect data within the spatial analyst extension. Every raster created had a 25-square-meter
cell size. The normalized aspect varies between 0 to 180 degrees and the slope values in
raster cells range between 0◦ to exceptionally 85◦.

Tree species diversity (Hsp) was computed using Shannon’s entropy index [32], con-
sidering the number of species and their relative abundance from a matrix cell.

Hsp = −∑S
i=1 pi ln(pi), (2)

where S is the number of species within a cell; ni is the number of individuals from i species;
and N is the total number of individuals within a cell.

Tree size diversity (Hsz) was computed using the post hoc index of Staudhammer and
LeMay (2001) [33], which corresponded to the mean of the Shannon entropy index applied
to diameter (HDBH) and height (HH) classes. We defined a 5 cm class for DBH and a 4 m
class for height.

Hsz =
HDBH + HH

2
(3)

The root system indicator describes the rooting system in each cell. For every species,
the root type was defined according to the literature [34,35], being identified as three root
types: flat—low (1), tap—medium (2) and heart—high effect in stabilizing soil (3) (Table S2).
The root indicator resulted from a mean value of root types weighted by stem number for
every species in each cell.

Stems and biomass indicators represent the number of stems and, respectively, the
biomass of trees with a DBH higher than 24 cm found in one cell.

2.3. LandClim Model

For our study, we used the forest landscape model LandClim [36] to identify the
effect of climate and management on the protective value of forests included in the soil
protection category.

LandClim is a spatially explicit process-based model that incorporates competition-
driven forest dynamics and landscape-level disturbances to simulate forest dynamics on a
landscape scale [37]. It was designed to examine the impact of climate change and forest
management [38].

It simulates forest growth in 25 by 25 m cells, using simplified versions of tree recruit-
ment, growth and competition processes commonly included in forest gap models [38].

Forest growth is determined by climatic parameters, soil properties and topography,
land use and forest management, and large-scale disturbances. Individual cells are linked
together by the spatially explicit seed dispersal processes, landscape disturbances and
forest management. Forest dynamics within each cell are simulated by following tree age
cohorts, where cohorts are characterized by the mean biomass of an individual tree and the
number of trees in the cohort [38].
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The LandClim model has been applied to several case studies with a different ecologi-
cal focus. In particular, it has been used to test palaeoecological hypotheses by simulating
past forest dynamics [39–41], to assess the impact of climate change and disturbance regimes
on ecosystem goods and services [38,42,43] and to simulate the evolution of biomass and
species composition in the northeastern Carpathian Mountains [44].

The control file of the LandClim model requires different input files to run the model
(Figure 2).
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Figure 2. Scheme of LandClim model implementation, loose adaptation from the schematic of
LANDIS model [45].

The modeling was done for Râs, ca FD, which also was selected in the Fundive project
because of its environmental complexity, species diversity and data availability [46]. We
conducted simulation experiments with two contrasting management scenarios: current
management with low-intensity cuttings and a business-as-usual management with high-
intensity cuttings, each within three different climate scenarios (for more information about
the LandClim model input data, aggregation and analysis of output data, see Supplemen-
tary Material).

2.4. Climate Scenarios

In the Râs, ca FD (tested and modeled) in 2010, the mean annual temperature was 6.5 ◦C
and total annual precipitation 750 mm [28]. Three different regional circulation models
driven by the A1B emission scenario [47] were used to simulate the state of forests under
climate change. Although the simulated climate scenarios were heterogeneous across the
study area, the temperature and precipitation had a lapse rate with increasing altitude.

The HADCM3 climate projection was the most extreme, with the largest increase in
summer temperature and decrease in precipitation, the ECHAM5 climate was moderate
and CCSM3 projected the slightest changes in climate (Figure S1). All these scenarios
projected dryer conditions, but depending on the climate scenario, the average growing
season temperature over the simulation area increased between 2.1 and 5.4 ◦C. At the
same time, precipitation decreased between 118 and 285 mm in the simulation period’s last
decade compared with the first decade, 2010–2020 [44].
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The climate scenarios (CCSM3, ECHAM5 and HADCM3) from the A1B emission
scenario were compared with recent RCP scenarios (rcp2.6, rcp4.5, rcp6.0 and rcp8.5) [48]
extracted from the CCSM4 general circulation model. The results showed that the A1B
climate scenarios do not differ from the RCP scenarios and do not have extreme values
(Figure S2).

2.5. Management Types

In the last three decades, forest management in Romania was influenced by the transi-
tion to a marked-based economy. It is preponderantly based on the natural regeneration of
forests within the shelterwood system, with artificial regeneration used in certain forest
types or complementary to natural regeneration. The silvicultural systems include low- to
medium-intensity thinning (precommercial and commercial), which are done in the first
three-quarters of the harvesting age [49].

Main harvests are applied according to the management plan, ensuring continuity of
harvest, considering the functions set for each compartment and species physiology. Clear
cuts are limited to 3 ha for spruce only, while the shelterwood system is applied with a
harvesting rate of a maximum of 30%/intervention (after harvesting age). Low-intensity
management (less than 10% of standing volume/decade) is applied in the case of important
protection functions and planned separately [50].

In LandClim, for forest stands included in the soil protection category, two man-
agement types were implemented, reflecting the current management practices in Roma-
nia [44].

In the current management (low intensity) a proportion of 0.10 per cohort/decade
was targeted for harvesting (Table S1), describing a management oriented to biodiversity
conservation [51,52].

The second management type, business as usual (high intensity) aims to create mul-
tifunctional forests through a shelterwood system. According to the Romanian technical
regulations, thinnings were scheduled without exceeding 15% of standing volume before
forest operation.

2.6. Data Processing

The study location maps and input geomorphological variables were produced using
ArcGIS 9.3. The data were further processed using packages “stats”, “vegan”, “sqldf”,
“ggplot2”, “FactoMineR” and “VCD” from RStudio. The PVI indicators histograms were
smoothed with a density function because of the continuous and variable data of the ana-
lyzed FDs. All model outputs were analyzed in the statistical software R, version 3.6.2 [53].

3. Results
3.1. PVI Testing on Diverse Forest Stands Included in the Soil Protection Category

The forest stands included in the soil protection category were mainly located on
shaded aspects, except for the Măneciu FD. Regarding slope distribution, in the Măneciu
and Pojorâta FDs, more forest stands were located on steep slopes (Table 2).

Regardless of tree species diversity (Hsp), the tree size diversity (Hsz) was higher in all
analyzed forest districts. The root system indicator showed that the higher stabilizing effect
was given by forest stands with a low tree-species diversity as those from the Măneciu FD.
Only a few forest stands reached a high tree density (Pojorâta FD). In terms of standing
biomass, irrespective of tree species or tree size diversity, the standing biomass stock was
low in most forest stands, with some exceptions.

The forest stands dominated by coniferous species tend to have a lower protective
value than mixed and hardwood deciduous stands.

The mixed forest stands from the Râs, ca, and Frasin FDs showed a decreasing protective
value along the elevation gradient, which was also observed in forest stands dominated
by coniferous. Instead, deciduous forest stands with low tree-species diversity showed an
increased protective value against soil erosion (Table 3).
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Table 2. PVI and indicators for assessing the protective value of forests included in the soil protec-
tion category.

Indicators–
Abbreviation

General Weight
(gw)

Normalized Value (0–1)

Râs, ca FD Frasin FD Pojorâta FD Măneciu FD

Aspect–At a1
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Table 3. PVI evolution in forest stands included in the soil protection category along the
elevation gradient.

Elevation Classes 500 m 800 m 1100 m

Forest Districts Area (ha) Mean PVI SD Area (ha) Mean PVI SD Area
(ha) Mean PVI SD

Râs, ca 120.06 0.372 0.08 99.31 0.362 0.078 88.93 0.342 0.070

Frasin 57.93 0.391 0.077 212.06 0.372 0.071 63.62 0.352 0.073

Pojorâta - - - 116 0.331 0.086 481.25 0.323 0.068

Măneciu - - - 432.13 0.363 0.060 809.37 0.365 0.057

3.2. Influence of Management and Climate Scenarios on PVI and Its Indicators

The mean PVI evolution in the first 50 years has been influenced more by climate than
management scenarios. However, in the last 50 years of the simulation period, the slight
differences between low- and high-intensity management continued in mild and extreme
climate projections.

The positive effects of high-intensity management on PVI and its indicators can be
observed only in the second half of the moderate climate simulation (Figure 3). However,
overall, the differences between management types did not strongly influence PVI and
indicators evolution.
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The in-depth analysis reveals that on low elevation (500 m) during the first half of the
low-intensity management simulation the resulting forest stands reach a high protective
value mainly in a mild and moderate climate. Instead, in the second half, the protective
value of forests started to decrease in moderate and extreme climate scenarios. The influence
of high-intensity management was observed only in a moderate climate

Once, with increasing elevation (800 m and 1100 m), the protective value of forests
decreases in all climate and management scenarios. On the other hand, high-intensity man-
agement tends to increase the protective value of forests in all climate scenarios compared
to low-intensity management (Figure 4).
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3.3. Potential Effects of Climate Change and Management Strategies on Forests Included in the Soil
Protection Category

The management types simulated had an important influence on biomass stock
(Figure S3), impacting species composition and biomass dynamics regarding climate, man-
agement and elevation.
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In a mild climate and high-intensity management, the biomass stock was low at the
500 m and 800 m elevation classes. Therefore, in the second half of the simulation, the biomass
of pioneer species (as Populus tremula L., Betula pendula Roth and Carpinus betulus L.) started
to increase. On the other hand, the low-intensity management led to increased biomass
stocks at all elevation classes, mainly because of the biomass growth of Fagus sylvatica L. and
Abies alba Mill. (Figure 5a).
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The extreme climate canceled the effects of low- and high-intensity management at
500 m and 800 m elevation classes because of the reduced productivity of all existing species.
The exception was in the low-intensity management at high elevation (Figure 5b).

4. Discussion
4.1. The PVI and Indicators Evolution in Diverse Forest Stands

Our results indicate that the forest stands from shaded slopes had a lower protective
value in the analyzed forest districts, in accordance with other findings in the literature [18].

The rooting system has an essential role in soil stabilization. We observed that hard-
wood deciduous forest stands had a higher protective value because of high structural
diversity [22].

The protection provided by forests included in the soil protection category depended
on species diversity and species-specific tree density [51,54]. A high level of protection can
be reached by the ideal forest density [23], which was only exceptionally in our study case
because of difficult growing conditions.

4.2. Influence of Management and Climate Scenarios on PVI and Its Indicators

Climate change directly impacts FES provision and the increasing drought reduces
forest biomass and supports the transition to more drought-resistant species [16,55]. In the
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Râs, ca FD, the increasing effects of drought intensified the decrease of standing biomass,
mainly in high-intensity management (Figure 5). In the second half of the simulation period,
forest biodiversity increased once the standing biomass decreased in the mild climate.

In the same period of moderate climate simulation, the high-intensity management
tends to create stands with a high protective value.

There was no difference between management types regarding PVI evolution in the
extreme climate scenario. This was mainly explained by the productivity drop of all species
under this scenario and by the long process of the natural shift to more adapted species [56],
which starts to occur only during the second half of the simulation period.

In the first 50 years, there was no difference between low and high-intensity manage-
ment regarding PVI evolution. Instead, in the last 50 years, high-intensity management
led to a high protective value. However, choosing the management should not ignore the
effects of management intensity on species composition and standing biomass as in the
shelterwood system [57].

4.3. Potential Effects of Climate Change and Management Strategies on Forests Included in the Soil
Protection Category

In mountain regions, the impact of climate change on tree species is often elevation-
and site-dependent, the shifts in species composition along elevation gradients reflecting ele-
vation dependence on temperature and precipitation [55]. Therefore, the changes in species
composition and biomass play a significant role in reducing the impact of climate change [55,
58]. In low-intensity management, the increase was given by existing species, while in high-
intensity management, the increase was due to Populus tremula L., Betula pendula Roth.,
Carpinus betulus L. species, which replaced Fagus sylvatica L., Picea abies (L.) H. Karst and
Abies alba Mill (Figure 5).

Nonetheless, the forest stands from low elevations (500 m) were the most exposed to
drought, which led to lower standing biomass and a fast shift to more adapted species in
the first decades.

At intermediate elevation (800 m), the low-intensity management kept the same
dominant species and increased biomass stock. On the contrary, standing biomass stock
decreased in high-intensity management caused by drought impacts on Norway spruce [59]
and European beech [9], but these contrasting values of biomass stocks did not influence
the protective value of forests.

At high elevation (1100 m), in high-intensity management and contrasting climate
scenarios (Figure 5a,b), were differences in biomass stocked and forest composition (shifted
to more adapted species) [55]. Thus, in the first decades, the forest protective value was
lower than low and intermediate elevations. A similar trend is observed in low-intensity
management [17].

4.4. Limitations of PVI

The main PVI limitation is the equal weight of the indicators. Some studies considered
indicators, such as tree size diversity [17,60], total stems [61,62], biomass and slope, as
primarily important, assigning higher weights, while aspect and tree species diversity
were graded with lower weights. Other studies applied a multi-criteria decision support
system to assign weights [51]. This approach summed up stakeholders’ preferences on
forest ecosystem indicators regarding forest administration. Thus, assigning weights to PVI
indicators using the above-mentioned techniques would improve the results. However,
such an addition would require complementary studies on indicator prevalence, which are
not available at this point.

Other limitations for simple applicability of the PVI can be: (i) input data, which in
this study are from forest management plans and need to be adapted to the LandClim
input file requiring minimum programming experience, (ii) increased computational time
given by the number of climate and management strategies simulated and (iii) the weights
assigned for a different case study may differ, depending on regional forest experts.
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These barriers recommend an improvement of PVI by adding or improving some
indicators. In addition, testing more intensive management would be necessary to identify
its effects on PVI and indicators.

5. Conclusions

The proposed index (PVI) estimates the forest protective value on soil, including
topographic and stand-related variables. The PVI evolution was sensitive to tree species
and size diversity. The lower values of PVI are mainly a consequence of the low values of
density and biomass of forest stands located on shaded aspects.

The influence of management types was reduced during the simulation period. The
moderate climate effects intensified in the second half of the simulation period, while the
extreme climate had the highest impact on PVI and its indicators.

The forest stands from a lower elevation had a higher protective value than those from
intermediate and high elevations. Even if such forest stands are the most vulnerable to
climate changes, the ongoing adaptation is likely to create stands with higher protective
value than stable forests from a higher elevation.

The PVI provided to the forest managers an assessment of the protective value of forest
stands included in the soil protection category. The simulation of low- and high-intensity
management in contrasting climate scenarios highlighted different trends of PVI. These
results could assist forest managers in maintaining the forest protective value by choosing
proper forestry measures to ensure climate change adaptation.

The PVI was designed to not depend on one landscape model but to be easily adaptable
and to be widely applied, not only on forest stands included in the soil protection category.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/f13060916/s1. 1. LandClim model description, References [63,64] are cited in the supplemen-
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Figure S2. Comparing A1B scenarios (CCSM3, ECHAM5 and HADCM3) with RCP scenarios (RCP2.6,
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