
Citation: Tudoran, G.-M.

Composition of Natural Forest

Types—Long-Term Goals for

Sustainable Forest Management.

Forests 2024, 15, 1196.

https://doi.org/10.3390/f15071196

Academic Editor: Radu-Daniel Pintilii

Received: 6 May 2024

Revised: 6 July 2024

Accepted: 8 July 2024

Published: 10 July 2024

Copyright: © 2024 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Composition of Natural Forest Types—Long-Term Goals for
Sustainable Forest Management
Gheorghe-Marian Tudoran

Department of Forest Engineering, Forest Management Planning and Terrestrial Measurements, Faculty of
Silviculture and Forest Engineering, Transilvania University, 1 Ludwig van Beethoven Str., 500123 Bras, ov,
Romania; tudoran.george@unitbv.ro

Abstract: The high stability of stands with structures similar to natural ecosystems justifies adopting
their composition as a management goal. Increasing the proportion of spruce in mixed forests and in
deciduous forests in the Romanian Carpathian region, against the backdrop of climate change, may
affect their stability. The natural distribution of tree species was investigated to establish natural forest
types for defining future stand compositions. A forest in the Făgăras, Mountains of the Southeastern
Carpathians was selected, and the mapping results were applied to a management unit of 4303.2 ha.
Site conditions (e.g., altitude, exposure, etc.) are ecologically determined factors influencing the
natural distribution of tree species and significantly influence species proportions. These factors,
incorporated into models, estimate species proportions in future stand compositions with a root
mean square error (RMSE) of 20%–24%. By adopting forest-type compositions as a management goal,
the composition at the management unit level approaches that of natural ecosystems existing in 1950:
Norway spruce (Picea abies (L.) Karst.) will decrease from 80.5% to 32.4%, while European beech (Fagus
sylvatica L.) will increase from 12.5% to 41.7%, Silver fir (Abies alba Mill.) from 0.6% to 15.8%, and
other species from 6.4% to 10.1%. Restoring ecosystems affected by their transformation into spruce
monocultures leads to increased biodiversity and mitigates the effects of climate change, ensuring
the long-term functionality of forest ecosystems, which are essential conditions for sustainable
forest management.

Keywords: natural forest type; target composition; biodiversity; forest management planning;
Norway spruce; ecological restoration

1. Introduction

In recent decades, the effects of climate change on forest ecosystems have been the
subject of extensive research, which has highlighted the need to adapt forest management
and implement active strategies to address this phenomenon [1–4]. The most affected of
the tree species could become the most productive—mainly pine and Norway spruce—so
one serious effect of climate change could be felt in the value of forestland, including its
ability to sequester carbon [5]. Many coniferous forests have simple structures that are
prone to destabilising events, and so, at the European level, extensive actions have been
initiated to increase their stability by restoring forest ecosystems [6,7].

In Romania, restoration actions are based on knowledge of tree species composition in
the natural forest ecosystem. Forest typology was introduced into forest management and
planning practice as early as 1955 on the occasion of the integral planning of the country’s
forests. However, the area covered by conifers, especially spruce, began to expand in the
middle of the 19th century, initially in forests in the mountainous areas of Bucovina and then
in Transylvania. Pure spruce cultures of unknown origin were created following cuttings
conducted in natural beech and mixed beech–coniferous ecosystems. However, most of the
stand structures deviated from those specific to forest types as a result of the management
applied. The massive spruce afforestation started decades ago has altered the natural
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distribution of the forest species and has contributed to covering the traces of the former
natural forest types. In many stands, the admixed species are now only present sporadically
or have even disappeared. The characteristics of the soils have also changed, as well as
the herbaceous and shrub layer. There is a tendency for an increase in herbaceous plants
specific to spruce forests. In dense spruce stands untouched by interventions, herbaceous
plants may even be absent [8]. Today, spruce forests extend over a wide range of sites,
influencing their production, growth, and various other biometric characteristics [9,10].
This is to the detriment of forests rich in species that utilize site resources spatially and
temporally in different ways. In some cases, this leads to higher productivity [11]. In many
of the spruce forests, wind damage is frequently recorded as affecting broad areas, often
followed by other calamities that affect age–class structure at the management unit level,
thus impacting the continuous provision of ecosystem services. Parts of these forests have
reached an appropriate harvesting age, and so, through silvicultural operations, it would
be possible to return them to the composition of natural ecosystems. Young stands, which
still consist of natural forest-type species, can be managed through tending operations
towards restoring natural stand compositions. Furthermore, even in spruce monocultures,
afforestation with admixed species has been initiated under the canopy [8]. These actions
address European concerns regarding the ecological restoration of forests with damaged
structures [6,7,12–16].

Romanian forest management planning is based on knowledge of the natural dis-
tribution of forest species and information on the specific area, including its typological
units. This information comes from naturalist studies and various reports, projects, and
research programmes [17,18]. Thus, forest type has become indispensable in the practice of
sustainable forest management (SFM). In most European countries, forest-type schemes
have been developed for practical use in forestry [19]. Forest types are also used to define
long-term objectives within nature-based forest management [20] to inform guidelines for
sustainable management at the stand level [21] and evaluate and monitor the progress
made in the implementation of SFM indicators [19]. There is a need for a classification
that captures the vastness of forested European land that can be related to the SFM indi-
cators adopted during the Ministerial Conference on the Protection of Forests in Europe
(MCPE) [19]. These indicators lead to the conservation of forests and the ecosystem services
they provide for sustainable development [22].

Forest structure and species diversity are indicators of forest quality and key factors
that affect carbon storage [23]. At the same time, the age–class structure provides infor-
mation about the contribution of forest management to the long-term removal of carbon
from the atmosphere [24]. Stable stands are necessary for the continual fulfillment of these
requirements. In Romania’s site conditions, locally sourced species from natural ecosystems
have a high capacity to adapt to environmental changes and define natural forest types.
These species are promoted in forest management practice through forest types whose
compositions serve as models for stand management. Consequently, the composition of
natural forest types is essential for establishing the future composition of stands and for
the ecological restoration of stands with degraded structures in Romania. Through this
research, we aimed to establish the natural distribution of tree species and typological units
in an area densely populated with spruce monocultures, in order to determine the propor-
tion of species (P) to be promoted in future stand compositions. By increasing biodiversity
and achieving a normal age–class structure, the capacity of forests with priority production
functions to continuously provide ecosystem services is enhanced.

2. Materials and Methods
2.1. Study Area

The studied area is located in the Upper Valley basin of the Dâmboviţa River in the
Făgăraş Mountains (Figure 1). It covers an area of about 18,700 ha (1. 45◦35′14.30′′ N,
24◦57′29.76′′ E; 2. 45◦34′57.62′′ N, 25◦06′11.71′′ E) with forest stands from the former
Rucăr and Câmpulung forestry districts existing as of 1996. The forests are located in



Forests 2024, 15, 1196 3 of 18

the hydrographic basin of the Dâmboviţa River springs, in the Făgăraş and Iezer massifs
of the Făgăraş Mountains within the Romanian Carpathians. In the area, the relief is
fragmented by a dense hydrographic network. The encountered geological formations
consist of crystalline schists [25], with limited areas of sedimentary formations. On this
substrate, districambosols and spodosols have formed [26]. The annual air temperature
ranges between 2 and 6 ◦C, while annual precipitation increases with altitude, from 800 mm
(at 1000 m) to 1200 mm (at altitudes over 1700 m) [27].
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Figure 1. Map of the research area (green—spruce stands; yellow—mixed stands; brown—beech
stands) [8].

2.2. Field Mesurement

For the research area, I studied the forest management plans of the management units
(III Cascoe, IV Tămas, u, V Izvoarele Dâmbovit,ei, and V Voina) elaborated in 1996 [28],
when the forests were still state-owned and managed as a unit. This provided information
about the growing stock of the forests in the study area (i.e., the goals pursued by forest
management, the stand functions, the management measures designed and applied, and
the forest dynamics between 1950 and 1996). Indications of the natural distribution of
species in 1996 were checked for—at this time, there were still naturally regenerated
stands (57% of the study area) in the area. Based on the information from the forest
management plans, it was possible to stratify the forest area in relation to altitude, exposure
and slope inclination, composition, stand age, and current forest character (natural or
artificial). The field observations were conducted by mapping a key area (Table 1) [8]. The
key area (1140.6 ha) was chosen to represent the diversity of the site conditions, forest
management, and forest composition in the study area [8]. The key area consisted of stands
with compositions minimally altered by management measures, intended to show the
natural variability of species combinations in relation to the determining site conditions in
the area. The key area included stands from all characteristic landforms, and for slopes, the
aim was to cover all categories of altitude and exposure.
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Table 1. Characteristics for key areas.

Management
Unit III Cascoe IV Tămaşu V Izvoarele

Dâmboviţei V Voina Total

Area (ha) 7.9 282.9 308.6 541.2 1140.6

Altitude
(m)/Exposure N, NE S, SW E, SE, W, NW Total

900–1400 5 16 21 42
1450–1550 7 9 16 32
1600–1800 4 3 18 25
1850–1900 – – 1 1

Total 16 28 56 100

Inclination (◦) 0–15 16–25 26–30 31–35 36–40 41–45 Total
Area (%) 1 5 14 50 28 2 100

Age class I II III IV V VI VII VIII Regeneration class Total
Area (ha) 17.5 125.7 309.8 208.6 283.9 112.9 71.0 8.6 2.6 1140.6

Species Pa Fs Aa Ai Od Regeneration class Total
Area (ha) 1091.6 34.1 7.5 1.8 3.0 2.6 1140.6

Pa—Picea abies (L.) Karst., Norway spruce; Fs—Fagus sylvatica L., European beech; Aa—Abies alba Mill., Silver
fir; Ai—Alnus incana (L.), Moench., Grey alder; Od—Other deciduous species. Data from a study conducted in
2014 within the framework of the project Ecological restoration of forests in the Făgăraş Mountains, undertaken at
Transylvania University of Braşov.

The terrain was traversed along transects that were positioned to pass through all
landforms and ecosystems available. The transects were usually placed perpendicular to
the valleys and ridges to pass through as many stands as possible in order to determine the
vertical distribution of species. Eleven transects were placed, with varying lengths (0.4–3 km)
depending on the arrangement of the stands on the slope and the difficulty of the routes. In
each surveyed stand, a Bitterlich sampling was placed in the homogeneous portion of the
stand, representative of the species combination. Each stand was walked in its entirety in
order to obtain an overview of its structure. The hypotheses formulated regarding the spread
of typological units based on information from the plans were verified by field study along
the transects. In each survey, the site conditions (lithological substrate, landform, altitude,
exposure, slope, and position on the slope) and stand characteristics (tree species composition,
tree vitality and regeneration mode, and vertical stand structure) were investigated [8]. The
position on the slope was established in relation to the location of the stand, either towards the
lower part, the middle part, or the upper part of the slope. The composition was determined
based on the basal area (i.e., as a percentage ratio between the basal area of each species and
the total basal area of all species in the survey). Tree vitality of the trees was assessed in
relation to the appearance of their crowns, in five classes, from ”very vigorous” (i.e., dense
crown with luxuriant foliage, dark green color, and significant growth) to ”very weak” (i.e.,
sparse crown with light-colored foliage, trunk covered with lichens, and parts of branches
that are dry or drying starting from their tips). Additionally, the trunk shape, cylindricality,
and pruning were recorded for the trees. For the type of structure, the vertical dimensional
variation of the trees, the amplitude of diameter variation, and the frequency of trees in
size categories were of interest. For the type of indicator plants, the characteristics species
and coverage were recorded. Therefore, indications regarding the diagnosis of typological
units and their natural distribution were sought through field observations of tree species
such as fir, beech, maple, and other deciduous trees. Consequently, in many cases, the old
tree species (i.e., very thick, old, isolated trees left standing from former beech or mixed
stands replaced by spruce monocultures) belonging to these mixed stands, scattered in spruce
monocultures, were the only indicator of the existence of former natural ecosystems. The
structure of the stands was investigated under various site conditions, on slopes with different
exposures from the encountered phytoclimatic zones, ranging from spruce plantations in the
subalpine areas to those in the spruce, mixed, and beech stand areas. Furthermore, the spread
of deciduous species in spruce stands and their regeneration capacity (i.e., the vitality of trees
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and the presence of seedlings of these species in gaps within the mature stands) were analyzed,
as well as the seedling quality of these species in mature stands and in those subjected to
regeneration cuts. For the seedlings, coverage, composition, and vitality were recorded. The
criteria used for vitality were: (i) by status—alive (1) or dead (2); (ii) by growth vigor—with
individualized stem tip (1) or bushy appearance (2); (iii) leaf condition—normal developed (1),
injured by ungulates (2), presence of necrotic (3). The target composition for each forest type
was established based on the composition of the tree species, which are indicative of the forest
types from the surveyed stands. These compositions were corroborated with the specifications
of the technical instructions that regulate regeneration cuts in Romanian forests [29].

2.3. The Diagnosis of Natural Forest Types

The field survey and the species combinations encountered in the studied stands led to
the first typification/classification of the forest ecosystems. To diagnose the typological and
site units, I used the criteria of site typology [30] and the classification of forest types identi-
fied in Romanian forests [31–34]. I classified the typological units into the zonal altitude
and bioclimatic units existing in the vegetation zonation scheme of Romania [30,35,36],
which has already been used in the practice of forest management and planning in Ro-
mania [9], according to the scheme of European forest types [37]. To identify forest types,
site conditions and the structure of the phytocoenosis were analyzed. Altitude was the
determining site factor in the distribution of forest types. Generally, at altitudes above
1400 m, forest types from the spruce forest formation were identified, with differentiations
generally due to exposure. The change in the type of indicator plants also determined the
change in the forest type. Each type was associated with the wood quality of the trees
(e.g., at altitudes above 1600 m—trees with conical trunks, poorly pruned, covered with
lichens; at altitudes below 1600 m—trees with straight, cylindrical trunks, well-pruned).
Additionally, for each type, the limiting factor for regeneration was identified (e.g., a moss
cover of Hylocomium splendens, Pleurozium schreberi, Vaccinium myrtillus, or other herba-
ceous plants). Types from the mixed spruce–beech forest formation were identified at
altitudes between 1000 and 1400 m, mainly based on the composition of tree species (i.e.,
spruce with beech, in varying proportions with fir) and the type of indicator plants (e.g.,
Calamagrostis arundinacea, Luzula luzuloides, Oxalis acetosella, Soldanella hungarica). Mixed
stands of conifers with beech were identified by the similar proportions of tree species
(i.e., spruce, fir, and beech) and also by the layer of indicator plants (e.g., Festuca drymeia,
Festuca altissima, or Dentaria glandulosa, Galium schultesii, and other moder–mull indicator
species). In mixed stands, the condition of the trees and the quality of the seedlings were the
criteria for differentiating the proportions of species in the target composition. The forest
types were classified according to the characteristics of the terrain (i.e., landform, altitude,
slope, exposure, position on the slopes), so that in stands with similar site conditions, the
described types can be found. On this basis, the natural forest types identified in the key
area were applied to a management unit (unit IV Tămas, u with an area of 4303.2 ha) to
highlight the dynamics of forest composition from 1950 to 1996 and into the future. For
this unit, the areas of the stands and the characteristics of the terrain were known.

2.4. The Relation between Species Proportion and Site Conditions

Since altitude (A) is a determining factor in the natural distribution of forest species, the
proportion of species was expressed in relation to this factor based on information recorded
from field observations. The proportion of species was also analyzed in relation to other site
characteristics such as: mean annual temperature (MAT), mean annual precipitation (MAP),
potential evapotranspiration (PET), terrain exposure (E), landform, and slope position
(R). The climatic data were retrieved from the Meteoblue database (accessed on 17 March,
2022) [38] for the period from 1990–2020, the model used being NEMSGLOBAL 30 km
(1 h). To analyze the relation between site conditions and species proportion, the data were
aggregated at the respective period level (i.e., 1990–2020) into mean values. They were
corroborated with data from the nearest meteorological stations to the study area. The site’s
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variables with significant influence on the proportion of spruce and beech were introduced
into regression equations. The site variables were specific to each stand. For the stands in
the key area, they were established through the placed surveys. MAT, MAP, and PET were
obtained through modeling in relation to altitude.

2.5. The Effect of Forest Type Composition and Normal Forest Structure

This effect was exemplified through the lens of the carbon stored (CS) in the above-
ground biomass, at the level of management unit IV Tămaşu. From biomass, the growing
stock per hectare (GS) recorded in the forest management plan was utilized. Thus, the
management plan becomes a tool that can provide information on the stored carbon dy-
namics with each review. The volume in the management plan is determined based on the
volume regression equation used nationally for trees and stands: log v = a0 + a1 logd + a2
log2d + a3 logh + a4 log2h [39]. The coefficients in the equation are differentiated by species.
(e.g., for spruce a0 = –4.18161, a1 = 2.08131, a2 = –0.11819, a3 = 0.70119, a4 = 0.148181). For
the determination of dry GS, the wood density from Romanian dendrometric tables for
forest species was used (e.g., spruce 353 kg m−3, beech 545 kg m−3, fir 335 kg m−3) [39].
The carbon fraction (CF) of 0.47 used in calculations for estimating carbon stocks [40,41]
was applied to this volume, thus allowing the obtained results to be compared with other
datasets from other studies.

3. Results
3.1. Forest Formations

The physico–geographical conditions of the area, and primarily the presence of moun-
tain ranges, determined the existence of several zonal typological units. The forests in
the study area fell into the nemoral, boreal, and subalpine zone categories. Altitude and
exposure are the main factors that differentiate the zonal units (Table 2).

Table 2. Distribution of zonal units in the Upper Dâmbovit,a Valley watershed, Făgăras, Mountains.

Zonal Unit by Altitude Bioclimatic Zonal Units Features of Typological Units

zone Subzone Phytoclimatic
zone Subzone

Formation
of forest types

Altitude
Shady slopes Sunny slopes

Subalpine - Subalpine (FSA) -

– Spruce open forests
with mountain pine
(Pinus mugo), juniper
± grey alder,
arolla pine

From 1750
(1800) to 1700

(1750) m

From 1880
(1900) to 1800

(1850) m

Boreal
(spruce
forests)

- Mountain
spruce forests

(FM3)

Upper
mountain

(pre-subalpine)

– Spruce forests at
altitude limit
(pre-subalpine
spruce forest)

From 1750 to
1550 m

From 1850 to
1650 (1600) m

Middle
mountain

– Spruce forests
From 1550 to

1450 m
From 1650 to

1550 m

Nemoral
(deciduous

forests)

Beech and
mixed
forests

Mixed
mountain

forests
(FM2)

– Mixed beech–spruce
forests,

– mixed beech–fir and
beech–fir–spruce
forests

From 1450 to
1200 m

From 1550 to
1250 m

Lower
mountain

– Mixed beech–fir and
beech–fir–spruce
forests

From 1200 to
1000 m

From 1250 to
1100 m

Mountain and
pre-mountain
beech forest
(FM1 + FD4)

– Beech forests From 950–1000
to 800 m

From 1050–1100
to 800 m

The classification of tipological units was adapted to the scheme of vegetation zones in Romania [35]. The
formation of forest types includes all types of forests composed of the same species or combination of woody
species. Forest types within a formation can have different productivities, and the types of indicator plants within
the formation can also vary (i.e., spruce forests with Vaccinium, spruce forests with Oxalis).
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The spruce forests studied occurred on slopes with varying exposures and gradients,
from 1450 to 1850 m in altitude. At the lower limit of the subalpine zone, spruce formed
open forests with little pruning of the trees, which had conical shapes and lichen-covered
trunks. From 1750 to 1850 m, the spruce forests (i.e., the FM3 zone) descend to 1400 m on
shaded slopes and 1500 m on sunny slopes. These are structurally dense forests resulting
from plantations carried out after clear-fellings, as well as from natural regeneration. In
these forests (pre-subalpine spruce forests), towards their upper limit, there were frequent
gaps hosting mountain pine and blueberry bushes. Regarding the admixed deciduous
species, mountain ash, birch, and goat willow are frequent, and as altitude decreases, there
are sporadic occurrences of beech and maple. At altitudes between 1400 and 1500 m, the
contact between spruce forests and mixed forests occurs (from the FM2 zone), and the
proportion of beech and other deciduous trees can increase up to 20%. In the northern part
of the study area (in production unit V Izvoarele Dâmboviţei), beech is less widespread.

3.2. Natural Forest Types and Target Compositions

This study indicates that mixed coniferous (spruce, fir) forests with beech find optimal
conditions at altitudes between 1150 and 1350 m, between 800 and 1100 m for beech forests,
higher than 1350 m for spruce forests (Table 3). The balance between the proportions of
these two groups of species, coniferous and deciduous, is achieved at altitudes of around
1250 m.

Table 3. Natural forest types and target compositions.

Site Type Natural Forest Type Characteristics/Spread Species

Target Composition
(the Proportion of the
Species Is Expressed

in Tenths)

11 Spruce forests (FSA and FM3)

1120. Subalpine, low
productivity, podzolic

1161. Spruce open
forest with arolla pine

(Pinus cembra)

At the limit of
mountain pine (Pinus

mugo) forests
Altitude 1750–1850
(1900) m Coverage

10%–50%

Pa ± Pc, Sa, Pm, Jc, Av 8–9 Pa, 1–2 Pc ± Sa,
Pm, Jc, Av

1510. Subalpine on
avalanche corridors,

low productivity,
podzolic

1181. Spruce open
forest with green alder
on avalanche corridors

On avalanche corridors Pa ± Sa, Av, Pm, Jc 6–8 Pa, 2–4 Av, Sa

1210. Spruce mountain
pre-subalpine, low

productivity, peat soil
with Vaccinium,

Polytrichum

1154. Spruce forest at
altitudinal limit with

Vaccinium

At the limit of
mountain pine (Pinus

mugo) forest
Altitude 1700–1750 m

Pa ± Pc, Sa, Pm, Jc 8–9 Pa, 1–2 Pc ± Sa,
Pm, Jc

1320. Spruce mountain
pre-subalpine, low

productivity, podzolic
with Vaccinium

1152. Spruce forest at
altitudinal limit with

Vaccinium mirtillus and
Oxalis acetosella

Pre-subalpine spruce
forest at

altitudinal limit
Altitude 1600–1850 m

Pa ± Pc, Sa, Pm, Jc 8–9 Pa, 1–2 Pc ± Sa,
Pm, Jc

1330. Spruce mountain
pre-subalpine, low

productivity, podzolic
with Oxalis, Soldanella

1122. Spruce forest
with green moss

On predominantly
shaded/northern

slopes
Altitude 1600–1750 m

Pa ± Pc, Sa, Pm 8–9 Pa, 1–2 Pc ± Sa,
Pm, Av

2120. Spruce
mountain, rocky

1162. Spruce forest on
rock

On slopes with rocks
and boulders on

the surface
Altitude 1600–1750 m

Pa ± Pc, Sa, Pm, Jc, Av 7–8 Pa, 2–3 Pc ± Sa,
Pm, Jc, Av
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Table 3. Cont.

Site Type Natural Forest Type Characteristics/Spread Species

Target Composition
(the Proportion of the
Species Is Expressed

in Tenths)

2311. Spruce mountain,
low productivity,

podzolic with
Vaccinium

1153. Spruce forest
with Vaccinium mirtillus

Altitude 1400–1500
(1600) m

Pa ± Aa, Ps (Pc, Ps), Fs,
App, Sa, Ai

7–8 Pa, 2–3 Aa, Fs, App,
Ps ± Sa, Ai (at the

upper limit)
7–8 Pa, 1–2 Aa (Pc, Ps),
1 Fs, App, Sa, Ai (at the

lower limit)

2312. Spruce mountain,
medium productivity,

podzolic

1151. Spruce forest
with Vaccinium mirtillus

and Oxalis acetosella

On shaded and
semi-shaded slopes

Altitude 1350–1600 m

Pa ± Aa, Ps (Pc, Ps), Fs,
App, Sa, Ai

7–8 Pa, 2–3 Aa (Pc, Ps) +
Fs, App, Sa, Ai (at the

upper limit)
7–8 Pa, 1–2 Aa (Ps),
1 Fs, App, Sa (at the

lower limit)

2332. Spruce mountain,
medium productivity,

brown with
moder–mull

1113. High altitude
spruce forest with

Oxalis acetosella
Altitude 1300–1650 m Pa ± Aa, Ps (Pc), Fs,

App, Sa, Ai

7–8 Pa, 2–3 Aa (Pc) + Fs,
App, Sa, Ai (at the

upper limit)
6–8 Pa, 1–2 Aa, 1–2 Fs,

App, Sa, Ai (at the
lower limit)

1114. Spruce forest on
skeletal soil with
Oxalis acetosella

Altitude 1300 –1550
(1600) m

Pa ± Aa, Ps, Fs, App,
Fe, Sa, Ai

7–8 Pa, 2–3 Aa (Ps),
1 Fs, App, Sa, Ai (at the

upper limit)
7–8 Pa, 1–2 Aa (Pc, Ps),
1–2 Fs, App, Fe, Sa (at

the lower limit)

14 Beech–spruce forests (FM2)

3311. Mixed mountain,
medium productivity,
with Vaccinium and
other acidophiles

1421. Beech–spruce
forest with Vaccinium

myrtillus and
Oxalis acetosella

On shaded
slopes.

Altitude 1350–1450 m

Pa, Fa, Aa ± App, Sa,
Ug, Bp

4–6 Pa, 3–4 Fs, App,
1–2 Aa ± Sa, Bp

3321. Mixed mountain,
low productivity,

brown podzolic with
Luzula ± Calamagrostis

1431. Beech–spruce
forest with

Luzula luzuloides

On sunny slopes
Altitude 1200–1400 m

Pa, Aa, Fs ± App, Ap,
Fe, Sa, Bp

4–6 Pa, 2–3 Aa, 2–3 Fs,
App, Ap ± Sa, Bp (at

the upper limit)
4–5 Pa, Aa, 5–6 Fs, App,

Ap, Bp (in the
other sites)

1.3 Mixed coniferous-beech forests (spruce–fir–beech) (FM2)

3322. Mixed mountain,
medium productivity,

acid with moder

1331. Mixed
coniferous-beech forest
with Festuca altissima

On shaded and
semi-sunny slopes

Altitude 1000–1400 m

Pa, Aa, Fs ± App, Ap,
Fe, Sa, Bp

4–5 Pa, 2–3 Aa, 3 Fs,
App, Ap ± Sa, Bp (at

the upper limit)
2–3 Pa, 2–3 Aa, 4–6 Fs,
App, Ap ± Fe, Bp (in

the other sites)

3332. Mixed mountain,
medium productivity,

brown with mull

1341. Mixed
coniferous-beechforest

on skeletal soils

On sunny and
semi-sunny slopes with

shallow soil
Altitude 1000–1300

(1400) m

Pa, Aa, Fs ± App, Ap,
Fe, Ug

3–4 Pa, 3 Aa, 3–4 Fs,
App, Ap

(at the upper limit)
2–3 Pa, 2–3 Aa, 4–6 Fs,
App, Ap ± Fe, Ug (in

the other sites)
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Table 3. Cont.

Site Type Natural Forest Type Characteristics/Spread Species

Target Composition
(the Proportion of the
Species Is Expressed

in Tenths)

41 Beech forests (FM1 + FD4)

4322. Common beech
mountain, premontane,
medium productivity,

brown with mull

4114. Mountain beech
forest on skeletal soils

with mull plants

Altitude 800–900 m on
slopes with

different exposures
Altitude 1000–1200 m

on sunny and
semi-sunny slopes

Fa, Aa, Pa ± App, Ap,
Fe, Pav, Ug, Cb

8–9 Fs, 1–2 Aa (Pa),
App, Ap ± Ug, Fe,

Pav, Cb

4332. Common beech
mountain, premontane,
medium productivity,
podzolic with Festuca

4141. Mountain beech
forest with

Festuca altissima

On sunny and
semi-sunny slopes

Altitude 1000–1200 m

Fs, Aa, Pa ± App, Ap,
Fe, Pav, Ug

7–8 Fs, 2–3 Aa, Pa, App,
Ap ± Ug, Fe, Pav

4331. Common beech
mountain, premontane,

lower productivity,
podzolic with Luzula,

Calamagrostis

4151. Mountain beech
forest with Luzula albida

Altitude 1000–1400 m
on slopes with

different exposures

Fs, Aa, Pa ± App, Ap,
Fe, Ug, Bp

7–8 Fs, 2–3 Aa,
Pa ± App, Ap, Ug, Bp

98 Alder (grey alder) forests

3730. Mixed mountain,
medium productivity,

alluvial

9811. Grey alder forest
with Oxalis acetosella

In valleys
Altitude 800–1700 m Ai ± Pa, Aa, Fe, App 8–10 Ai, 1–2 Pa,

Aa, App

In its name, the type of site includes the orographic region and its subdivisions suitable for the forest formation, the
productive potential for the respective formation, the genetic soil type with indications on the useful physiological
regime, and the indicator species from the soil flora [30]. In the name of the natural forest type, the group of
formations, forest formation, type of indicator plants, and productivity of the forest type are included. The
target composition was established based on the combination of species from the researched ecosystems. Also
considered were target compositions recommended by the technical guidelines [29], with adaptations to the
specific ecological conditions of the studied area. The proportion of species in the target stand composition is
expressed in units from 1 to 10. Pa—Norway spruce, Picea abies (L.) Karst.; Pc—Arolla pine, Pinus cembra L.;
Sa—European mountain ash, Sorbus aucuparia L.; Pm—mountain pine, Pinus mugo Tura; Jc—common juniper,
Juniperus communis L.; Av—green alder, Alnus viridis (D. C.) Chaix.; Aa—silver fir, Abies alba Mill.; Ps—Scots pine,
Pinus sylvestris L.; Fs—European beech, Fagus sylvatica L.; App—sycamore, Acer pseudoplatanus L.; Ap—Norway
maple, Acer platanoides L.; Ai—grey alder, Alnus incana (L.) Moench.; Fe—European ash, Fraxinus excelsior L.;
Ug—wych elm, Ulmus glabra Huds.; Bp—silver birch, Betula pendula Roth; Pav—wild cherry, Prunus avium L.;
Cb—hornbeam, Carpinus betulus L. From the analysis of the typological units shown in Table 3, it appears that
several forest habitat types are widespread in the study area: 9420 Alpine Pinus cembra forests; 9410 Montane
to alpine acidophilous Picea forests (Vaccinio–Piceetea); 9110 Luzulo–Fagetum beech forests (including mixtures of
beech with fir and spruce, and pure beech forests with the same type of acidophilous plants/flora); 91V0 Dacian
beech forests (Symphyto–Fagion) (including natural forest types 1331, 1341 and 4114); 91E0 Alluvial forests with
Alnus incana (Alnion incanae) (including forest type 9811, found in meadows and wetlands at the base of slopes).

3.3. Natural Distribution of Tree Species

The natural distribution of species is influenced by site conditions. In the area, local dif-
ferentiations specific to existing topoclimates are frequent. These influence the proportion
of species participation in stand composition, as well as the distribution of typological units.
Sometimes inversions can occur, and the spruce zone can penetrate the mixed stands zone.
This happens in narrow, cold, and humid valleys, as well as on slopes near reservoir lakes
(e.g., Lake Pecineagu, on the Vladului Valley in the Izvoarele Dâmbovit,ei management
unit). Additionally, the open forests with spruce and mountain pine can descend from
the alpine zone into the spruce subzone on north-facing slopes and in valleys. However,
extrazonal conditions allow the mixed stands zone to penetrate the spruce zone on sunny
slopes. Thus, at the same altitude, there can be great variability in species proportion
within the study area, precisely due to the compensation of ecological factors. Nevertheless,
species generally maintain the tendency to modify their proportion in relation to altitude
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(Figure 2). In general, starting from 850 m, with every 100 m increase in altitude, the
proportion of conifers (mainly spruce) increases on average by about 10%. Deciduous
species (mainly beech) reduce their proportion by the same percentage.
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Figure 2. The natural distribution of deciduous species (a) and conifers (b) in relation to altitude.
The trend of the proportion of the two groups of species (i.e., deciduous—D and coniferous—C)
can be expressed by the equations: DP = –53.082 A4 + 384.4 A3 – 971 A2 + 907.3 A – 185.1 and
CP = –62.718 A4 + 113.03 A3 + 138.11 A2 – 234.62 A + 70. Altitude explains 38%–50% of the variation
in the proportion of the two species groups. Spruce from plantations was not included in the equation.

At the species level, the trend of the proportion exhibits variations depending on the
exposure (shaded or sunny). On sunny slopes, at altitudes ranging from 800 to 1450 m, the
proportion of beech decreases from 80% to 10%, while the proportion of spruce increases,
reaching 90% at 1600 m (Figure 3). Indicative average values of the species mix at different
altitudes that can be promoted by management measures are provided in Table 4.
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Figure 3. The relation between species proportion and altitude for (a) spruce and fir, on sunny (S and
SW) and shaded (N and NE) slopes, and (b) variation of stand composition in relation to altitude, on
sunny slopes (S and SW). On sunny slopes, the species proportion varies with altitude as follows:
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Spruce, P = 104.38 A3 − 42.857 A 2 − 226.8 A + 166.4 (1000–1400 m), P = –426.97 A2 + 1470.1 A −
1170.5 (1401–1850 m); Fir, P = –784.51 A3 + 2367.1 A2 − 2278.5 A + 710.21 (850–1200 m), P = 969.7
A3 − 4105.8 A2 + 5689.8 A − 2562 (1201–1600 m); Arolla pine, P = 146.43 A2 − 470.89 A + 380.84
(1650–1850 m); Beech, P = 264.49 A3 − 987.94 A2 + 1093.4 A − 297.76 (800–1400 m), P = 666.67 A3

− 2842.9 A2 + 3921.9 A − 1725.5 (1401–1600 m); Deciduous species, P = –65.254 A3 + 260.32 A2 −
348.24 A + 165.75 (800–1400 m), P = 217.4 A3 − 1056.4 A2 + 1679.9 A − 868.57 (1401–1800 m). The
equations estimate the average proportion of species at the forest formation level. Extra-zonal spruce
was not considered for the generation of the equations.

Table 4. Values of the proportion of species in relation to altitude.

Altitude
(m)

Proportion sf Species (%)

Ps Aa Pc Fs Od Total

900 - 5 - 80 15 100
1050 2 20 - 66 12 100
1200 13 29 - 48 10 100
1350 40 22 - 29 0 100
1500 73 8 - 12 7 100
1650 93 - 3 - 4 100
1800 92 - 7 - 1 100

Ps—spruce, Aa—fir, Pc—Arolla pine, Fs—beech, Od—other deciduous species. At the same altitude, the pro-
portion of species can differ depending on forest type. At altitudes between 900 and 1000 m, the proportion of
spruce has decreased, giving way to a higher proportion of fir, which is better adapted to the site conditions in the
studied area.

From the analysis of the influence of site conditions on the natural distribution of
species, several variables have been found to be relevant. Among these, climatic vari-
ables such as MAT and ETP, as well as the main geomorphological factors (A, E, and R),
significantly influence the proportion of spruce by 46% and the proportion of beech by 38%.

The influence of these factors on the proportion of species is represented by Equa-
tions (1)–(3) for beech, and Equations (4)–(6) for spruce:

P = −669.040 + 1.428 ETP + 9.165 R, (1)

P = −58.652 + 20.874 MAT + 9.240 R, (2)

P = 180.500 − 117.416 A + 9.178 R, (3)

P = 133.656 − 18.835 MAT + 4.214 E, (4)

P = 721.245 − 1.348 ETP + 4.579 E − 3.885 R, (5)

P = −79.240 + 109.41 MAT + 4.591 E − 3.867 R, (6)

Models (1)–(6) are statistically relevant (p-value < 5%) (see also Supplementary Material in
Table S1) and estimate the proportion of species with an error ranging from 22 to 24%.

3.4. The Normal Structure of the Forest—A Condition for the Continuous Provision of
Ecosystem Services

Adopting the composition of natural forest types leads to an increase in biodiversity.
Returning to the compositions of natural ecosystems results in an increase in the percentage
of hardwood species and, consequently, in the carbon stock from 45.2 tha−1 to 50.1 tha−1.
Achieving a normal age–class structure at the forest level (e.g., in the case of management
unit IV Tămaşu with an area of 4303.2 ha) (Figure 4a), as well as improving stand density
from an average value of 0.76 to 0.9, leads to the modification of the carbon stock at the
age–class level (Figure 4b) from 50.1 tha−1 to 55.8 tha−1 (Table 5) (see also Figure S1 and
Table S2 in the Supplementary Material).
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Figure 4. The forest structure—real and normal—by 20-year age–class distribution for a 120-year
production cycle (a), and the carbon stored by age–class when the forest has both real age–class
structure and a normal structure (b). In the normal structure, the age–classes are equal in area (as
in (a)), the stands have compositions identical/similar to those of forest types, and their density is
0.9. In the real (current) structure, the forest has real areas per age–class, compositions, and densities
(the areas per age–class are as in (b), and the forest has an average density of 0.76). These details are
specific to management unit IV Tămaşu with an area of 4303.2 ha.

Table 5. The relation between forest structure conditions and carbon stock.

Forest Structure
by Age–Class

Forest
Composition

Average
Density

Growing
Stock(m3ha−1)

Carbon Stock
(tha−1)

Real 80% Pa 12% Bp 5%
Od 1% Oc 0.76 251 45.2

Real
42% Fs 33% Pa

15% Aa 5% Od 4%
App 1% Pc

0.76 237 50.1

Normal
42% Fs 33% Pa

15% Aa 5% Od 4%
App 1% Pc

0.90 275 55.8

The forest composition of 80% Pa 12% Bp 5% Od 1% Oc is the real (i.e., current) one, while the composition of 42%
Fs 33% Pa 15% Sf 5% Od 4% App 1% Pc corresponds to forest types (i.e., normal). Even though at the level of the
real composition, the average volume per hectare is higher than in the equivalent natural forest types, the carbon
stock is lower due to the high percentage of conifers.

The carbon stored per hectare of a normal forest with the characteristics of the studied
forest can be estimated using the equation:

CS = −0.00009 a3 + 0.0134 a2 + 0.5197 a − 1.6643, (7)

where CS represents the carbon stored per hectare (tha−1) and a—age of the stands. The
equation estimates the carbon stock with an RMSE error of 2.27 tha−1 (4.1%).

By adopting the composition of natural forest ecosystems and the normal forest
structure as goals, the conditions are created to ensure/guarantee the continuity of timber
harvests (consistent harvests year after year) and the perpetuity of the forest. This enhances
the forest’s capacity to continuously provide ecosystem services.
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4. Discussion
4.1. The Natural Setting Specific to the Studied Area

The existing relief in the studied area is characterized by a mountain topoclimate,
which exhibits climatic particularities [25] determined by altitude, slope exposure, and
the hydrographic network. Altitude is the primary factor causing local differentiations,
augmented by variations in other geomorphological factors such as slope exposure, terrain
inclination, relief shape, and position on the slope. The decrease in temperature with
altitude results in a reduction in the proportion of beech and an increase in the proportion
of spruce, but the presence of sunny exposure compensates for the temperature decrease.
Lake Pecineagu creates a specific topoclimate with high air humidity, significant thermal
inversion intensity, and frequent fog, which favor the spread of spruce in the mixed
forest stands (“inversion spruce forests”) [30]. Consequently, in the studied area, slope
topoclimates are characterized by an altitudinal zonation of climatic elements, which
determine the natural distribution of forest species.

4.2. The Natural Distribution of Forest Species and Natural Forest Types

Understanding the natural distribution of forest species has become necessary in order
to establish the types of natural forests existing in the area, which provides models of
future compositions for the managed stands. In situations where the structure of forest
stands has been strongly influenced by the applied management practices, even dispersed
admixed species provide valuable information about forest types and the species that
can be promoted in target compositions. From field observations, it has been found that
in many spruce, beech, and fir plantations, these species occur only sporadically. These
species have been maintained in larger proportions only where plantations have been
established in the optimal vegetation conditions for these species. The presence of scattered
old trees and the vitality of the seedlings have provided useful information for establishing
their upper altitude limit in the range of 1450–1500 m. Other research also indicates that
spruce, beech, and other deciduous species ascend in the researched area to altitudes of
1450–1550 m [25,35]. The extrazonal character of forest types cannot be expressed in models
that indicate the natural distribution of species. There are several other elements such
as the association of indicator herbaceous plants and site productivity, along with the
tree layer, which determine the production and productivity of forest stands and have
led to the identification of forest types in Table 3. Ground-layer vegetation communities
generally form the basis of forest-type classification systems [19], serving as a criterion that
characterizes the biodiversity of forest ecosystems, and biodiversity is one of the criteria for
SFM [42].

The natural forest types in the researched area fit into the categories of types established
within the classification of European Forest Types proposed for MCPFE reporting [19]. Their
differentiation was determined by the altitudinal zoning of vegetation, the variation in site
conditions, as well as by trees species composition criteria, which are also considered in the
system designed to classify stocked forestland in the Pan-European region [43].

4.3. The Dynamics of Forest Composition

The analysis conducted at the level of management unit IV Tămas, u shows that during
the period from 1950–1996, the proportion of spruce increased by 44.1% as a result of
plantations carried out within the area of mixed beech–coniferous formations and beech
forests. The area covered by beech, on the other hand, decreased by 36.6%. Of the total
area occupied by spruce, 51% comes from plantations [28]. In the target compositions of
forest stands (Table 6), by adopting the compositions of natural forest types, the propor-
tion of fir, beech, and admixed species (sycamore, maple, elm, ash, cherry, goat willow,
birch, hornbeam, and others) has been reconsidered. Thus, the forest composition will
be richer in species. It will also resemble the composition that existed decades ago (i.e.,
around 1950) (Figure 5). Research aiming to optimize the future proportion of species
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must be supplemented with observations on species behavior and conducted during the
updating/revision of forest management plans.

Table 6. Target compositions for stands in the Tămas, u management unit.

Forest Type (Code) Altitude (m) Exposure Area (ha) Target Composition

41 Beech forests

4141; 4114

900–1000 S, SW 292.3 80% Fs 10% Aa 10% App, Ap, Fe, Ug, Pav, Cb,
Bp, Sa

900–1050 E, SE, V, NV 285.1 80% Fs 10% Aa, Pa 10% App, Ap, Fe, Ug, Pav,
Cb, Bp, Sa

900–1000 N, NE 130.6 80% Fs 10% Pa, Aa 10% App, Ug, Pav, Cb, BpSa

13 Mixed beech–coniferous forest

1331; 1341
1150–1500 S, SV 1098.3 50% Fs 20% Pa 20% Aa 10% App, Ap, Bp, Sa
1100–1450 E, SE, V, NV 1310.9 40% Fs 30% Pa 20% Aa 10% App, Ap, Bp, Sa
1050–1400 N, NE 321.6 40% Pa 30% Fs 20% Aa 10% App, Bp, Sa

11 Spruce forest

1113; 1151; 1153;
1114

1450–1600 E, SE, S, SV, V, NV 593.9 70% Pa 10% Aa 10% Fs 10% App, Sa
1550–1600 N, NE 22.3 80% Pa 10% Aa, Pc 10% App, Fs, Sa

1152 1650–1750 all exposures 228.7 90% Pa 10% Pc + Sa, Pm, Av
1161 1800–1850 all exposures 18.6 80% Pa 20% Pc + Sa, Pm, Jc, Av

9.8 Alder (grey alder) forests

9821 960 - 0.9 80% Ai 20% Pa, Aa, App

Total 4303.2 -

Species: Pa—Norway spruce, Picea abies (L.) Karst.; Pc—Arolla pine, Pinus cembra L.; Sa—European mountain
ash, Sorbus aucuparia L.; Pm—mountain pine, Pinus mugo Tura; Jc—common juniper, Juniperus communis L.;
Av—green alder, Alnus viridis (D. C.) Chaix.; Aa—Silver fir, Abies alba Mill.; Fs—European beech, Fagus sylvatica L.;
App—sycamore, Acer pseudoplatanus L.; Ap—Norway maple, Acer platanoides L.; Ai—grey alder, Alnus incana (L.)
Moench.; Fe—European ash, Fraxinus excelsior L.; Ug—wych elm, Ulmus glabra Huds.; Bp—silver birch, Betula
pendula Roth; Pav—wild cherry, Prunus avium L.; Cb—hornbeam, Carpinus betulus. L.
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BpSa 
13 Mixed beech–coniferous forest 

1331; 1341 
1150–1500 S, SV 1098.3 50% Fs 20% Pa 20% Aa 10% App, Ap, Bp, Sa 
1100–1450 E, SE, V, NV 1310.9 40% Fs 30% Pa 20% Aa 10% App, Ap, Bp, Sa 
1050–1400 N, NE 321.6 40% Pa 30% Fs 20% Aa 10% App, Bp, Sa 

11 Spruce forest 

1113; 1151; 1153; 1114 1450–1600 
E, SE, S, SV, V, 

NV 593.9 70% Pa 10% Aa 10% Fs 10% App, Sa 

1550–1600 N, NE 22.3 80% Pa 10% Aa, Pc 10% App, Fs, Sa 
1152 1650–1750 all exposures 228.7 90% Pa 10% Pc + Sa, Pm, Av 
1161 1800–1850 all exposures 18.6 80% Pa 20% Pc + Sa, Pm, Jc, Av 

9.8 Alder (grey alder) forests 
9821 960 - 0.9 80% Ai 20% Pa, Aa, App 
Total   4303.2 - 

Species: Pa—Norway spruce, Picea abies (L.) Karst.; Pc—Arolla pine, Pinus cembra L.; Sa—European 
mountain ash, Sorbus aucuparia L.; Pm—mountain pine, Pinus mugo Tura; Jc—common juniper, 
Juniperus communis L.; Av—green alder, Alnus viridis (D. C.) Chaix.; Aa—Silver fir, Abies alba Mill.; 
Fs—European beech, Fagus sylvatica L.; App—sycamore, Acer pseudoplatanus L.; Ap—Norway 
maple, Acer platanoides L.; Ai—grey alder, Alnus incana (L.) Moench.; Fe—European ash, Fraxinus 
excelsior L.; Ug—wych elm, Ulmus glabra Huds.; Bp—silver birch, Betula pendula Roth; Pav—wild 
cherry, Prunus avium L.; Cb—hornbeam, Carpinus betulus. L. 
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4.4. Promoting the Composition of Forest Types through Management Measures

Functional requirements dictate that future stand models must primarily fulfill biodi-
versity conditions. This is one of the key indicators of sustainable forest management [37].
Dynamics of the composition from Figure 5 show that the natural diversity of species
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can be influenced in managed forests. It follows that in the studied area, knowledge of
forest types is crucial for each forest, and management measures should aim to achieve
their composition. For the studied area, management measures should aim to maintain
spruce and other species (such as arolla pine, mountain pine, juniper, mountain ash, and
green alder) in the composition of forests in the FSA altitude zone (above 1750 m altitude).
On avalanche corridors, site conditions are favorable for maintaining spruce with green
alder and juniper. In the FM3 zone (altitude 1450–1750 m), it is necessary to preserve
spruce as the predominant species. Other coniferous species such as fir and arolla pine
may also be introduced in a limited proportion (10%–20%). Depending on the ecological
conditions, deciduous species such as beech, sycamore, mountain ash, grey alder, and fir
can be maintained dispersed, with fir primarily on sunny slopes. At the lower limit of
the FM3 zone, fir, beech, mountain ash, and sycamore can make up to 30% of the stand
composition, and this proportion increases as altitude decreases towards the boundary with
the mixed forests zone. The most favorable conditions for these species are mainly found
on sunny slopes. In the FM2 zone (altitude 1000–1450 m), the proportion of conifers in the
stand composition begins to decrease, reaching at most 40% at the lower part of the zone
(altitude 1000–1100 m). In the stands in the FM1 + FD4 zone (altitude 800–1000 m), within
the beech formation, conifers are maintained at a maximum of 20%. In the same proportion,
other deciduous species such as sycamore, maple, elm, ash, and cherry are introduced.
However, beech is maintained at a proportion of 70%–80%. Additionally, consideration is
provided to other accompanying species such as various deciduous or grey alder in humid
sites along valleys and in ravine areas [8].

4.5. Increasing the Functional Efficiency of the Forest

The implementation of forest-type compositions alone is not the only measure for
increasing the functional efficiency of forests. Natural regeneration of locally sourced
species and diversification of stand structure in the vertical plane become prerequisites
for increasing stand stability. In situations where the forest consists of stands with even-
aged structures, achieving a balance in age–classes is necessary. This would ensure that
the annual growth of the forest remains at the same level, leading to continuous and
consistent harvests. This is because, in forests intended for production, the volume of
harvests corresponds to the rate of growth. Additionally, timber harvests are obtained
from exploitable stands, and in a well-managed forest, the percentage of exploitable stands
remains constant. It follows that under the assumption of a management approach that
mitigates the effects of climate change [44], the normal structure of the forest ensures a
balance of the growing stock throughout the cycle and annual growth, thereby maintaining
relatively constant carbon stored in the growing stock. In this study, the carbon stored
in the growing stock is 45.2 tha−1, which is consistent with the values determined in
other research for forests in the temperate zone [45,46] and is expected to increase to
55.8 tha−1 through improved management practices (Table 5). This involves measures to
increase biodiversity, improve stand density, and normalize age structure, as it is common
knowledge that a reduction in biodiversity could lead to a decrease in the forest’s capacity
to provide ecosystem services [47]. Moreover, meeting these requirements creates favorable
conditions for the existence of all biocenotic components of the forest, including for a
normal carbon cycle.

5. Conclusions

The research conducted in this study highlights the typological units in a mountainous
area where past management has profoundly altered the stand composition and, implicitly,
the stand structure. Forest types depend on site conditions, altitude, annual average tem-
perature, exposure, landform, and other ecological factors, determining the proportion of
species in the composition of natural ecosystems. Promoting the composition of natural
forest types in future stand structures would lead to biodiversity enhancement and, conse-
quently, to achieving key indicators of sustainable forest management. A normal structure
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in terms of species, age–classes, and stand density facilitates the increase of annually accu-
mulated carbon stock in the growing stock of forests. This implies further improvements in
management practices to restore ecosystems with ecologically and functionally damaged
structures. The amount of carbon stored both in the growing stock and in forest growth
can be defined as an efficiency indicator of applied management. All this information is
provided by continuous planning, with each revision opportunity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f15071196/s1, Table S1. Models for estimating the proportion of
spruce and beech in relation to site conditions. Table S2. Real values of density and growing stock
(m3ha−1) per age–class in the real forest structure. Figure S1. Growing stock per age–class (m3ha−1)
when the forest has a normal structure (i.e., age–classes with equal areas), densities of 0.76 and 0.90,
and the stands have the composition of forest types (a) and the trend of carbon stock increase when
forest structure is normalized and stand composition and density are improved (b). The regression
equations in Figure S4a estimate the growing stock of the forest per hectare (e.g., management unit
IV Tămaşu) consisting of stands with the compositions of forest types according to age, with an
RMSE error ranging from 9.1 to 14.8 m3ha−1 (4.5–5.4%). Figure S4b shows the stored carbon under
different structure conditions: 1—real structure; 2—forest with real structure and real density (0.76)
but consisting of stands with the composition of natural forest types; 3—forest with normal age–class
structure and average density of 0.9, consisting of stands with the composition of natural forest types.
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30. Chiriţă, C.; Vlad, I.; Păunescu, C.; Pătrăşcoiu, N.; Roşu, C.; Iancu, I. Staţiuni Forestiere II (Forest Sites II); Editura Republicii Socialiste
România: Bucharest, Romania, 1977; pp. 105–112.
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