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Abstract: The deadwood (DW) of the forest is in the following two forms: standing (snag) and
fallen (log). The DW categories and decay stage are important functional and structural components
of forest ecosystems. We used a field-based assessment to quantify how the relative contribution
of deadwood to total above-ground carbon stock changes across a silvicultural method and stand
altitude gradient in mixed broadleaves stands. The characteristics of DW and carbon stock in
selection-cutting managed stands (Sc), shelter-wood managed stands (Sh) and protected stands (Pr)
were examined in three altitude ranges (low, <600; medium, 600–1200; and high, >1200 m a.s.l.) in a
mixed broadleaves high forest. The results showed that with increasing altitude, the volume of DW
increased. The volume of DW in Pr stands was about three times higher than Sh stands and twice
higher than Sc stands. The volume of the standing DW was greater than that of the fallen DW in all
stands. The highest volume ratio of fallen DW to standing DW was found in the medium altitude in
the Sc stand. The amount of carbon stock by DW in the Sh, Sc, and Pr stands was 1.53–2.22, 2.29–3.19,
and 5.03–6.80 t ha−1, respectively. The DW share of C-stock of above ground biomass was 4%–4.6%
in Sh stand, 4.3%–4.8% in Sc stand, and 7.4%–7.9% in the Pr stand. Deadwood assessment and
management, in terms of volume, type, species composition, diameter distribution, spatial allocation
and decay stage, is one of the new challenges for a proper sustainable forest management.

Keywords: selection cutting; shelter wood; carbon stock; mixed stand; deadwood dynamic; Hyrcanian
forest; altitude gradient

1. Introduction

The deadwood (DW) of a forest includes standing dead trees, snags, fallen logs,
branches and stumps [1,2]. The DW has an extensive ecological role during and throughout
the decomposition stages in forests. These are as follows: sustaining biodiversity [3,4],
providing a wide range of habitats for saprotrophic and heterotrophic organisms [5],
regulation of nutrient cycling [6,7], regulation of hydrologic processes [8], as well as the
provision of habitat for a wide diversity of organisms [9,10], including tree seedlings [11,12].
DW provides a habitat for wildlife such as wood-feeding termites [13,14], cavity-nesting
birds [15,16], saproxylic beetles [17] and bats [18]. It facilitates tree regeneration by provid-
ing ‘nurse logs’ [19].

One of the most important environmental problems of the present age is global
warming due to greenhouse gas emissions [20]. One of the most effective greenhouse gases
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in global warming is carbon dioxide (CO2) [21]. Green plants capture atmospheric CO2
by storing it in the biomass through photosynthesis [21], reducing the accumulation of
CO2 in the atmosphere [22]. Forests play a major role in the carbon cycle and constitute a
significant part of the world’s carbon stocks. Forests provide a critical ecosystem service
such as carbon repositories, storing more than half of the total carbon stocks in terrestrial
ecosystems [23–25]. Based on the United Nations Framework Convention on Climate
Change (UNFCCC) and the Kyoto Protocol, IPCC Guidelines for National Greenhouse Gas
Inventories were established. Forest carbon stock assessment is critical for climate change
mitigation measures.

Carbon stocks assessment can globally address climate change mitigation efforts [26].
In this regard, soil carbon dynamic is fundamental to understand nutrient cycling in
order to assess the timing of degradation [27,28]. The amount of deadwood biomass is
continuously changing in forest ecosystems. These changes depend on the productivity of
forest ecosystems, mortality caused by succession processes and disturbances [29], and the
decomposition rate [29]. In addition to the geographic region, forest structure and stand
composition, forest management methods can also affect the amount and dynamics of DW
and the rate of its decomposition in forest ecosystems [16,30,31]. The management regime
models applied, as well as the disturbance, affect the quantity and characteristics of dead
wood [4] and, to some extent, the stand age [32].

Volume, spatial distribution and characteristics of dead wood in forests, such as
dimensions and degree of decay, also depend on the timber harvest [16,33], logging system
used [34], level of mechanization [35], density and pattern of forest roads [36], stand
distance from adjacent villages [37], human accessibility level [2,33], fuel wood market [38],
the presence of pests and diseases [39,40], and succession level of forest stand [41].

Ecologists and forest managers aim to quantify the total biomass or woody carbon
per unit area of forests or woodlands [21,42]. Carbon stored in the deadwood of a forest
stand is one of the five carbon pools identified by the Intergovernmental Panel on Climate
Change that should be measured and monitored for carbon book-keeping [43]. Yet, there
is not much study on the relative contribution of DW to carbon stocks in the Hyrcanian
forests. The Hyrcanian Forest, a World Heritage site, ranges from Talish in the Republic of
Azerbaijan to the Golestan province in Iran. This Forest is located along the northern slopes
of the Alborz Mountains to the south of the Caspian Sea. This important forest area is
known as a refuge for many ArctoTertiary relicts, which have been classified as Hyrcanian
and Euxino-Hyrcanian elements [44,45]. The Iranian Hyrcanian forests in the south of the
Caspian Sea, with an area of about 2 million hectares, are recognized as one of the oldest
deciduous forests in the world. It has high production capacity due to humid temperate
climate and suitable soil. These forests with standing volume of about 300 to 400 m3 and a
growth of 5 to 7 m3 per hectare per year, in addition to ecological and economic values, have
a high carbon uptake potential. Extensive logging and clearing of forests for agriculture
have nearly eliminated the forests in this ecoregion [46].

The Hyrcanian (Caspian) forests with an area of 2 million ha are located between
−20 and 2200 m a.s.l. in the north of Iran (south of the Caspian Sea). The Hyrcanian forests
encompass various forest types including 80 woody species (trees and shrubs). They are
suitable habitats for a variety of hardwood species. The natural dense stands are found at
1000–2100 m and the best stands at 900–1500 m a.s.l. [47].

Many carbon stock studies have either focused exclusively on live standing biomass
or have been carried out in primary forests that are unaffected by logging, despite the
fact that DW can contain significant portions of the forest carbon stock in the Hyrcanian
forests. In this context, the main objectives of this study were to investigate the effect of
two different methods of forest management (selection cutting and shelter wood system)
on characteristics and amount DW and carbon stored in DW, at different altitudes in mixed
deciduous Hyrcanian mountain forests in Iran. To meet these objectives, differences in the
volume, distribution, and quality of DW in stands with active management (models of
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selection cutting and shelter wood system) and conservative management were investigated
at three altitude thresholds.

The comparison with protected forests provides interesting insights into the manage-
ment systems of mixed broad-leaved forests, not only in regard of the amount of deadwood
in the different categories and stages of decomposition, but also in relation to the dynamics
of deadwood.

2. Materials and Methods
2.1. Study Area

This research was conducted in the Hyrcanian forests in northern Iran (Figure 1). They
are natural mixed broadleaves forests. These forests extend from the coastal areas of the
Caspian Sea to altitudes of 2700 m above sea level (a.s.l.). Hyrcanian forests are natural
and have an uneven structure. In many areas of these forests, shelterwood management
has been implemented from 1970 to 2000, and in some areas, only the selection cutting
method has been implemented from 2000 onwards. In the study area, harvesting intensity
at the last cutting operation in the shelterwood stands was 8.1% to 9.7% of the standing
volume, and in the selective logged stands was 5.1% to 12.3% of the standing volume
(Table 1). Cut-to-length method using semi-mechanized operation was used, as a dominant
harvesting method in the Hyrcanian forests. In the managed areas, by both shelterwood
and selection cutting methods, cutting operations were performed by chainsaw and the
extraction of logs was performed with rubber wheel skidders.

Figure 1. Map of Hyrcanian forests, and location of study area (red circle).
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Table 1. Stand and operation characteristics in the study area (Sh, shelter wood silviculture; Sc,
selection cutting silviculture; Pr, protected stand).

Stand and Operation Characteristics
Altitude of <600

m a.s.l
Altitude of 600–1200

m a.s.l
Altitude of >1200

m a.s.l

Sh Sc Sh Sc Sh Sc

Year of last cutting 1995 2000 1998 2008 1995 2005

Stand density before last cutting (stem ha−1) 243 324 264 345 270 377

Stand density after last cutting (stem ha−1) 205 296 219 311 228 332

Stand basal area before last cutting (m2 ha−1) 27.5 29.1 30.2 33.7 33.5 34.0

Stand basal area after last cutting (m2 ha−1) 22.8 22.3 24.1 26.5 26.6 27.1

Stand volume before last cutting (m3 ha−1) 263.2 286.4 269.7 305.7 276.8 329.1

Stand volume after last cutting (m3 ha−1) 241.8 271.7 244.7 279.5 250.0 288.7

Harvest intensity at last cutting (%) 8.1 5.1 9.3 8.6 9.7 12.3

They were originally managed as shelter wood (Sh) silviculture method, but since
2000, unmanaged stands have been managed by the selection cutting (Sc) silviculture
method. In order to investigate the effect of the management method on the volume of
DW and the amount of carbon stored in DW, the Nav watershed was selected as a study
area, which included stands that were managed by both silvicultural methods and also
protected stands (Pr) as control. The Nav watershed is located between 37◦38′ to 37◦42′ N
and 48◦48′ to 48◦52′ E. Then, the whole surface of the watershed was divided into the
following three altitude range classes: low (<600 m a.s.l.), middle (600–1200 m a.s.l.), and
high (>1200 m a.s.l.). The choice of thresholds is based on the change of the forest typology
with the increase in the altitude.

Two plots with an area of 10 hectares (200 m × 500 m) for each management method
and two control plots were selected in each altitude class. In fact, in each altitude class,
6 plots (2 Sh, 2 Sc, and 2 Pr) and 18 plots in the whole study area were randomly selected.
The study area has a temperate climate. According to the data of the nearest climatological
station, and isothermal and isohyetal maps of Nav Forest watershed, the average annual
temperature in the lower, middle and upper stands is 14.1, 12.5 and 9.6 ◦C, respectively,
and the average annual rainfall is 1150, 1360 and 1420 mm, respectively. The forest soil is
brown forest type and texture varies from loam clay to loam with good drainage.

2.2. Data Collection

Forest DW mainly includes fallen wood (or logs), snags, and large branches. In
addition, stumps above the ground and roots under the ground are also involved because
their biomass is almost >20% of those in the whole deadwood, and they play an important
role in improving soil structure, maintaining nutrient cycling of the forest, and providing
living space for soil organisms [48]. In this study, the volume of DW was estimated in
the following two components: standing (standing dead tree and snag) and fallen (log
and stump). The stumps (defined as cut tree remains or snags whose trunks are naturally
broken at a height of less than 0.5 m) were considered in the fallen DW category due to
their low height. In general, stumps are classified as fallen DW or lying deadwood [49].
Estimation of volume per hectare of live trees, snags, fallen logs, and stumps was performed
by the methods described as follows.

2.2.1. Volume of Live Trees, Snags, and Stumps

The systematic microplot sampling method was used to estimate the volume of live
trees and snags. The grid was positioned at a north–south direction with a random starting
point. The dimensions of the network were 100 m by 100 m, the shape of the microplots
was circular (R = 17.85 m), and the area of each microplot was 1000 m2. The intersection of
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the grid dimensions was considered as the center of each microplot. The diameter at breast
height (DBH) and height of all living trees and snag species (DBH ≥ 10 cm) were measured
in each microplate. The trees and snags DBH was measured by forest caliper (±1 cm
accuracy) and the height was assessed by clinometer (±0.1 m). With these parameters, via
a local tree volume table, it was possible to estimate the woody volume. The volume of
stumps and snags with a height of less than 4 m (short snag) was calculated using Huber’s
formula as Equation (1):

V =

(
d2

m
4

)
× πL (1)

where V is volume (m3), dm is diameter under bark at the middle of stump or short snag
(m), and L is height of stump or short snag (m).

2.2.2. Volume of Fallen Logs

The line intersect sampling method was used to estimate the volume of fallen DW.
The length of each sample line was 50 m, and the starting point was the center of the
same microplots used for the volume estimation of live trees, snags, and stumps. The line
transects were oriented on a north–south and east–west direction, totaling to four transects
starting from every plot center. The fallen logs intersected by the line transects were
measured, considering valid the pieces which were at least 10 cm in diameter under the
bark and 30 cm long. For each log the diameter was measured at the point of intersection
with a transect line. The volume and weight of these logs in each line transect was computed
by Equations (2) and (3), respectively [50]:

Vj =

(
π2

8L

)
×

ni

∑
j=1

d2
ij (2)

Wj=

(
Sπ2

8L

)
×

ni

∑
j=1

d2
ij (3)

where Vj is volume (m3 ha−1) in line transect j, L is length of line transect (50 m), dij is
diameter (cm) of piece i in line transect j, n is number of pieces intersected in line transect j,
Wj is weight (t ha−1) in line transect j, S is wood density of pieces. The number of pieces
was computed by Equation (4) [50]:

Ni =

(
π

ni

)
/
(
2Llj

)
(4)

where Ni is number of pieces per hectare in diameter class i, ni is number of tallied
intersections in diameter class I, L is length of sample line and li is midpoint of diameter
class i.

2.2.3. Decay Assessment

For each deadwood element (downed log, snag, and stump) species and decay class
were also recorded.

Even if the botanical species of the DW was not always possible to identify, when
possible, it was assessed from the bark and macroscopic wood characteristics. The amount
of bark on the DW elements was visually valued. The decay class of each deadwood
element was determined by the method described by Corace et al. [51] and summarized in
Table 2, derived from [2].
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Table 2. Classification system of deadwood (DW) types in decay classes [2].

Types Decay Class

Character 1 2 3 4 5

Snags

Leaves Present Absent Absent Absent Absent

Bark Tight Loose Partly present
(<50% bark) Absent Absent

Crown, branches
and twigs All present Only branches present Only large branch

stubs present
Broken top, few or no

branch stubs
Branch stubs absent,

<6 m in height

Bole Recently dead Standing, firm Standing, decayed Heavily decayed, Soft
and block structure

Fragmented
and powdery

Indirect measure Cambium still fresh,
died <1 year

Cambium decayed,
knife blade penetrates

a few millimetres

Knife blade penetrates
<2 cm

Knife blade penetrates
2–5 cm

Knife blade penetrates
all the way

Fallen logs

Structural
integrity Sound

Sapwood
slightly rotting,

heartwood sound

Sapwood
missing, heartwood

mostly sound
Heartwood decayed Soft

Leaves Present Absent Absent Absent Absent

Branches All twigs present Larger twigs present Larger
branches present

Few branch
stubs present Absent

Bark Present Present Often present Often present Absent

Bole shape Round Round Round Round to oval Oval to flat

Wood consistency Solid Solid Partly soft Semisolid Partly soft Fragmented, powdery

Colour of wood Original colour Original colour Original colour
to faded

Original colour
to faded Heavily faded

Portion of log
on ground

Elevated on
support point

Elevated on
support point Near or on ground Whole log on ground Whole log on ground

Indirect measure Cambium still
fresh, died

Cambium decayed,
knife blade penetrates

a few mm

Knife blade penetrates
<2 cm

Knife blade penetrates
2–5 cm

Knife blade penetrates
all the way

Stumps Indirect measure Cambium still
fresh, died <1 year

Cambium decayed,
knifeblade penetrates

a few mm

Knife blade penetrates
<2 cm

Knife blade penetrates
2–5 cm

Knife blade penetrates
all the way

2.3. Data Analysis
2.3.1. DW Dynamic Analysis

In order to analyze the dynamics of DW, the following four indices were used [52,53]:

- Snag creation index (SCI)

SCI =
SDW

LT
(5)

- Fallen log creation index (FLCI)

FLCI =
FDW

SV
(6)

- Snag longevity index (SLI)

SLI =
FDW
SDW

(7)

- Past management legacy index (PMLI)

PMLI =
TDW

LT
(8)

where SDW is standing DW volume, FDW is fallen DW volume, SV is standing volume
(live trees + snags), TDW is total DW volume, and LT is live tree volume.
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2.3.2. Calculation of C-Stock

In order to calculate the carbon stored in living trees and DW, their mass was first
measured by the basic density of the wood and then multiplied by the carbon conversion
factor. To calculate the basic density of wood, cylindrical wood samples (CWS) were
collected by a drill with a cylindrical coring. The CWS were taken from different species
(6 species that make up more than 90% of the volume of living or DW) and different degrees
of decay (live tree + 5 decay classes of DW). Five CWS were taken for each live tree species
and for each decay class. Therefore, a total of 180 samples (150 from DW and 30 live trees)
were taken (6 species × 6 live and decay classes × 5 replication = 180 samples) in the
studied stands. The CWS were taken from a height of 1.30 m of living and dead trees, from
the intersected sample lines and fallen logs, and from the middle part of the height of the
stumps. The basic density of CWS was measured in the laboratory. The volume of CWS
was calculated by the volume of the metal cylinder with which the sample was taken. When
this method could not be applied, the volume was assessed by the water-displacement
method. Dry mass was determined by the gravimetric method after drying in an oven at a
temperature of 103 ◦C ± 2 ◦C. Basic density (dry mass/green volume) was calculated for
each tree species and each decay class of DW. Carbon fraction for above ground biomass
in temperate forests, such as the Hyrcanian forests, reported 0.48 by IPPC [54], so carbon
content was calculated by the mass of living trees and DW [54].

The carbon content was estimated for each tree species and decay class of DW. Wood
basic density is a key functional trait used to estimate aboveground biomass (AGB) and
carbon stocks.

2.3.3. Statistical Analysis

The factorial ANOVA test was used to evaluate the effect of the forest silvicultural
method on the mean volume and carbon stored in living tree species and decay classes
of DW. Duncan’s test was used to detect significant differences among mean values
(α = 0.05). The normality distribution of data and equality of variances were confirmed by
the Kolmogorov–Smirnov test and Leven’s test, respectively. The relationship between live
tree frequency and snag frequency, and between live tree volume and DW volume were
analyzed by the Pearson correlation. All statistical analyses were performed using the SPSS
version 19 (Chicago, IL, USA) software.

3. Results
3.1. Basic Density by Decay Class

The results of wood density tests showed that the basic density of live trees was
significantly higher than the basic density of DW (Table 3). In addition, with the increasing
degree of DW decay, the basic density of wood was significantly reduced.

Table 3. Mean (±SD) wood basic density in live trees and decay classes of DW.

Decay Class of DW Basic Density (g cm−3)

DC0–Live tree 0.67 (±0.10) a

DC1 0.48 (±0.11) b

DC2 0.37 (±0.09) c

DC3 0.32 (±0.06) d

DC4 0.25 (±0.05) e

DC5 0.19 (±0.04) f
Note: different letters indicate significant differences between the means by Duncan’s test at α = 0.05.
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3.2. Effect of Silvicultural Treatments on Stand Structure, DW Distribution and C-Stock by Altitude
3.2.1. Low Altitude (<600 m a.s.l.)

The results of live tree statistics showed that at an altitude of less than 600 m, six tree
species had the highest frequency and standing volume in all three studied stands (Table 4).
The forest management method had a significant effect on the frequency and volume of
trees. The mean frequency and mean tree volume were significantly higher in the Pr stand
than in the Sc stand and were higher in the Sc stand than the Sh stand.

Table 4. Species’ composition and growing stock of living trees (mean ± SD) in different silvicultural
managed forest at altitude of <600 m. Sh, shelter wood silviculture; Sc, selection cutting silviculture;
Pr, protected stand.

Tree Species
Tree Frequency (Stem ha−1) Basal Area (m2 ha−1) Tree Volume (m3 ha−1)

Sh Sc Pr Sh Sc Pr Sh Sc Pr

Parrotia persica
C.A. Meyer. 38.3 ± 3.3 b 25.7 ± 2.8 c 56.5 ± 7.5 a 2.3 ± 0.2 b 1.6 ± 0.2 c 2.9 ± 0.2 a 22.4 ± 1.9 b 20.3 ± 2.5 b 30.4 ± 3.0 a

Quercus
castaneifolia C.A.M. 30.1 ± 3.5 b 33.3 ± 3.4 b 45.3 ± 5.5 a 2.0 ± 0.2 b 2.3 ± 0.2 b 2.8 ± 0.2 a 25.1 ± 2.4 c 29.5 ± 2.4 b 39.1 ± 3.2 a

Alnus glutinosa L. 26.6 ± 3.3 c 35.4 ± 2.6 b 45.7 ± 5.0 a 1.1 ± 0.1 b 2.0 ± 0.2 a 2.0 ± 0.2 a 23.0 ± 1.6 c 35.0 ± 3.0 a 36.3 ± 3.7 a

Carpinus betulus L. 20.7 ± 2.9 c 27.2 ± 2.5 a 31.3 ± 3.0 a 0.8 ± 0.1 a 0.9 ± 0.1 a 0.9 ± 0.1 a 16.2 ± 1.5 c 24.7 ± 2.6 b 30.6 ± 3.1 a

Acer
velutinum Boiss. 17.0 ± 1.9 c 23.1 ± 2.2 b 30.2 ± 2.6 a 0.5 ± 0.0 a 0.7 ± 0.1 a 0.6 ± 0.1 a 10.0 ± 1.5 c 19.1 ± 1.3 b 24.3 ± 2.7 a

Acer
cappadocicum Gled. 12.7 ± 1.5 b 16.4 ± 1.9 b 23.5 ± 2.4 a 0.3 ± 0.0 b 0.5 ± 0.1 b 0.8 ± 0.1 a 6.9 ± 1.0 c 9.3 ± 0.9 b 14.2 ± 2.6 a

Other species * 7.8 ± 1.2 c 11.5 ± 1.5 b 16.8 ± 2.6 a 0.1 ± 0.0 b 0.3 ± 0.0 a 0.5 ± 0.1 a 2.9 ± 1.1 c 4.4 ± 1.5 b 8.3 ± 1.5 a

All species 153.2 ± 15.5 c 172.6 ± 9.4 b 249.3± 10.9 a 7.1 ± 0.4 b 8.3 ± 0.7 b 10.5± 0.8 a 106.5 ± 8.2 c 142.3 ± 7.5 b 183.2 ± 8.9 a

* Other species include: Fraxinus excelsior L., Ulmus glabra Huds., Mespilus germanica L., Prunus avium L., Pyrus
communis L., Sorbus torminalis L., and Prunus divaricata Ledeb. Different letters indicate significant differences
between the means of tree frequency, basal area or volume in silvicultural methods for each species by Duncan’s
test at α = 0.05. Average DBH for Sh, Sc, and Pr stands are 19.2, 23.3, and 25.8 cm, respectively.

The uneven-age structure was characteristic of the three studied stands, so that with
increasing tree DBH, the tree frequency decreased, while the volume increased with in-
creasing DBH (Figure 2). The frequency and volume of trees in the Pr stand were higher
than the Sc and Sh stands in all DBH classes. The frequency of trees with DBH less than
70 cm in the Sh stand was higher than their frequency in the Sc stand.

The results showed that the volume of fallen, standing, and total DW in the Pr stand
was significantly higher than in the Sc stand, and in the Sc stand it was significantly higher
than the Sh stand in all DW decay classes (Table 5).

The frequency of fallen DW decreased by the increasing of the diameter class, while the
volume increased by the increasing diameter class (Figure 1). The frequency and volume of
fallen DW were higher in Pr stand than in Sc and Sh stands in all DW diameter classes. The
DW larger than 70 cm in diameter was not observed in the Sh stands. The volume of very
large DW in the Sc and Pr stands were 3.78 and 5.98 m3ha−1, respectively.

The frequency of standing DW, like those of fallen DW, decreased with the increasing
diameter class, while the volume of standing DW increased by the increasing of the diameter
class (Figure 1). The volume of standing DW in diameters larger than 100 cm in the Sc and
Pr stands were 4.05 and 8.98 m3ha−1, respectively.

The results showed that the amount of C-stock in DW in the Pr stand was more than
three times that of in the Sh, and more than twice that in the Sc stand (Table 6). The amount
of C-stock in all decay classes of DW in the Pr stand was higher than in Sc stand, and in the
Sc stand was higher than the Sh stand.
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Figure 2. The bars show the number of living trees (a), fallen DW (b) and standing DW (c) in altitude
of <600 m referred to diameter (DBH) distribution in each silviculture method (left y-axis). The scatter
bars show the volume of living trees (a), fallen DW (b) and standing DW (c) per DBH class (right
y-axis). Sh, shelter wood silviculture; Sc, selection cutting silviculture; Pr, protected stand.
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Table 5. The volume of fallen, standing, and total DW (mean ± SD) in decay classes in different
silvicultural managed stands at altitude <600 m. Sh, shelterwood silviculture; Sc, selection cutting
silviculture; Pr, protected stand.

Decay Class

Fallen DW Standing DW Total DW

Sh Sc Pr Sh Sc Pr Sh Sc Pr

DW Volume (m3 ha−1)

DC1 1.25 ± 0.21 c 2.20 ± 0.28 b 3.04 ± 0.15 a 2.04 ± 0.12 c 2.26 ± 0.14 b 4.99 ± 0.30 a 3.29 ± 0.22 c 4.46 ± 0.20 b 8.03 ± 0.68 a

DC2 0.84 ± 0.10 c 1.55 ± 0.20 b 2.70 ± 0.18 a 1.48 ± 0.11 c 2.13 ± 0.15 b 4.62 ± 0.30 a 2.32 ± 0.30 c 3.68 ± 0.22 b 7.32 ± 0.62 a

DC3 0.64 ± 0.07 c 0.78 ± 0.11 b 2.51 ± 0.20 a 0.87 ± 0.11 c 1.24 ± 0.17 b 3.50 ± 0.32 a 1.51 ± 0.14 c 2.02 ± 0.14 b 6.01 ± 0.60 a

DC4 0.19 ± 0.05 c 0.58 ± 0.05 b 2.41 ± 0.22 a 0.55 ± 0.05 c 0.88 ± 0.10 b 2.32 ± 0.21 a 0.74 ± 0.10 c 1.46 ± 0.06 b 4.73 ± 0.61 a

DC5 0.10 ± 0.02 c 0.49 ± 0.05 b 2.14 ± 1.85 a 0.30 ± 0.05 c 0.80 ± 0.08 b 2.11 ± 0.15 a 0.40 ± 0.07 c 1.29 ± 0.05 b 4.25 ± 0.46 a

Total 3.02 ± 0.17 c 5.60 ± 0.21 b 12.80± 0.61 a 5.24 ± 0.25 c 7.31 ± 0.42 b 17.57± 0.78 a 8.26 ± 0.67 b 12.91± 1.01 b 30.37± 2.00 a

Different letters indicate significant differences between the means of DW volume in silvicultural methods for
each decay class by Duncan’s test at α = 0.05.

Table 6. Mean C-stock in DW decay classes different in silvicultural managed stands at altitude
<600 m. Sh, shelter wood silviculture; Sc, selection cutting silviculture; Pr, protected stand.

Decay Class of DW
C-Stock (t ha−1)

Sh Sc Pr

DC1 0.76 1.03 1.85

DC2 0.41 0.65 1.30

DC3 0.23 0.31 0.92

DC4 0.09 0.18 0.57

DC5 0.04 0.12 0.39

All DW 1.53 2.29 5.03

Live trees 34.05 45.42 58.64

3.2.2. Middle Altitude (between 600 and 1200 m a.s.l.)

Unlike altitudes of less than 600 m, beech, hornbeam and oak trees had the highest
frequency and volume in all three forest management methods at altitudes of 600–1200 m
(Table 7). The frequency and volume of all tree species in Pr stand were significantly higher
than in the Sc stand, and in the Sc stand they were significantly higher than in the Sh stand.

Table 7. Species’ composition and growing stock of living trees (mean ± SD) in different silvicul-
tural managed forest at altitude of 600–1200 m. Sh, shelterwood silviculture; Sc, selection cutting
silviculture; Pr, protected stand.

Tree Species
Tree Frequency (Stem ha−1) Basal Area (m2 ha−1) Volume (m3 ha−1)

Sh Sc Pr Sh Sc Pr Sh Sc Pr

Fagus oreintalis Lipsky 38.6 ± 3.3 b 43.5 ± 4.8 b 61.5 ± 7.5 a 2.5 ± 0.3 c 3.9 ± 0.3 b 4.5 ± 0.4 a 35.2 ± 3.5 b 51.5 ± 2.6 a 50.1 ± 4.3 a

Carpinus betulus L. 37.1 ± 3.5 c 53.3 ± 3.4 a 45.3 ± 5.5 b 1.9 ± 0.2 c 3.1 ± 0.3 b 3.7 ± 0.3 a 32.6 ± 3.1 b 48.1 ± 3.6 a 43.0 ± 3.5 a

Quercus castaneifolia C.A.M. 36.6 ± 3.3 b 35.4 ± 2.6 b 45.7 ± 5.0 a 0.5 ± 0.2 c 1.0 ± 0.1 b 2.1 ± 0.2 a 27.3 ± 3.6 b 30.1 ± 3.3 b 43.6 ± 3.9 a

Alnus subcordata C.A.M. 20.7 ± 2.9 b 27.2 ± 2.5 a 31.3 ± 3.0 a 1.7 ± 0.2 b 1.9 ± 0.2 b 2.5 ± 0.2 a 17.0 ± 2.4 c 23.5 ± 2.9 b 30.7 ± 3.0 a

Acer velutinum Boiss. 17.0 ± 1.9 b 23.1 ± 2.2 b 35.2 ± 2.6 a 1.1 ± 0.1 b 1.5 ± 0.2 b 2.0 ± 0.1 a 10.3 ± 2.1 c 19.5 ± 2.5 b 24.3 ± 2.9 a

Acer cappadocicum Gled. 12.7 ± 1.5 b 16.4 ± 1.9 b 33.5 ± 2.4 a 1.0 ± 0.1 b 1.1 ± 0.1 b 1.7 ± 0.1 a 6.0 ± 1.8 c 14.4 ± 1.9 b 21.0 ± 3.0 a

Fraxinus excelsior L. 7.7 ± 1.5 b 2.7 ± 1.5 c 10.2 ± 1.3 a 0.5 ± 0.1 a 0.3 ± 0.0 a 0.4 ± 0.0 a 2.9 ± 0.5 b 1.7 ± 0.7 c 6.8 ± 1.1 a

Other species * 4.8 ± 1.2 c 7.5 ± 1.5 b 11.6 ± 2.6 a 0.3 ± 0.0 b 0.7 ± 0.1 a 0.7 ± 0.1 a 1.7 ± 0.3 c 3.9 ± 0.9 b 7.7 ± 1.4 a

All species 175.2 ± 15.3 c 201.6± 11.6 b 274.3 ± 10.6 a 9.5 ± 1.0 c 13.5± 1.1 b 17.6± 1.2 a 133.0 ± 8.8 c 192.7± 12.9 b 227.2 ± 9.5 a

* Other species include: Ulmus glabra Huds., Mespilus germanica L., Prunus avium L., Pyrus communis L., Sorbus
torminalis L., and Prunus divaricata Ledeb. Different letters indicate significant differences between the means of
tree frequency, basal area or volume in silvicultural methods for each species by Duncan’s test at α = 0.05. Average
DBH for Sh, Sc, and Pr stands are 19.5, 23.8, and 26.5 cm, respectively.

As already observed at altitudes between 600 and 1200 m, the structure of the stands
was unevenly aged and tree frequency decreased with increasing diameter class, while tree
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volume increased with increasing diameter class (Figure 3). Frequency and volume of trees
were higher in the Pr stand than in the Sc and Sh stands in all diameter classes.

Figure 3. The bars show the number of living trees (a), fallen DW (b) and standing DW (c) in altitude
of 600–1200 m referred to diameter distribution in each silviculture method (left y-axis). The scatter
bars show the volume of living trees (a), fallen DW (b) and standing DW (c) per diameter class (right
y-axis). Sh, shelter wood silviculture; Sc, selection cutting silviculture; Pr, protected stand.
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The volume of fallen, standing, and total DW was significantly higher in the Pr stand
than in the Sc stand, and in the Sc stand it was significantly higher than in the Sh stand
(Table 8). The volume of fallen, standing, and total DW decreased in all three stands with
the increasing degree of decay.

Table 8. The volume of fallen, standing, and total DW (mean ± SD) by decay classes in different
silvicultural managed stands at altitude 600–1200 m. Sh, shelter wood silviculture; Sc, selection
cutting silviculture; Pr, protected stand.

Decay Class

Fallen DW Standing DW Total DW

Sh Sc Pr Sh Sc Pr Sh Sc Pr

DW Volume (m3 ha−1)

DC1 1.48 ± 0.25 c 2.61 ± 0.27 b 3.55 ± 0.20 a 2.29 ± 0.14 c 2.71 ± 0.18 b 5.40 ± 0.72 a 3.77 ± 0.22 c 5.32 ± 0.32 b 8.95 ± 0.68 a

DC2 0.95 ± 0.11 c 1.97 ± 0.22 b 3.21 ± 0.30 a 1.85 ± 0.12 c 2.46 ± 0.20 b 5.08 ± 0.43 a 2.80 ± 0.30 c 4.43 ± 0.25 b 8.29 ± 0.62 a

DC3 0.63 ± 0.08 c 0.98 ± 0.14 b 2.80 ± 0.21 a 1.10 ± 0.10 c 1.71 ± 0.16 b 4.26 ± 0.40 a 1.73 ± 0.14 c 2.69 ± 0.16 b 7.06 ± 0.60 a

DC4 0.21 ± 0.05 c 0.80 ± 0.08 b 2.76 ± 0.20 a 0.78 ± 0.06 c 1.00 ± 0.12 b 3.32 ± 0.34 a 0.99 ± 0.10 c 1.80 ± 0.06 b 6.08 ± 0.61 a

DC5 0.10 ± 0.02 c 0.58 ± 0.05 b 2.30 ± 0.17 a 0.35 ± 0.04 c 0.92 ± 0.08 b 3.07 ± 0.33 a 0.45 ± 0.07 c 1.50 ± 0.07 b 5.37 ± 0.46 a

Total 3.37 ± 0.11 c 6.94 ± 0.26 b 14.62± 0.75 a 6.37 ± 0.35 c 8.80 ± 0.46 b 21.13 ± 0.9 a 9.74 ± 1.02 c 15.74± 1.27 b 35.75± 3.00 a

Different letters indicate significant differences between the means of DW volume in silvicultural methods for
each decay class by Duncan’s test at α = 0.05.

As noted at the altitude below 600 m, the frequency of fallen DW decreased by the
increasing diameter class, while the volume increased by the increasing diameter class
(Figure 2). Moreover, the frequency and volume of fallen DW were higher in the Pr stand
than in the Sc and Sh stands in all DW diameter classes. DW with a diameter of more than
100 cm was not observed in the Sh stands. The volume of very large DW in the Sc and Pr
stands was 3.23 and 7.86 m3ha−1, respectively.

Similarly at the altitude below 600 m, the frequency of standing DW, decreased with
the increasing diameter class, while the volume of standing DW increased by the increasing
diameter class (Figure 2). The volume of standing DW in diameters larger than 100 cm in
the Sc and Pr stands were 3.26 and 9.71 m3ha−1, respectively.

The results showed that the amount of C-stock in DW in the Pr stand (5.82 t ha−1) was
more than three times that of the Sh stand (1.73 t ha−1), and more than twice that of the Sc
stand (2.79 t ha−1) (Table 9). The amount of C-stock in all decay classes of DW was higher
in the Pr stand than in the Sc stand, and it was higher in the Sc stand than in the Sh stand.

Table 9. Mean C-stock in DW decay classes different in silvicultural managed stands at altitude
600–1200 m. Sh, shelter wood silviculture; Sc, selection cutting silviculture; Pr, protected stand.

Decay Class of DW
C-Stock (t ha−1)

Sh Sc Pr

DC1 0.87 1.23 2.06

DC2 0.50 0.79 1.47

DC3 0.21 0.41 1.08

DC4 0.11 0.22 0.72

DC5 0.04 0.14 0.49

All DW 1.73 2.79 5.82

Live trees 41.52 62.09 72.83

3.2.3. High Altitude (above 1200 m a.s.l.)

At altitudes above 1200 m, more than 80% of the number of trees and more than 60% of
the volume of trees consisted of four species of beech, hornbeam, alder and maple (Table 10).
As at lower altitudes, the frequency and volume of all tree species were significantly higher
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in Pr stand than in the Sc stand, and they were significantly higher in the Sc stand than in
the Sh stand.

Table 10. Species’ composition and growing stock of living trees (mean± SD) in different silvicultural
managed forest at altitude of >1200 m. Sh, shelterwood silviculture; Sc, selection cutting silviculture;
Pr, protected stand.

Tree Species
Tree frequency (Stem ha−1) Basal Area (m2 ha−1) Volume (m3 ha−1)

Sh Sc Pr Sh Sc Pr Sh Sc Pr

Fagus
orientalis Lipsky 49.5 ± 4.0 c 63.7 ± 4.6 b 78.6 ± 5.7 a 4.4 ± 0.2 c 5.6 ± 0.3 b 6.9 ± 0.5 a 36.4 ± 3.8 c 55.7 ± 4.1 a 59.3 ± 5.5 a

Carpinus betulus L. 30.2 ± 3.7 c 40.3 ± 4.8 b 51.2 ± 4.9 a 2.2 ± 0.1 b 2.3 ± 0.2 b 4.6 ± 0.3 a 21.2 ± 3.0 c 40.6 ± 3.5 a 33.8 ± 3.5 a

Alnus
subcordata C.A.M. 37.5 ± 3.5 b 40.9 ± 4.3 ab 44.7 ± 3.3 a 3.3 ± 0.2 a 3.8 ± 0.3 a 2.0 ± 0.2 b 27.0 ± 3.1 c 40.2 ± 3.5 a 35.0 ± 3.3 a

Acer
veletinum Boiss. 37.0 ± 3.9 c 44.2 ± 4.0 b 53.2 ± 5.0 a 0.6 ± 0.1 b 1.3 ± 0.1 a 1.4 ± 0.1 a 29.1 ± 3.4 b 27.0 ± 2.8 b 37.5 ± 3.5 a

Acer
cappadocicum Gled. 18.1 ± 2.4 c 27.0 ± 3.1 b 39.2 ± 3.8 a 0.3 ± 0.1 c 0.7 ± 0.1 b 1.1 ± 0.1 a 13.1 ± 2.2 b 17.3 ± 2.5 b 31.0 ± 3.2 a

Ulmus glabra Huds. 13.0 ± 1.6 c 19.9 ± 3.0 b 26.3 ± 3.5 a 0.1 ± 0.0 c 0.4 ± 0.1 b 1.2 ± 0.1 a 7.6 ± 1.4 c 12.8 ± 1.3 b 24.7 ± 3.0 a

Tilia begonifolia Stev. 11.2 ± 1.5 c 18.5 ± 2.6 b 26.0 ± 3.1 a 0.1 ± 0.0 b 0.2 ± 0.0 b 0.9 ± 0.1 a 5.8 ± 1.3.5 b 6.8 ± 1.0 b 17.3 ± 2.4 a

Zelkova
caprinifolia Dipp. 7.6 ± 0.9 c 12.1 ± 2.3 b 19.1 ± 2.4 a 0.1 ± 0.0 c 0.4 ± 0.1 b 0.7 ± 0.1 a 2.3 ± 0.5 b 6.8 ± 0.6 b 18.6 ± 2.0 a

Other species * 4.3 ± 0.9 b 8.0 ± 2.5 a 11.0 ± 2.3 a 0.1 ± 0.0 b 0.3 ± 0.1 b 0.7 ± 0.1 a 1.8 ± 0.7 c 3.5 ± 1.8 b 7.3 ± 1.9 a

All species 208.2 ± 14.2 c 274.6 ± 9.7 b 349.3± 16.0 a 11.2± 1.3 c 15.0± 1.3 b 19.5± 1.7 a 144.3 ± 9.6 c 210.7 ± 6.6 b 264.5 ± 8.9 a

* Other species include Quercus castaneifolia C.A.Mey., Mespilus germanica L., Prunus avium L., Pyrus communis
L., Sorbus torminalis L., and Prunus divaricata Ledeb. Different letters indicate significant differences between
the means of tree frequency, basal area or volume in silvicultural methods for each species by Duncan’s test at
α = 0.05. Average DBH for Sh, Sc, and Pr stands are 19.7, 24.0, and 26.7 cm, respectively.

The characteristics of all the stands in this altitude class (Figure 4) were uneven-aged
structure, the decreasing number of trees with the increasing DBH, and the increasing
volume of trees with the increasing DBH.

Frequency and volume of trees were higher in the Pr stand than in the Sc and Sh
stands in all diameter classes, such as at lower altitudes.

Both the fallen and standing volume of DW in the Pr stand were more than twice that
in the Sc stand and more than three times that in the Sh stand (Table 11). The volume of
fallen, standing, and total DW decreased in all three stands with the increasing degree of
decay, such as at lower altitude classes.

In the three different managed stands, the frequency of Fallen DW decreased by the
increasing diameter class, while the volume increased by the increasing diameter class
(Table 8). In all diameter classes of DW, the frequency of fallen DW was higher in the Pr
stand than the Sc stand, and it was higher in the Sc stand than in the Sh stand (Figure 3).
The fallen DW with diameter >100 cm was not observed in the Sh stand, while the volume
in the Sc and Pr stands were 3.35 and 9.02 m3 ha−1, respectively.

In all three stands, the highest frequency of standing DW was in the small diameter
class, while the highest volume of standing DW were in the largest diameter class, but there
was none in the Sh (Figure 3). In all diameter classes, the frequency of standing DW was
higher in the Pr stand than in the Sc stand, and it was higher in the Sc stand than in the
Sh stand.

In all decay classes, C-stock was higher in Pr stand than in Sc stand, and it was higher
in Sc stand than in the Sh stand (Table 12).
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Figure 4. The bars show the number of living trees (a), fallen DW (b) and standing DW (c) in altitude
of >1200 m referred to diameter distribution in each silviculture method (left y-axis). The scatter bars
show the volume of living trees (a), fallen DW (b) and standing DW (c) per DBH class (right y-axis).
Sh, shelter wood silviculture; Sc, selection cutting silviculture; Pr, protected stand.
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Table 11. The volume of fallen, standing, and total of DW (mean ± SD) in decay classes in different
silvicultural managed stands at altitude > 1200 m. Sh, shelter wood silviculture; Sc, selection cutting
silviculture; Pr, protected stand.

Decay Class

Fallen DW Standing DW Total DW

Sh Sc Pr Sh Sc Pr Sh Sc Pr

DW Volume (m3 ha−1)

DC1 2.21 ± 0.25 c 3.17 ± 0.27 b 4.73 ± 0.32 a 2.83 ± 0.19 c 3.05 ± 0.21 b 6.40 ± 0.80 a 5.04 ± 0.31 c 6.22 ± 0.53 b 11.13± 0.88 a

DC2 1.10 ± 0.11 c 2.08 ± 0.22 b 4.08 ± 0.30 a 2.05 ± 0.20 c 3.02 ± 0.20 b 5.08 ± 0.52 a 3.15 ± 0.35 c 5.10 ± 0.44 b 9.16 ± 0.83 a

DC3 0.72 ± 0.08 c 1.10 ± 0.14 b 3.11 ± 0.24 a 1.23 ± 0.15 c 2.05 ± 0.19 b 4.31 ± 0.37 a 1.95 ± 0.20 c 3.15 ± 0.27 b 7.42 ± 0.72 a

DC4 0.34 ± 0.05 c 0.83 ± 0.08 b 3.05 ± 0.25 a 0.90 ± 0.08 c 1.06 ± 0.11 b 4.22 ± 0.35 a 1.24 ± 0.16 c 1.89 ± 0.10 b 7.27 ± 0.70 a

DC5 0.13 ± 0.02 c 0.51 ± 0.05 b 2.55 ± 0.22 a 0.45 ± 0.03 c 1.00 ± 0.08 b 4.05 ± 0.35 a 0.58 ± 0.07 c 1.51 ± 0.09 b 6.60 ± 0.85 a

Total 4.50 ± 0.30 c 7.69 ± 0.29 b 17.52± 1.02 a 7.46 ± 0.39 c 10.18± 0.55 b 24.06 ± 0.8 a 11.96 ± 1.11 c 17.87± 1.90 b 41.58± 3.00 a

Different letters indicate significant differences between the means of DW volume in silvicultural methods for
each decay class by Duncan’s test at α = 0.05.

Table 12. Mean C-stock in DW decay classes in different silvicultural managed stands at
altitude >1200 m. Sh, shelter wood silviculture; Sc, selection cutting silviculture; Pr, protected stand.

Decay Class
C-Stock (t ha−1)

Sh Sc Pr

DC1 1.16 1.43 2.56

DC2 0.56 0.91 1.63

DC3 0.30 0.48 1.14

DC4 0.15 0.23 0.87

DC5 0.05 0.14 0.60

All DW 2.22 3.19 6.80

Live trees 46.04 67.70 85.09

3.3. Effect of Altitude, Silvicultural Treatments and Their Interaction on Living Trees, DW
and C-Stock

The frequency and volume of the live trees were influenced by the silviculture method,
altitude range, and their interaction (Table 12). The same results were shown by factorial
ANOVA for fallen DW as well. The silviculture method and the altitude range, but not their
interaction (Table 12), influenced frequency and volume of standing DW and total DW.

The C-stock assessment for all the categories studied (Table 13) was always affected
by the silviculture method, altitude range, and their interaction.

Table 13. ANOVA results (F-value) for effect of silvicultural management method, altitude, and
their interaction on frequency and volume of live trees, DW, and C-stock. * p < 0.05, ** p < 0.01,
N.S. = No significance.

Silviculture Method Altitude Silviculture Method × Altitude

Live trees
Frequency (n ha−1) 124.683 ** 47.134 ** 26.010 **

Volume (m3 ha−1) 173.528 ** 34.119 ** 33.832 **

Fallen DW
Frequency (n ha−1) 257.206 ** 22.407 ** 21.744 **

Volume (m3 ha−1) 183.010 ** 10.065 * 8.270 *

Standing DW
Frequency (n ha−1) 79.450 ** 10.186 * 4.031 N.S.

Volume (m3 ha−1) 53.340 ** 9.706 * 4.317 N.S.

Total DW
Frequency (n ha−1) 177.539 ** 9.100 * 5.192 N.S.

Volume (m3 ha−1) 59.402 ** 7.106 * 3.005 N.S.

C-stock

Live trees (t ha−1) 40.610 ** 7.230 * 7.028 *

Fallen DW (t ha−1) 23.950 ** 7.300 * 8.603 *

Standing DW (t ha−1) 93.404 ** 13.483 ** 7.555 *

Total DW (t ha−1) 33.119 ** 11.560 ** 14.427 **



Forests 2022, 13, 259 16 of 26

3.4. DW Dynamic

The estimated DW volume was 8.3–17.9 m3 ha−1 in Sh stands, 10.8–22.4 m3 ha−1 in Sc
stands, and 30.4–41.6 m3 ha−1 in Pr stands. The volume of standing DW was greater than
the volume of fallen DW in all studied stands (Figure 5).

Figure 5. Volume proportion of standing and fallen DW in different silvicultural managed stands. Sh,
shelter wood silviculture; Sc, selection cutting silviculture; Pr, protected stand.

The volume in class DC1 compared to the total DW volume was greater in the Sh than
in the Sc. In the Pr it was the lowest (Figure 6) at each altitude. However, the volume in
DC4 and DC5 compared to the total DW volume was greater in the Pr than in the SC. In
the Sh it was the lowest, at the different altitudes considered.

Figure 6. Volume proportion of each decay classes of DW in different silvicultural managed stands.
Sh, shelter wood silviculture; Sc, selection cutting silviculture; Pr, protected stand.

The value of all indices was higher in the Pr stand than the other two stands, except
for the SLI index, which was higher in the Sc stand than the other two stands (Figure 7).
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Figure 7. Value of DW indices by altitude class and silvicultural management. Sh, shelter wood
silviculture; Sc, selection cutting silviculture; Pr, protected stand. SCI, snag creation index; FLCI,
fallen log creation index; SLI, snag longevity index; and PMLI, past management legacy index.

The results of Pearson’s correlation test indicated that there was a significant positive
relationship between the snag frequency and live trees frequency (Figure 8) and between
DW volume and live tree volume (Figure 9).

Figure 8. Snag frequency in relation with live tree frequency.
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Figure 9. DW volume in relation with live tree volume.

3.5. Proportion of C-Stock in Live Trees and DW in Relation Silvicultural Method and
Altitude Classes

The results showed that of the total carbon stored in above ground biomass, 92.1 to
95.7% was in the live trees, 2.4 to 4.7% in the standing DW, and 1.5 to 3.2% in the fallen DW
(Figure 10).

Figure 10. Proportion of C-stock in live trees, fallen and standing DW in different silvicultural
managed stands. Sh, shelter wood silviculture; Sc, selection cutting silviculture; Pr, protected stand.

4. Discussion

Our results showed that the interaction of both the forest management method and
the stand altitude a.s.l. had a significant effect on the frequency and volume of live trees,
fallen DW, and C-stock. The forest management method and altitude range affected both
the frequency and the volume of standing DW and total DW, but their interaction was
not significant. Each of the dependent variables is discussed in detail in the following
paragraphs.
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4.1. Live Trees

Altitude is an easily measurable indicator, which integrates for a number of environ-
mental factors and thus is often used to measure change within assemblages including
structure, composition, and species traits [55] Clarifying how forests vary with altitude can
increase our understanding of forests and their responses to climate [56].

Our results revealed that the frequency and volume of live trees was highest in the
high elevation (1200–1800 m) stands. The increase in annual rainfall from low to high
altitudes can be the reason. It can be also due to the change in the composition of tree
species because there is an abundance of beech and maple trees at the higher altitudes. In
the forests under study beech and maple trees reach a larger diameter and height than
other tree species at altitude above 1200 m. With increasing altitude from 1800 upwards,
the diameter and height of trees and the volume of forest stands decrease due to decreasing
temperature and increasing wind speed in the study area.

The Hyrcanian forests have been managed by different silvicultural treatments [16,47,57],
as follows: shelterwood cutting from 1970 to 2000 (Sh stands), selection cutting from 2000
to 2014, and restricted cutting to damaged and fallen trees from 2016 to the present (Sc
stands). The main natural disturbance in the Hyrcanian mountain forests in northern Iran
is the wind that blows over and damages some trees every year. No tree felling operations
have been carried out in the protected stands (Pr stands) since 1970.

The results of this study showed that the frequency and volume of live trees were
significantly lower in the harvested stands (Sh and Sc) than the protected stands (Pr),
especially the frequency of large diameter trees. Other studies have also concluded that the
frequency and volume of trees in the harvested stands were lower than in the protected
stands [16,52,58–63].

4.2. Deadwood

Deadwood plays several important ecological roles in forest ecosystems. The results
of this study showed that the volume of DW in the stands increased with the increasing
altitude of the stands as the attributes of living trees are influenced by the silviculture
method, the altitude range and their interaction. Hence, it was found that these are the
DW drivers.

The rise of DW amount with altitude can be due to a decrease in temperature, due to the
fact that as the temperature decreases, the rate of wood decomposition decreases. Moreover,
altitude affects other climatic factors such as rainfall and snowfall. Precipitation changes the
moisture content of fallen and standing deadwood differently, further influencing the DW
decomposition rate [64]. Snowfall may prevalently induce breakage of crown branches [65]
producing fallen DW. In the Hyrcanian forest, Tavankar et al. [66] observed crown damage
in the larger diameter trees, particularly in Alnus subcordata at the higher elevations, adding
that Fagus orientalis was less affected.

There was also a significant relationship between the frequency of live trees and
the frequency of snags, and a significant relationship between the volume of live trees
and the volume of DW in the stands. Tavankar et al. [67] found that the presence of
snags is influenced by the silvicultural regime in the forest and that the distribution was
more uniform in both diameter and decay classes in the fully protected forest. Castagneri
et al. [68] reported that deadwood characteristics in the montane mixed forests of the
Eastern Italian Alps were influenced by altitude and the time elapsed since the last human
intervention, as well as by density of live tree and harvesting, similar to the results observed
in this study.

The forest type, the age since the establishment of the reserve, and the volume of live
trees had been indicated as having a significant influence on the amount of deadwood and
its components [53,68,69]. The results of this study showed that the frequency and volume
of DW in the harvested stands (Sh and Sc) were significantly lower than the protected
stands (Pr). In fact, the Sh and Sc management had reduced the number and volume of
DW as compared to the Pr stand, especially the large sizes of DW. However, it is worth
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noting that the snag volume is greater than that of the logs in each type of both active and
conservative management and altitudinal range.

DW volume in forests is governed on a balance of accretion and depletion factors.
Disturbance, self-thinning, and senescence constitute factors driving the accumulation
of DW. Decay, harvesting of large trees, as well as the right of the local people to collect
deadwood are some of the factors that lower the amount and quality of DW [70,71].

Normally, the DW decay rate is inversely proportional to the size of the piece of wood,
this could bring to more stable microclimatic conditions [72] and to facilitate the coexistence
of species with different ecological requirements [73]; furthermore, these conditions might
favor the presence red-listed species [74,75].

Šenhofa et al. [71] studied deadwood characteristics and C-stock in deadwood in
mature and old-growth birch stands, in the Latvian forests, observing that the amount of
deadwood for mature stands managed was 43.5 m3 ha−1 only slightly lower than some
recently abandoned mature stands (51.3 m3 ha−1), but significantly lower than the average
values found in old-growth stands (54.4 m3 ha−1). As reported by Öder et al. [76], analyzing
DW patterns along altitudinal gradients of managed and unmanaged deciduous forests
in western Romania, the managed forest types displayed an average deadwood volume
of 47 m3 ha−1 with lying deadwood accounting for over 70%. About 40% of deadwood
elements occurred in the early to intermediate decomposition stage, and the deadwood
volume in unmanaged forests was two to three times greater than in managed forests. In
protected stands (Pr) the amount of deadwood was three times higher than in actively
managed stands (Sh and Sc stands).

Ranius et al. [32] studied modeling and dynamics of DW in spruce stands in central
Scandinavia, specifically in the country of Norway. They demonstrated that if the forest
is managed according to the Forest Certification Standard, the amount of DW with a
diameter larger than 10 cm would be almost three times higher than the amount in today’s
managed forests.

Deadwood is a fundamental forest habitat component and highly important for biodi-
versity conservation [76]. The dynamics of production and decay are just as important. The
proposed indices on DW dynamic underlined the relationships between the deadwood
and the different characteristics of the stand and allow highlighting the dynamics that also
exist among the three different management models. The snag-creation index (SCI), fallen
log-creation index (FLCI), and past management legacy index (PMLI) were significantly
higher in the Pr stands than in the Sc and Sh stands. SCI generally assumes higher values
in forest without or with a low pressure of logging activities [2,52,53] and the greater the
frequency and volume of living trees, the greater the frequency and volume of snags. FLCI
was affected by the time that elapses from the death of standing trees. The greater this
time interval, the greater the observed value, because the decayed snags break naturally
and increase the fallen log component. Therefore, this index assumes increasing values
as the time from active management or logging increases [52,53]. The past management
legacy index indicated the influence of deadwood removal over time. The snag longevity
index (SLI) was higher in the Sc stands than the Pr and Sh stands. Actively managed
forests show higher SLI values [53]. These results are probably related to the restriction
on cutting damaged trees, decreed in 2016 in the Caspian managed forests. However, the
indices are in line with previous research findings by Tavankar et al. [52], who observed
that the cutting of large diameter trees does not give any opportunity for snags or logs
to develop in the Sh and Sc stands in Iran. The main factors affecting snag longevity are
tree species, tree size, and decay stage. The presence of deadwood in the form of snags,
logs and stumps, the diversity of tree species, the occurrence of different diameter classes,
and decay stages [1,77] provide resources and increase the availability of niches for a large
number of deadwood-dwelling species [78,79]. The distribution of DW in the decay classes
showed differences signed by the management regime. It is evident that the Pr stands, at
each altitude, exhibited the larger frequencies of DW by volume in the decay classes 4 and 5.
Restoring deadwood habitat is vital to recreate fully functioning forest ecosystems [80].
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4.3. C-Stock

Growing concerns about the climatic impacts of increased concentrations of atmo-
spheric greenhouse gases have stimulated discussions about the importance and potential
of using forests for carbon (C) sequestration [81]. Different studies have shown that with
the increasing decomposition stage there is a significant decrease in wood density [82],
which is in accordance with the results of this research. The results of this study indicated
that C-stock in live trees and DW increased with the increasing stand altitude.

The highest value of C-stock by live trees was estimated in the Pr stands (58.64–85.09 t ha−1),
and the lowest in the Sh stands (34.05–46.04 t ha−1). The value of C-stock in the Sc stands
was estimated to be 45.42–67.7 t ha−1. Forest ecosystems are an important C pool, retaining
approximately 80% of all terrestrial aboveground C and 40%–47% of soil organic C [83,84].
Results of this study showed the DW share of C-stock of above ground biomass was
4%–4.6% in the Sh stand, 4.3%–4.8% in the Sc stand, and 7.4%–7.9% in the Pr stand. This
C is released as decomposition proceeds. The amount of C-stock in tropical forests has
been reported to be up to 33% [22,85]. The amount of C-stock in living and deadwood
biomass varies widely in different forest ecosystems [86]. Lo Monaco et al. [53] highlighted
that the deciduous oak forest in the protected lowland forests of central Italy showed
an amount of stand volume (379 m3 ha−1), deadwood volume (161.8 m3 ha−1), and C
storage (31.43 t ha−1) higher than pine forests and evergreen forests. The mean deadwood
carbon pool in mature, recently unmanaged, and old-growth birch (Betula pendula Roth
and Betula pubescens Ehrh.) stands was reported as 5.4, 6.3, and 7.9 t ha−1, respectively [71].
In carbon sequestration studies, deadwood is recognized as an important component for
conserving C-stock. For example, in the USA, 14% of the total forest carbon pool is stored
in deadwood [87].

In addition to having a wide range of ecological roles in forests, deadwood is consid-
ered as an important carbon storage of the world. Understanding where carbon is stored in
forest structures is essential for accurately estimating forest carbon stocks [88]. The DW
acts as a significant carbon and nutrient reservoir [89].

According to the FAO [90], the world’s forests have stored 662 billion tons of carbon,
with 44.5% in biomass, 10.3% in deadwood and litter, and 45.2% in soil. The role of
deadwood in ecosystem carbon (C) storage has received increasing attention because
climate change could alter terrestrial C balance by reducing C storage in this important
detrital pool [91,92]. Nations that have signed the agreements are encouraged to quantify
C pools and fluxes in their forests, including the proportion occurring as deadwood, and
are urged to reduce the greenhouse gas (GHG) emissions into the atmosphere [29].

The decomposition of deadwood is a key factor in the C cycle [29]. After decomposition
and humification, the organic C contained in DW becomes an essential component of forest
soils [93], contributing to the forest C cycle [94,95]. As such, it acts as a temporary storage
pool for C, and represents by decomposition and burial a long-term input source of organic
matter and nutrients to the soil [9,96,97].

5. Conclusions

The characteristics of deadwood were assessed in a mixed broadleaves high forest
comparing two different management systems applied with protected area. In order to
magnify the importance of the research focusing on a larger area, the analysis was replicated
at three different altitude ranges. The results showed that with increasing altitude, the
volume of deadwood increased. The volume of deadwood in the Pr stands was about
three times higher than the Sh stands and twice higher than the Sc stands. The volume of
the standing deadwood was greater than that of the fallen deadwood in all stands. The
highest volume ratio of fallen deadwood to standing deadwood was found at the mid-
range altitude in the Sc stand. The frequency and volume of snags increased at increasing
frequency and volume of live trees. The amount of carbon stock by deadwood in the Sh, Sc,
and Pr stands was 1.53–2.22, 2.29–3.19, and 5.03–6.80 t ha−1, respectively. The deadwood
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share of C-stock of above ground biomass was 4%–4.6% in the Sh stand, 4.3%–4.8% in the
Sc stand, and 7.4%–7.9% in the Pr stand.

Deadwood assessment and management, in terms of volume, type, species composi-
tion, diameter distribution, spatial allocation, and decay stage, is one of the new challenges
for a proper sustainable forest management. Management policies for deadwood are im-
portant for conservation and the benefits in terms of environmental sustainability. Forest
managers need to monitor the impact of their treatments in order to maintain an optimal
ratio between ecological and productivity aspects.

The results of this study showed that both silvicultural methods, which are shelter
wood and selection cutting, have significantly reduced the deadwood volume as compared
to the protected stands in the studied forests. A greater awareness of the dynamics of
deadwood is essential in the management of these forests. In addition to producing high
quality timber, it is important to pay attention to the dynamic indicators of deadwood
during the management of these forests. It seems that modeling protected stands can be a
useful guide for managing deadwood in these forests. Due to the ecological importance
of deadwood in forests and its environmental values in terms of the carbon reservoir,
strategies to increase the volume of deadwood from different types, species, and degrees of
decay are necessary. Leaving thicker, decayed, damaged, and wind-fallen trees in the forest
is only one of the sustainable management strategies that can be a recommended practice
in these forests.
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