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Abstract: A variety of diversity indices and structural measurements have been defined to evaluate and
analyze forest structure. These measures represent mathematical constructions of species, dimensional,
and location diversity.

The present study aimed to quantify and compare the current spatial structure of two groups of natural
stands, with different levels of degradation, i.e., more degraded and less degraded stands, in the Arasbaran
forests of Iran.

Data were collected from 177 permanent sample plots from six forest stands in the Arasbaran forests of
northwestern Iran. Spatial structure was quantified using neighborhood-based structural indices related to
species mingling, size differentiation, and spatial distribution. The complex structural diversity index (SI)
and the forest structure types of the stands were investigated simultaneously to compare the two different
groups.

Results showed that forest degradation significantly reduced structural heterogeneity. In less degraded
stands, structural diversity indices including species mingling (M = 0.36), diameter at breast height dif-
ferentiation (TD = 0.27), tree height differentiation (TH = 0.20) and distance to neighbors (D = 1.8) had
consistently higher values compared to more degraded areas, although the spatial distribution of trees
showed a clumped pattern in both groups. In addition, the higher SI value (0.394) indicated a medium level
of structural diversity in less degraded stands, compared to the SI value (0.315) in more degraded stands
which reflected low structural diversity. Consequently, the results revealed that, M and TD had the greatest
influence on the SI values.

Investigating the SI index alongside the type of forest structure can provide valuable insights for manag-
ing forests. As a priority, conservation strategies should be implemented to prevent the further degrada-
tion of forests. In addition, this information could aid in implementing silvicultural practices to enhance
structural diversity and promote sustainable forest development.
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Introduction

Forest spatial structure is a key that strongly in-
fluences tree growth and ecological processes. Each
tree contributes gradually to shaping forest struc-
ture, which in turn impacts forest dynamics (Aguirre
et al., 2003; Pretzsch, 2009). The spatial distribution
of trees is closely tied to ecological development,
competition, species interactions, and habitat pro-
vision (Lin et al., 2011; Ramsay, 2015; Chen et al,,
2018). The arrangement of tree species and their size
distribution create variation in ecosystem functions,
since all properties of a forest and the interaction be-
tween its components depend on the microstructure
of the system (Pommerening & Grabarnik, 2019).
Therefore, understanding the spatial structure helps
us interpret the ecological processes behind the for-
est patterns.

Various structural diversity indices, based on spe-
cies, size, and spatial location of tees have been de-
veloped for quantitative assessment of forest struc-
ture. These include aggregation indices and diversity
metrics that provide affordable and replicable tools
for characterizing forest heterogeneity (Krebs, 1999;
Aguirre et al., 2003).

Individual-based method using four near-
est-neighbor relationships is widely used for analyz-
ing the spatial structure (Davies & Pommerening,
2008; Li et al., 2014; Dong et al., 2014). This meth-
od allow data collection from small plots, which can
reflect stand-level patterns (Pommerening, 2006;
Wang et al., 2016). Several studies have demonstrat-
ed that structural indices such as species mingling,
size differentiation, and spatial distribution provide
robust tools for forest comparison and management
(Aguirre et al., 2003; Pommerening & Stoyan, 2008;
Liu et al., 2021; Dong et al., 2022).

Several studies have focused on the applying
forest spatial structure characteristics considering
neighboring variables, with purposes such as forest
management, comparative analysis, and reconstruc-
tion patterns. Aguirre et al. (2003) introduced key
metrics such as mingling, size differentiation and
absolute discrepancy for comparing complex forest
structures. Pommerening and Stoyan (2008) showed
nearest-neighbor summary statistics, even from
small plots, can reliably capture broader spatial pat-
terns. Liu et al. (2021) emphasized the influence of
large trees on neighboring tree mingling and Dong et
al. (2022) highlighted the use of structural indices to
guide harvest planning and promote forest stability.

Iran’s forests are distributed across three phytoge-
ographical zones: Euxino-Hyrcanian, Irano-Turanian,
and Saharo-Sindian (Sagheb Talebi et al., 2014). The
Arasbaran forests, located in the Euxino-Hyrcanian
zone in northwestern Iran, are among the country’s
most important ecological regions. Despite their

protection status as a UNESCO Biosphere Reserve
(Nahrli et al., 1999; Sagheb Talebi et al., 2003), Ar-
asbaran forests face degradation due to overgrazing,
tree cutting, road construction, and land use change
(Yazdian et al., 1998; Sagheb Talebi et al., 2014). This
has significantly altered forest structure and species
composition.

Several studies in the Arasbaran region have as-
sessed the spatial structure of specific species and
stands. Abedi (2019) found high species mingling,
but low diameter differentiation in Acer campestre L.
populations. Ghanbari et al. (2019) showed long-term
enclosed sites of Taxus baccata L. had greater diameter
differentiation and distance to neighbors, along with
arandom spatial pattern. Sefidi et al. (2022) reported
that degradation intensity shifted stand distribution
from random to clumped, reduced species mixture,
and altered structural diversity. Studies from similar
Hyrcanian forests also showed that spatial patterns
vary with forest development stages, in which tree
distribution pattern was clumped in the initial and
decaying stages of development, however, it was
random in the optimal stage and the mingling index
was lowest in the initial stage (Akhavan et al., 2012;
Alijani et al., 2013). Similarly, Farhadi et al. (2019)
found three types of natural deciduous forests (Fa-
gus, Fagus-Carpinus and Fagus-Acer) in the Hyrcanian
region that displayed predominately random tree
distribution with low species mingling, though pure
stands exhibited relatively higher tree densities.

Considering the ecological importance of Aras-
baran forests, this study aims to assess and compare
the spatial structure of six hornbeam- oak stands
with different levels of degradation intensities i.e.,
more degraded and less degraded stands, using
neighborhood-based structural indices related to
species mingling, size differentiation, and spatial dis-
tribution. This research contributes to understand-
ing how forest degradation affects structural hetero-
geneity and providing insights for sustainable forest
management in this sensitive region.

Materials and methods

Study area

Mixed deciduous forests of Arasbaran span about
140,000 hectares, ranging in elevation from 256 to
over 2,000 meters. Annual precipitation varies from
300 to 600 mm, with significant supplemental mois-
ture from fog. The region hosts approximately 1334
plant species, including 97 tree and shrub species
(Javanshir, 1992; Birang et al., 2001). The study was
conducted in six forest stands in the Arasbaran re-
gion, consisting of three less degraded stands (LDS)
and three more degraded stands (MDS) (Fig. 1).
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Fig. 1. Location of the six studied stands in the Arasbaran region (1, 2, and 3 are less degraded stands (LDS); 4, 5, and 6

are more degraded stands (MDS))

Table 1. The characteristics of the studied stands

Stands category Area No. of Range of Raqge of  Geographical Situation
& No. (ha) sample plots slope (%) elevation (m) aspect
LDS
1 92.5 30 35-80 991-1390 N-W-NW  Distant from recreational areas, main roads and
2 93.5 30 30-75  1170-1700  N-NW-NE villages
3 96 29 20-70 1354-1684 W-SW
MDS
4 86 29 15-50 1673-1932 W-N Close to recreational area, main roads and villages
5 89 29 15-90 1446-1765 W-N-NW
6 90 30 35-80 1380-1947 N-W

Note: LDS: Less degraded stands; MDS: More degraded stands.

The six stands were selected concerning the var-
ious physiographic factors (altitude, slope, and geo-
graphical aspect), forest species composition, vary-
ing degradation intensities, and distance to villages,
main roads, and recreation centers, based on the pre-
vious study in the Arasbaran region (Ostadhashemi
et al., 2021) (Table 1).

Data collection

Data were collected from 177 permanent circular
sample plots with an area of 300 m? (Alijanpour et al.,
2018), arranged in a systematic grid of 150 x 200 m
in the six forest stands. These stands primarily con-
sisted of hornbeam (Carpinus sp.) and oak (Quer-
cus sp.) tree species. In the MDS, these two species
accounted for approximately 90% of the total species
composition, while in the LDS, it was around 78%.

The tree measurement variables include diameter at
breast height (DBH > 5), total height of all trees, spe-
cies, number of coppice sprouts and standard trees.
Trees were classified into DBH classes at 5 cm in-
tervals. The classes were defined as follows: class 1:
5-7.5, class 2: 7.6-12.5, class 3: 12.6-17.5, class 4:
17.6-22.5, class 5: 22.6-27.5, class 6: 27.6-32.5 and
class 7: 32.6-37.5. Furthermore, plot characteristics
including slope percentage, main aspect, elevation
(above sea level), and geographic coordinates were
recorded at the center of each plot (Ostadhashemi et
al.,, 2024).

Analysis method

The spatial structure of the six selected stands
was assessed using various indices that consider tree
size, species diversity, and tree coordinates, based on
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the four nearest neighbor method. In this method,

a structural unit is defined by a reference tree and

its four closest neighbor trees. We analyzed neigh-

borhood-based parameters, which included species
mingling (M), uniform angle (W), tree dimensions
differentiation (T) concerning DBH (TD) and height

(TH), distance to neighbors (D), and the O-ring sta-

tistic. These parameters all together, describe the

spatial structure of a forest (Equations 1-5).

1. The M index is defined as the proportion of n
nearest neighbors around each reference tree that
belongs to a different species. m. equals 0 when
the reference tree (i) and its neighbor (j) are of
the same species, and 1 when they are of different
species. This index is divided into three possible
values: low diversity for M < 0.3, medium diversi-
ty for 0.3 <M <0.5, and high diversity for M > 0.5
(Fildner, 1995; Aguirre et al., 2003).

1
Mi = Wij

Jj=1

_ | 1, species; # species;
m, = .
J 0, otherwise

where: M; — mingling index; m; — 1 or 0; i — refer-

ence tree; j — neighboring trees n — total number of

neighbors.

2. The W index measures the angles between the n
nearest neighbors and a reference tree. w; equals
1 if the measured angle between the reference
tree and neighbor j (a) is smaller than a, and
equals 0, otherwise. It is categorized into three
values: W < 0.3 indicates a regular distribution,
0.3 £ W < 0.4 suggests a random distribution,
and W > 0.4 signifies a clumped distribution of

trees (Gadow et al., 1998).
1 n
=7 LW
j=1
— Lo <a 0y_360°  ay = standard angle
J 0, otherwise ntl

where: W, - uniform angle index; w. - 1 or 0; i — ref-

erence tree; j — neighboring trees; n — total number

of neighbors.

3. The T index measures the average size differen-
tiation among all n neighbors. This index is cate-
gorized into three ranges: T < 0.3 indicates small
size differentiation, 0.3 < T < 0.5 indicates av-
erage size differentiation, and T > 0.5 indicates
large size differentiation (Fiildner, 1995; Gadow,
1999). The differentiation in DBH and tree height
were represented as TD and TH, respectively.

x, min(m;, m,)
- 13 S

= ax(ml, m;)

where: Ti - tree dimensions differentiation index; i —
reference tree; j — 1 to n neighbor trees; n — the
number of neighbors; m — any quantifiable tree
size measure (DBH or Height).

4. The D index refers to the density of trees, ranging
from low to high values. This scale refers to very
dense to very sparse forest stands (Ruprecht et
al., 2010).

1 n
=Fzslj

j=1

where: D — distance to neighbors index; n — the num-

ber of neighbors; i — reference tree; j — neighboring

trees; S, — distance to 1, ..., n™ neighbor (m).

All analyses for calculation of M, W, TD, TH and
D indices were carried out using Crancod Ver. 1.3
software.

5. The univariate O-ring statistic was used to ana-
lyze the spatial distribution pattern of trees.
This method is similar to Ripley’s K-function
and the pair-correlation function g, which assess
spatial patterns based on the average density of
neighboring trees within a specified radius (r)
(Equation 5). It then compares these patterns
to a random distribution using the Monte Car-
lo simulation. When the O-ring graph is within
the Monte Carlo envelopes, the tree distribution
is considered random, above the upper envelope,
the pattern is clumped, and below the lower enve-
lope, the pattern is regular (Luis et al., 2008).

In this study, a univariate O-ring statistic was cal-
culated for each group of stands by combining spatial
patterns of 89 replicate plots for LDS and 88 replicate
plots for MDS in Programita 2014 software. This was
done in conjunction with 99 simulations using the
Monte Carlo model (Luis et al., 2008; Illian et al.,
2009).

0() = 2g(r)
where: O(r) — O-ring statistic; A — density (the num-
ber of trees per unit area); g(r) — derivative of Rip-
ley’s K-function.

6. Finally, the complex structural diversity index (SI)
was calculated using M, W, TD and TH indices,
and their corresponding weights. The weights
were determined based on the previously estab-
lished relative importance of the indices and were
set as follows: w, = 0.5, w, = 0.3, w, = 0.1, and
w, = 0.1 (Pommerening & Stoyan, 2008; Pastorel-
la & Paletto, 2013; Storch et al., 2018).
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SIranges from O to 1, where S < 0.3, 0.3 <S < 0.4,
and S > 0.4 indicate low, medium, and high levels
of biodiversity, respectively. This index is defined by
Equation 6 as follows (McElhinny, 2005; Pastorella
& Paletto, 2013).

SI= (M, xw,) + (W, X w,) (TD X w,) (TH X w,)

where: M, - mingling index; W, — uniform angle in-
dex; TD - tree dimensions differentiation index for
DBH; TH - tree dimensions differentiation index for
height; w,, w,, w, and w, - corresponding weights.

The NN1 method (nearest-neighbor edge cor-
rection method) was used to avoid the influence of
the edge effects problem on the results of the spatial
structure analyses and index calculations. The edge
effect happened when the distance to the plot bound-
ary was shorter than the distance to the n" neighbor,
then the nearest trees to the i tree may be located
outside the plot (Pommerening & Stoyan, 2006).

The Kolmogorov-Smirnov test was conducted to
assess the normal distribution of the data. An inde-
pendent samples t-test was employed using SPSS 26
software, to compare the stands based on the average
values of the spatial structural indices.

Results

The stands showed significant differences
(p < 0.05) in all non-spatial characteristics of the
studied stands, except for the percentage of stand-
ard trees. LDS had higher average values for DBH
(11.7 cm), tree height (12.7 m), and basal area
(17.7 m? ha™!). In contrast, it had a lower coppice
percentage (45%) and density (1325 trees ha™?)

compared to MDS, which had 8.7 cm for DBH, 10.9 m
for tree height, 13.5 m? ha~! for basal area, 60% for
coppice, and 1999 trees ha™! for density (Table 2).
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Fig. 2. DBH distribution of two groups of forest stands
(a: LDS, b: MDS)

Table 2. Comparision of non-spatial characteristics of the two groups of the studied stands

Stand N BA D H Standard (%) Coppice (%) Main Species
LDS
1 1090 19.9 13.1 15 63 37 A-B-C-D-E-F-G
2 1627 20.2 11.6 12 64 36 A-B-C-D-F-G-H
3 1259 13 10.4 11.3 38 62 A-B-C-D-F
Average 1325 17.7 11.7 12.7 55 45
MDS
4 2434 12 7.6 9.3 33 67 A-B-C-D
5 1917 12.9 8.6 11 39 61 A-B-C-F
6 1645 15.7 10 12.4 49 51 A-B-C-D-F-G
Average 1999 13.5 8.7 10.9 40 60
t -7.03 4.24 8.62 6.27 -0.78 -8.37
Statistical comparison f 176 176 176 176 176 176
Sig.  0.000** 0.000** 0.000** 0.000** 0.433ns 0.000**
SE 95.31 0.977 0.371 0.325 1.807 2.22

Note. LDS: Less degraded stands; MDS: More degraded stands; N: Number of trees per hectare; BA: Basal area (m? ha™'); D: mean
DBH (cm); H: mean tree height (m); A: Carpinus betulus L.; B: Quercus petraea L. & Q. macranthera Fisch. & C.A.Mey.; C: Acer campestre
L. & A. monspessulanum L. subsp. Ibericum (M.B) Yaltirik; D: Cerasus avium (L.) Moench.; E: Sorbus torminalis (L.) Crantz.; F: Fraxinus
excelsior L.; G: Ulmus glabra Huds. & U. minor Miller.; H: Taxus baccata L.; SE: Standard error; **: Significant difference at P<0.01 and,

"s; no significant difference.
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Fig. 3. Spatial distribution patterns of trees based on O-ring
statistic (a: LDS, b: MDS, Dash line: Monte Carlo enve-
lopes, Solid line: O-ring statistic)

The LDS (Fig. 2a) exhibited a wider range of DBH
classes and nearly a bell-shaped diameter distribu-
tion compared to the MDS (Fig. 2b), with the highest
numbers of small trees.

Based on the O-ring statistic results, the spa-
tial distribution patterns of both groups of stands

exhibited predominantly clumped distribution
(Fig. 3). However, random distribution (Intersection
point of the dashed and solid lines) was observed at
distances of 7 to 10 meters in LDS (Fig. 3a) and 9
to 11 meters in MDS (Fig. 3b). This result indicates
that the range of random distribution was broader in
LDS compared to MDS. Beyond these distances, the
distribution patterns were uniform.

Table 3 presents the results of the mean values of
spatial structure indices for comparison of the two
groups of forest stands with different degradation
intensities.

The results indicated that the average values of M
were 0.363 for LDS (medium species mixture catego-
ry) and 0.226 for MDS (low species mixture catego-
ry). The average W value was 0.53 for both groups,
indicating a clumped distribution of trees. The val-
ues for TD were 0.268 for LDS and 0.236 for MDS.
Furthermore, the TH values were 0.203 for LDS and
0.117 for MDS. Both groups of forest stands showed
similar small size differentiation in DBH, and tree
height, however, the LDS had higher TD, and TH val-
ues than the MDS.

The average tree density, indicated by mean val-
ues of distance (D), was 1.83 m for LDS and 1.51 m
for MDS, which suggests that MDS has a higher tree
density, meaning that the reference trees are closer to
their neighbors compared to the LDS. Moreover, the
two groups of forest stands demonstrated significant
differences (P < 0.05) in the mean values of indices,
except for the W index.

Figure 4 illustrates the distribution of different
forest structure types (axis Y) based on SI index. In
the LDS, 28% of the structure type was character-
ized by low species mixture, clumped spatial dis-
tribution, and small diameter and height differen-
tiation (L.C.S.SM), followed by the structure type

Table 3. Comparision of the mean values of spatial structural indices of the two groups of the studied stands

Stand No. of trees  No. of trees after edge correction M ' TD TH D
LDS
1 1012 635 0.344 0.535 0.275 0.183 1.97
2 1464 875 0.35 0.553 0.277 0.199 1.63
3 1095 684 0.396 0.519 0.252 0.227 1.9
Average - - 0.363 0.535 0.268 0.203 1.83
MDS
4 2110 1629 0.199 0.528 0.214 0.078 1.4
5 1658 1160 0.191 0.535 0.240 0.123 1.51
6 1471 1000 0.29 0.529 0.255 0.152 1.64
Average - - 0.226 0.53 0.236 0.117 1.516
t - - 4.580 0.188 3.648 12.253 5.720
.. . df 176 176 176 176 176
Statistical comparison - - 0.000**  0.851"  0.000**  0.000**  0.000**
SE - - 0.029 0.007 0.007 0.006 0.068

Note. LDS: Less degraded stands; MDS: More degraded stands; M: Species mingling; W: Uniform angle; TD: Tree diameter differentia-
tion; TH: Tree height differentiation; D: Distance to neighbours (m); SE: Standard error; **: Significant difference at P < 0.01 and, ™:

no significant difference.
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Fig. 4. Distribution of forest structur types based on the SI
index value (a: LDS, b: MDS)

Note: L, M, and H refer to Low, Medium, and High species mix-
ture, respectively (M-index); RA, and C denote Random, and
Clumped tree distribution, respectively (W-index); S, and A
indicate Small, and Average diameter differentiation, respec-
tively (TD-index); SM, and AV represent Small, and Average
height differentiation, respectively (TH-index).

with medium species mixture, clumped spatial dis-
tribution, and small diameter and height differentia-
tion (M.C.S.SM) (23%), and another structure type
with high species mixture, clumped spatial distribu-
tion, and small diameter and height differentiation
(H.C.S.SM) (23%).

In the MDS, the most frequent structure type
was defined by low species mixture, clumped spatial
distribution, and small diameter and height differ-
entiation (L.C.S.SM) (50%). The second most fre-
quent structure type had medium species mixture,
clumped spatial distribution, and small diameter and
height differentiation (M.C.S.SM) (26%).

Moreover, the lowest SI value (0.17) was related
to the low species mixture, random spatial distri-
bution, average diameter differentiation, and small
height differentiation structure type (L.RA.A.SM) in
the LDS. In the MDS, the lowest SI value (0.19) was
related to the structure type with low species mix-
ture, clumped spatial distribution, and small diame-
ter and height differentiation (L.C.S.SM).

Meanwhile, the highest complex structural di-
versity value (SI = 0.61) corresponded to the struc-
ture type with high species mixture, clumped spatial

distribution, average diameter differentiation, and
small height differentiation (H.C.A.SM) in both
groups of stands. Hence, the average SI was obtained
to be 0.394 and 0.315 in LDS and MDS, respective-
ly, which reflected an approximate medium and low
level of diversity.

Discussion

A quantitative evaluation of forest structure
through spatial structural indices allows research-
ers to measure forest biodiversity. It is a crucial in-
dicator for understanding the distribution of tree
species, their growing conditions, and the competi-
tive dynamics within a forest stand (Pommerening,
2002; Sterba & Zingg, 2006). In this study, we used
frequent small sample plots rather than large plots.
This approach provides more accurate estimations in
quantifying variation, heterogeneity, and interactions
between the four nearest neighbors, which contrib-
uted to the initial data for detecting forest structure
within the entire forest stand.

To assess different aspects of the spatial structure
of the two groups of less and more degraded forest
stands (i.e., LDS & MDS), we used various indices
related to species composition, tree size, and tree
location (M, W, T, D, and O-ring). Previous studies
have suggested that these spatial indices provide
more reliable, accessible, and comprehensive insights
compared to traditional methods, such as stand den-
sity, diameter distribution, and species composition.
(Aguirre et al., 2003; Deng & Katoh, 2011; Akhavan
& Hassani, 2023).

The results indicated that LDS had a higher av-
erage DBH and tree height but a lower density com-
pared to MDS. The mixture in both types of stands
was primarily influenced by two main species: horn-
beam and oak, which made up 90% of MDS and
78% of LDS composition. These findings suggest
that MDS experiences greater intra-specific compe-
tition, leading to higher density and frequency of the
dominant species than LDS. In contrast, the lower
frequency of the dominant species in LDS allows for
the presence of other species, resulting in an increase
in the M index. In addition, the M index indicated
that 31% and 7% of all structural units (reference
tree and four neighborhood tree) contained at least
two different species (M > 0.5) in LDS and MDS, re-
spectively. Previous researches confirmed that great-
er homogeneity of forest stands significantly reduces
M index (Bettinger & Tang, 2015; Pommerening &
Uria-Diez, 2017).

The horizontal distribution patterns implied the
aggregation distribution in both stands. Howev-
er, the LDS had a wider range of distances related
to the random distribution. Based on the O-ring
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statistic and approximated plot radius (r = 11m),
we found that in 55% of the intervals for LDS and
73% for MDS, the tree distribution was clumped. It
was evident that the distances between trees were
smaller than expected by randomly distributed. This
may result from various factors, such as, groups of
young trees by coppices form, as a result of human
intervention and a limited regeneration dynamic in
small gaps, which aligns with findings from previ-
ous studies (Wiegand & Moloney, 2004; Law et al.,
2009; Alijanpour & Mahmoudzadeh, 2007; Sefidi et
al., 2022). Sefidi et al. (2022) confirmed that human
activities have altered the structure of forest stands
and caused regeneration problems due to the cutting
of small-diameter trees and grazing in the Arasbaran
forests. Similarly, Alijanpour and Mahmoudzadeh
(2007) reported destructive factors, including tree
cutting, branching, and over grazing in these forests.
Moreover, the index of W indicated a clumped distri-
bution patterns within the structural units for both
groups. The dominance of hornbeam and oak species
and their ability to produce coppice sprouts may con-
tribute to the formation of groups of the same spe-
cies, consequently in a pronounced clumped pattern,
as also noted by Dong et al. (2022).

Other results from this study indicated low TD
and TH in both groups, indicating homogenous
trees in terms of dimensions that are confirmed by
the high percentage of young coppices and the high
number of trees in the smaller DBH classes (the fre-
quencies of 63% and 89% were observed in the DBH
classes up to 10 cm for LDS and MDS, respectively).
This issue may reflect forest exploitation for char-
coal production in recent decades in the Arasbaran
region, which was supported by Ghalandarayeshi et
al. (2017) that noted disturbances over the past dec-
ade caused a bell-shaped diameter distribution of ash
trees in a semi-natural forest in Denmark.

Our results confirmed the high tree density based
on the D index in both groups. However, we found
that increased space (higher D value) between ref-
erence trees and their neighbors in the LDS led to
reduced competition and tree density, which conse-
quently enhanced tree DBH and height growth, re-
sulting in higher values of TD and TH indices in the
LDS. In addition, LDS with a greater M index tended
to exhibit larger trees and a more size differentiation
index, which aligns with the M-size hypothesis pro-
posed by Pommerening et al. (2020). This suggests
that trees surrounded by diverse species tend to grow
larger.

The results also showed significant differences
among all indices in the stands, except for the W
index. This indicated that despite the same phys-
iographic conditions, forest type, and species com-
position, there were differences in their structures
that may have been due to different degradation

intensities. Mishra et al. (2004) confirmed that an-
thropogenic disturbance can affect the plant diversity
and the structure of forest stands.

In General, structural diversity can be measured
using many different indices or summarized into a
single index value such as FSI, SCI, etc. (Beckschéfer
etal., 2013; Storch et al., 2018; Zhao et al., 2022; Liu
et al., 2023). The use of different indices provides
more information about detailed responses between
individuals, and therefore, the structural diversity
performs as an indicator to compare different tree
populations. Liu et al. (2023) determined the prior-
ity and weight of seven spatial structure indices for
mixed forest stands using the homogeneity structure
index. The importance ranking of the parameters was
as follows: neighborhood comparison, competition,
W, M, openness ratio, forest layer difference, and
crowding, with corresponding weights of 0.29, 0.14,
0.11, 0.08, 0.12, 0.06, and 0.20, respectively.

In this study, a complex diversity value was used
to reveal the differences in structural diversity be-
tween the plots in two groups of stands. According
to the results, the LDS exhibited a higher structural
diversity (SI = 0.394) than the MDS (SI = 0.315).
In the LSD, 52% of the plots, demonstrated high
structural diversity, while it was only 13.5% in the
MDS. Previous studies reported that the value of
SI = 0.479 is an acceptable structural diversity for
a maple forest stand (Abedi, 2019), and SI = 0.5 in-
dicates high structural diversity in a low-degraded
stand in the Arasbaran region (Sefidi et al., 2022).

Furthermore, the evaluation of the SI index value,
together with the different forest structure types in
the study groups at the same time, revealed that in
the plots with high structural diversity in LDS, 47%
had a stand structure with high species composition,
clumped spatial distribution, and small diameter and
height differentiation (H.C.S.SM).

In addition, among the plots with high struc-
tural diversity in MDS, 50% displayed two types of
stand structures: the first type was characterized by
high species composition, clumped spatial distri-
bution, small diameter, and height differentiation
(H.C.S.SM), and the second type had high species
composition, clumped spatial distribution, average
diameter differentiation, and small height differenti-
ation (H.C.A.SM).

Consequently, it can be concluded that the varia-
bles had the most effectiveness in increasing struc-
tural diversity in both groups were related to species
composition and tree diameter differentiation which
were more reflected in MDS. The high density of in-
dividuals and the significant percentage of coppices
resulted in a substantial reduction in tree diameters
and consequently leading to a decrease in the struc-
tural diversity in MDS.
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Our results clarified the importance of species
mixture for forest structural diversity, as supported
by Graz (2004). Furthermore, Pastorella and Palet-
to (2013) declared that certain levels of biodiversity
may correspond to forest structures. They suggest-
ed that the analysis of forest stands should consider
both values of diversity index and description of the
forest stand.

Our findings align with earlier work (Akhavan et
al., 2023) showing that spatial and quantitative in-
dices of the forest structure can play an important
role in developing conservation strategies, making
decisions and implementing silvicultural practices.
Spatial structural indices, can be used to identify
critical areas and guide silvicultural interventions
through the focus on highly effective factors such as
species composition and tree dimensions. Improving
the current status of these variables such as reducing
tree density by removing some coppice sprouts and
selective harvesting to reduce intra- specific compe-
tition, promotes tree growth, and creates opportuni-
ties for new species establishment. Such approaches
not only preserve species composition, but also con-
tribute to the stability and ecological functioning of
the forest and sustainable forest development.

Conclusion

Monitoring the structural changes of forest
stands using permanent sample plots can be bene-
ficial, since provide important information for forest
structure-based management plans and interven-
tions. Our findings confirm that determining the SI
index alongside the forest structure type can provide
valuable insights for forest management. As a further
study, developing a thinning model could be recom-
mended for this region.

Acknowledgment

This research was supported by the Agricultur-
al Research Education and Extension Organization
(AREEO) of Iran. We would like to express our grat-
itude to Azim Abbaslou, Ghasem Safapour, Moham-
mad Pourkhaki, Javad Afradi, and Javad Sheikhzadeh
for their assistance in field measurements.

References

Abedi R (2019) Estimation of structural diversity
of Acer campestre stands by using of complexity
structural diversity index in Arasbaran forest.
Journal of Plant Biological science 11: 49-60.
doi:10.22108/ijpb.2019.113385.1115.

Akhavan R, Sagheb Talebi Kh, Zenner EK & Safa-
vimanesh F (2012) Spatial patterns in different
forest development stages of an intact old-growth
Oriental beech forest in the Caspian region of
Iran. European Journal of Forest Research 131:
1355-1366. doi:10.1007/s10342-012-0603-z.

Akhavan R & Hassani M (2023) Quantifying the
structure of pure beech forests using spatial
structural indices. Journal of Forest Research
and Development 9: 221-235. doi:10.30466/
jfrd.2023.54465.1643.

Alijani V, Sagheb Talebi Kh & Akhavan R (2013)
Quantifying structure of intact beech (Fagus orien-
talis Lipsky) stands at different development stag-
es (Case study: Kelardasht area, Mazandaran).
Iranian Journal of Forest and Poplar Research 21:
396-410. doi:10.22092/ijfpr.2014.4721.

Alijanpour A & Mahmoudzadeh A (2007) Investiga-
tion and comparison of natural regeneration struc-
ture of forest stands in protected and non-pro-
tected areas in Arasbaran. Pakistan Journal of
Biological Sciences 10: 1697-1702. doi:10.3923/
pjbs.2007.1697.1702.

Alijanpour A, Fatullahi A, Eshaghi Rad ] & Mohamed
AR (2018) Effect of aspect and soil on quantita-
tive and qualitative characteristic of hornbeam
(Carpinus betulus L.) in Arasbaran forest (case
study: Ilginehchay and Kaleibarchay Watersheds).
Journal of Plant Research 30: 887-898. dor:20.10
01.1.23832592.1396.30.4.15.0.

Aguirre O, Hui G, Gadow K &Jime ‘nez J (2003) An
analysis of spatial forest structure using neigh-
bourhood-based variables. Forest Ecology and
Management 183: 137-145. doi:10.1016/S0378-
1127(03) 00102-6.

Beckschifer PH, Mundhenk PH, Kleinn CH, Ji Y, Yu
DW & Harrison RD (2013) Enhanced structural
complexity index: An improved index for describ-
ing forest structural complexity. Journal of Forest-
ry 3: 23-29. doi:10.4236/0jf.2013.31005.

Bettinger P & Tang M (2015) Tree-level harvest opti-
mization for structure-based forest management
based on the species mingling index. Forests 6:
1121-1144. doi:10.3390/f6041121.

Birang N, Javanshir A & Mojtahedi Y (2001) Final
report of the research project on collecting and
identifying the flora of East Azarbaijan. Universi-
ty of Tabriz, Tabriz, Iran.

Chen L. Comita LS, Wright SJ, Swenson NG, Zim-
merman JK, Mi X, Hao Z, Ye W, Hubbell SP, Kress
W], Uriarte M, Thompson ], Nytch CJ, Wang
X, Lian J] & Ma K (2018) Forest tree neighbor-
hoods are structured more by negative conspecific
density dependence than by interactions among
closely related species. Ecography 41: 1114-1123.
doi:10.1111/ecog.03389.



98 Raheleh Ostadhashemi, Reza Akhavan, Roya Abedi

Davies O & Pommerening A (2008) The contribu-
tion of structural indices to the modelling of Sit-
ka spruce (Picea sitchensis) and birch (Betula spp.)
crowns. Forest Ecology and Management 256:
68-77. doi:10.1016/j.foreco.2008.03.052.

Deng S & Katoh M (2011) Change of spatial struc-
ture characteristics of the forest in Oshiba Forest
Park in 10 years. Journal of Forest Planning 17:
9-19. doi:10.20659/jfp.17.1 9.

Dong L, Liu Z, Li F & Jiang L (2014) Quantitative
analysis of forest spatial structure and optimal
species composition for the main forest types in
Daxing’anling, Northeast China. Journal of Forest
Research 27: 734-740.

DongL, Bettinger P & Liu Z (2022) Optimizing neigh-
borhood-based stand spatial structure: Four cases
of boreal forests. Forest Ecology and Management
506: 1-10. doi:10.1016/j.foreco.2021.119965.

Farhadi P Soosani J, Erfanifard SY & Akhtari MH
(2019) Analysis of different type’s structure
in Nave Asalem-Gilan forests by using nearest
neighbor indices. Journal of Plant Research (Ira-
nian Journal of Biology) 32: 167-182.

Fiildner K (1995) Strukturbeschreibung von bu-
chen-edellaubholz- mischwa“ldern. Ph.D, Uni-
versity of Gottingen, Cuvillier Verlag Gottingen,
Germany.

Gadow KV, Hui GY & Albert M (1998) Das winkel-
mass ein strukturparameter zur beschreibung der
individual verteilung in waldbesta "'nden. Central-
blatt fiir das gesamte Forstwesen 115: 1-10.

Gadow KV (1999) Waldstruktur und diversitit. All-
gemeine Forst und Jagdzeitung 170: 117-122.

Ghalandarayeshi SH, Nord-Larsen T, Kvist Johannsen
V & Bo Larsen J (2017) Spatial patterns of tree
species in Suserup Skov — a semi-natural forest in
Denmark. Forest Ecology and Management 406:
391-401. doi:10.1016/j.foreco.2017.10.020.

Ghanbari S, Sefidi K & Fathizadeh O (2019) Compo-
sition and structure of English yew forest stands
(Taxus baccata L.) in different conservation sys-
tems of Arasbaran forests, Iran. Journal of Wood
and Forest Science and Technology 26: 31-49.
doi:10.22069/jwfst.2019.16496.1804.

Graz F (2004) The behaviour of the species mingling
index M_ in relation to species dominance and
dispersion. European Journal of Forest Research
123: 87-92. doi:10.1007/s10342-004-0016-8.

Illian JB, Mgller J] & Waagepetersen RP (2009) Hi-
erarchical spatial point process analysis for a
plant community with high biodiversity. Envi-
ronmental and Ecological Statistics 16: 389- 405.
doi:10.1007/5s10651-007-0070-8.

Javanshir K (1992) Vegetation study, general agricul-
tural plan in the Urmia watershed. Tehran, Iran
Jame Company, Planning Office of Ministry of Ag-
riculture.

Krebs CJ (1999) Ecological methodology. 2nd ed. Ad-
dison Wesley Longman, Inc., Menlo Park.

Law R, Illian J, Burslem DFRP Gratzer G, Guna-
tilleke CVS & Gunatilleke TAUN (2009) Ecolog-
ical information from spatial patterns of plants:
insights from point process theory. Journal
of Ecology 97: 616-628. doi:10.1111/j.1365-
2745.2009.01510.x.

LiY, Ye S, Hui G, Hu Y & Zhao Z (2014) Spatial
structure of timber harvested according to struc-
ture-based forest management. Forest Ecology
and Management 322: 106-116. doi:10.1016/j.
foreco.2014.02.042.

Lin YC, Chang LW, Yang KC, Wang HH & Sun IF
(2011) Point patterns of tree distribution deter-
mined by habitat heterogeneity and dispersal
limitation. Oecologia 165: 175-184. doi:10.1007/
s00442-010-1718-x.

Liu H, Dong X, Meng Y, Gao G, Mao L & Gao R
(2023) A novel model to evaluate spatial structure
in thinned conifer- broadleaved mixed natural for-
ests. Journal of Forestry Research 34: 1881-1898.
doi:10.1007/s11676-023-01647-w.

Liu N, Wang D & Guo Q (2021) Exploring the in-
fluence of large trees on temperate forest spatial
structure from the angle of mingling. Forest Ecol-
ogy and Management 492: 119220. doi:10.1016/j.
foreco.2021.119220.

Luis M, Raventoés ], Wiegand T & Gonzdilez-Hidalgo
JC (2008) Temporal and spatial differentiation in
seedling emergence may promote species coex-
istence in Mediterranean fire prone ecosystems.
Ecography 31: 620-629. doi:10.1111/j.0906-
7590.2008.05433.x.

McElhinny C (2005) Quantifying stand structural
complexity in woodland and dry sclerophyll for-
est, south-eastern Australia. PhD, Australian Na-
tional University, Canberra, Australia.

Mishra BB, Tripathi OB Tripathi RS & Pandey HN
(2004) Effects of anthropogenic disturbance
on plant diversity and community structure of
a sacred grove in Meghalaya, northeast India.
Biodiversity and Conservation 13: 421-436.
doi:10.1023/B:BIOC.0000006509.31571.a0.

Nahrli D, Alijjanpour A & Chalipapour M (1999)
Arasbaran biosphere reserve: Proceedings of ar-
asbaran biosphere conference, Tabriz Environ-
mental Protection Organization, Tabriz, Iran. pp.
1-85.

Ostadhashemi R, Akhavan R, Abbaslou A, Safapour
GH & Pourkhaki M (2021) Classification of for-
est degradation based on quantitative character-
istics in Arasbabran forests (Kaleibarchay and
Ilginechay whatersheds). Iranian Journal of For-
est and Range Protection Research 18: 287-299.
doi:10.22092/ijfrpr.2021.351769.1444.



The impact of forest degradation on the structural heterogeneity of natural broadleaved forests... 99

Ostadhashemi R, Akhavan R & Abedi R (2024) As-
sessing and classification of tree species diversity
in the Arasbaran forests of Iran. Forest Research
and Development 10: 39-56. doi:10.30466/
jfrd.2023.54950.1696.

Pastorella F & Paletto A (2013) Stand structure indices
as tools to support forest management: an appli-
cation in Trentino forests (Italy). Journal of Forest
Science 59: 159-168. doi:10.17221/75/2012-JFS.

Pommerening A (2002) Approaches to quanti-
fying forest structures. Forestry 75: 305-324.
doi:10.1093/forestry/75.3.305.

Pommerening A (2006) Evaluating structural near-
est neighbor summary statistics by reversing
forest structural analysis. Forest Ecology and
Management 224: 266-277. doi:10.1016/j.fore-
€0.2005.12.039.

Pommerening A & Grabarnik P (2019) Individu-
al-based methods in forest ecology and manage-
ment. Springer, Switzerland. doi:10.1007/978-3-
030-24528-3.

Pommerening A & Stoyan D (2008) Reconstructing
spatial tree point patterns from nearest neighbour
summary statistics measured in small subwin-
dows. Canadian Journal of Forest Research 38:
1110-1122. doi:10.1139/X07-222.

Pommerening A & Uria-Diez J (2017) Do large forest
trees tend towards high species mingling? Eco-
logical Informatics 42: 139-147. doi:10.1016/j.
ecoinf.2017.10.009.

Pommerening A, Wang H & Zhao Z (2020) Global
woodland structure from local interactions: new
nearest-neighbour functions for understanding
the ontogenesis of global forest structure. For-
est Ecosystems 7: 22. doi:10.1186/s40663-020-
00224-5.

Pretzsch H (2009) Forest dynamics, growth and
yield. Springer, Berlin/Heidelberg, Germany.
doi:10.1007/978-3-540-88307.

Ramsay PM (2015) Handbook of spatial point-pat-
tern analysis in ecology. Journal of Applied Sta-
tistics 42: 916-917. doi:10.1080/02664763.2014
.989467.

Ruprecht H, Dhar A, Aigner B, Oitzinger G, Klumpp
R & Vacik H (2010) Structural diversity of Eng-
lish yew (Taxus baccata L.) populations. Euro-
pean Journal of Forest Research 129: 189-198.
doi:10.1007/5s10342-009-0312-4.

Sagheb Talebi Kh, Sajedi T & Yazdian F (2003) Out
look at forests of Iran. Publication of Research In-
stitute of Forests and Rangelands, Tehran, Iran.

Sagheb Talebi Kh, Sajedi K & Pourhashemi M
(2014) Forests of Iran: A treasure from the past,
a hope for the future. Springer, Netherland.
doi:10.1007/978-94-007-7371-4.

Sefidi K, Jahdi R, Safari M & Asadi A (2022) Effects
of degradation intensities on the structural di-
versity of caucasian oak-hornbeam stands in the
Arasbaran forests. Journal of Wood and Forest
Science and Technology 29: 59-75. doi:10.22069/
jwfst.2022.19826.1954.

Sterba H & Zingg A (2006) Abstandsabhingige und
abstandsunabhangige = Bestandesstrukturbes-
chreibung. Allgemeine Forst und Jagdzeitung
177: 169-176.

Storch E Dormann CF & Bauhus ] (2018) Quanti-
fying forest structural diversity based on large-
scale inventory data: a new approach to support
biodiversity monitoring. Forest Ecosystems 5: 34.
doi:10.1186/s40663-018-0151-1.

Wang H, Zhang G, Hui G, Li Y, Hu Y & Zhao Z (2016)
The influence of sampling unit size and spatial
arrangement patterns on neighborhood-based
spatial structure analyses of forest stands. Forest
Systems 25: 1-9. doi:10.5424/fs/2016251-07968.

Wiegand T & Moloney KA (2004) Rings, circles, and
null-models for point pattern analysis in ecol-
ogy. Oikos 104: 209-229. doi:10.1111/j.0030-
1299.2004.12497 .x.

Yazdian F Sajedi T & Shirvani A (1998) Map of Ar-
asbaran typology and vegetation forest and range
organization. Natural Resources Engineering Of-
fice, Tehran, Iran.

Zhao Z, Hui G, Liu W, Hu Y & Zhang GA (2022)
Novel method for calculating stand structural di-
versity based on the relationship of adjacent trees.
Forests 13: 1-15. d0i:10.3390/f13020343.



