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ABSTRACT

The spatial pattern of species is one of the key studied parameters in ecology so as to better understand the ecological
processes and the functioning of forest ecosystems. This paper describes the classification of structural indices
measuring the alpha diversity and examines typical representatives of the classification groups such as the Shannon’s
index, aggregation index by Clark and Evans, the mingling index, the diameter differentiation index and the coefficient of
segregation by Pielou. The tree inventory made it possible to count 7 species that are divided into six (06) families. Only
Pinus halepensis Mill. trees were taken into account via calculation in spatial distribution. Western exposure shows the
most regular tree patterns (1.6+0.1) according to the aggregation index by Clark and Evans, while the species mingling
index for south- and east-facing stands indicates segregation of Pinus halepensis Mill. groups. The diameter differentiation
index for the majority of the studied stands is assumed through estimated values within the range that starts from 0.4
to 0.9 for the four exposures. The distribution shows that western and eastern exposures belong to the fourth class of
differentiation (very large differentiation), which means that the trees with the smallest DBH have less than 30% of the
size of the neighbouring trees since the diameter differentiation index for the two exposures is 0.9+0.05 and 0.7+0.2.
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INTRODUCTION

The characteristics of forest stand structure are of a
great interest to various groups of stakeholders. Moreover,
the monitoring of tree diversity and forest structure is a
crucial prerequisite for understanding and maintaining forest
habitats. Structural indices have been widely accepted as
sound measures for biodiversity conservation purposes
(Motza et al. 2010).

Biodiversity is a key element for evaluating the stability
of the system in managed forests as well as in old-growth
ecosystems (Kimmins 1997). Forest structure as a term
has multiple meanings (Indir et al. 2013). According to
Kimmins (1997), the structure of plant community is viewed
in terms of vertical and horizontal spatial organization.
The majority of indices quantifying forest structure can be
divided into two major groups; distance-independent and
distance-dependent measures (Tomé et al. 1989, Sylvie
1998, Pommerening 2002). While the first group evaluates

stand structure without any spatial reference (Tomé et
al. 1989, Pommerening 2002, Cordonnier et al. 2012,
Pommerening and Grabarnik 2019), the second group can be
subdivided into individual or single tree parameters based on
neighbourhood relations (Pommerening 2002, Pommerening
et al. 2006). Accounting for small-scale differences in
biodiversity, distance-dependent measures describe forest
stand structure at the stand level (Indir et al. 2013).

In the present study, diversity was evaluated at stand
level (a diversity) which represents the number of species
in the stand, their proportion, as well as their distribution
(Rached-Kanouni et al. 2020a). Three of the distance-
dependent stand structure measures were thus used; the
aggregation index by Clark and Evans, the species mingling
index and the diameter differentiation index. The results are
discussed with referring to some simulated references and
suggestions are provided to show how these methods could
be applied for Pinus halepensis Mill. in Beni Oudjana forest
(Algeria).

© 2021 by the Croatian Forest Research Institute. This is an Open Access paper distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0).
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MATERIALS AND METHODS

Study Area

The study was conducted in Beni Oudjana forest (Figure
1), which is part of a forest and pastoral area of the Aures
Massif (eastern Algeria) located between longitude (X1:
6°58'07", X2: 6°42’34") and latitude (Y1: 35°28'22", Y2:
35°19’04") (Hani et al. 2020). The altitude of the sample plots
ranges from 1024 m to 1472 m above sea level. The climate
of this forest massif is characterized by a long dry and hot
summer season and an increasing number of years with less
rainfall. Rainfall is generally low and irregular. The rainfall
gradient decreases from north to south (Bentouati 2006,
Goubi et al. 2019). Average annual temperatures range from
13.6 to 14.9°C (Bentouati 2006, Goubi et al. 2019, Rached-
Kanouni et al. 2020b). The substratum is of marly and
marly-limestone type for the pine forest. From a bioclimatic
standpoint, most of the pine forests have a north and north-
west orientation and they are located in the sub-humid stage
during cold winters (Bentouati 2006, Hani et al. 2020). This
forest area is composed of several softwood and hardwood
species, namely Aleppo pine (Pinus halepensis Mill.), holm
oak (Quercus ilex L.), cade juniper (Juniperus oxycedrus L.),
Phoenicean juniper (Juniperus phoenicea L.), atlas cedar
(Cedrus atlantica), mastic pistachio (Pistacia lentiscus L.),
narrow-leaved mock privet (Phillyrea angustifolia L.) and
rosemary (Rosmarinus officinalis L.) (Hani et al. 2020).

Field Measurements

The experimental trial has 16 plots distributed in the
area of Aleppo pine with the regeneration of other species
stands (Figure 2). The study plots were randomly selected
in relation to different cardinal exposures (east, south, west
and north). Vegetation data were collected in rectangular
plots of 25 m x 20 m (500 m?) and their characteristics
are illustrated in Table 1. On each plot, the tree species
were distinguished, and the diameters of all trees with
DBH>5.0 cm. In order to calculate Clark and Evans index,
DBH differentiation (TU) and species mingling (M) indices,
the distance between the nearest trees in relation to the
referent tree should be measured. X and Y coordinates were
recorded for each tree in each of the 16 plots.

Data Analysis
Tree Species Diversity

At the scale of a stand, biodiversity indicators are
usually placed into one of two categories; those that are
based on the identification of key tree species and on the
identification of key structures (Lindenmayer et al. 2000,
McElhinny et al. 2005).

One of the first diversity indices was species richness
(SR). This index evaluates the number of tree species in
the stand (Gongalves et al. 2010). Though it enables to
distinguish diversity as a function of the number of species,
it does not give any information regarding the weight of
each species in the mixture. Thus, two stands have the
same number of species, where one has a similar number
of individuals per species and the other has a much higher
number of individuals of one of the species which are
classified in the same type (Gongalves 2003).

The Shannon’s index (H’) (Equation 1) was used to
evaluate tree species diversity at different plots (Shannon
et al. 1949). Its computation was performed through
employing the following equation:

= P @) (1)

j=1

H’ (P1,P2,..Pn) =

where P, is the probability of a randomly selected tree
belonging to tree species j; and n is the number of tree
species in the forest. If there is only one species recorded
on the subplot, the Shannon’s index H’ is equal to zero. For
k species with equal proportions, H' corresponds to In(k)
(Keren et al. 2020). A similar index (Equation 2), also working
with probabilities, was developed by Simpson (1949) and
based on the heterogeneity, measuring the probability of
two individuals randomly chosen belonging to the same
species (Pierrat 1995, Gaines et al. 1999, Gongalves et al.
2010). It ranges from 0 to 1, and decreases with the increase
of the number of species and with the proximity of the
species frequencies (Simpson 1949).
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Figure 1. Geographical location of the study area (Bentouati 2006).
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Figure 2. Mixed stand of Aleppo pine exposed to the north (plot N1).

where ni is number of individuals in species i; and N is the
total number of individuals.

Spatial Distribution

For each individual sample plot, the aggregation index by
Clark and Evans (R) (Equation 3) was calculated with no
correction for edge effects. The aggregation index by Clark
and Evans and numerical variables were developed to
describe aspects of the variability of tree location in forest
stands by a signal value (Evans 1950-1960). One example
is the aggregation index by Clark and Evans (1954) which is
defined as follows:

T observed
R=—7—— R[0; 2,1491] 3)

E (1)
L

where 7 observed stands for the mean of the distances
from the trees to their nearest neighbours in a given forest
stand, while E(r) is the mean nearest neighbour distance in
the stand with completely random tree locations of intensity
A=N/A with A = area of the forest stand and N= number of
trees (Pommerening and Stoyan 2006, Pommerening and
Uria-Diez 2017). Usually, the interpretation of R values
is as follows: R>1 if the pattern tends regularity, R=1 if it
is completely random and R<1 if there is clustering in the
pattern (Clark and Evans 1954).

Mingling index (M) (Equation 4) gives for each individual
tree i the proportion of its n nearest neighbours that do not
belong to the same species as the reference tree i (Gadow
1993). Figure 3 illustrates the index for the case n = 4. The
mingling index can only take one of a limited number of
values. For example, when n = 4 neighbours there are n +
1 =5 possible values of M, calculated as k/n, with k = 0,
1, .., n: (0,00; 0,25; 0,50; 0,75; and 1,00) (Pommerening

where E(r) =
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and Stoyan 2006, Indir et al. 2013, Pommerening and Uria-
Diez 2017). Using these scores, all trees of the stand can be
individually classified and the overall stand structure can be
characterized by the distribution of the values of M. The
mean population mingling can be expressed as follows:

n
1
M; = HZ vy

=

M;[0;1] (4)

M is the species mingling index; n: is the number of the
nearest neighbouring trees (3 or 4) VU =1, if the reference
tree i and the neighbour j are different tree species; V.
= 0, otherwise (Pommerening 2002, Pommerening anc‘
Grabarnik 2019).

The examination of the DBH differentiation index (Tij)
(Equation 5) indicates the range of the difference in size
of the 4 nearest neighbouring trees and describes the
spatial distribution of tree sizes (Pretzsch 2009, Indir et
al.2013, Keren et al.2020) which was calculated through the
application of the following formula:

1<~ min( DBH i, DBHj)
Ty=1--—

—_—  ; T;|0;1
n £ 1ma;\c(DBHi,DBHj) yl0:1]
i=

(5)

where Tn represents DBH differentiation index; DBH =
diameter at breast height (in cm) thereby, i stands for a
reference tree, j refers to the closest neighbour trees.
Therefore, the DBH differentiation index was computed by
using four closest neighbour trees around each reference
tree (Pommerening 2002).

Pielou’s coefficient of segregation (S’) (Equation 6)
describes the degree of mixing for a two species tree
(Pommerening and Grabarnik 2019). This coefficient is
defined as:
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Figure 3. lllustration of the mingling index for n=4 neighbours (Gadow 1993).

N(b +c) (6)

S'=1- ;o S'[-1;1]
ms+nxr

If the nearest neighbours are always of the same spe-
cies as the reference trees, then S’=1. If all neighbours are
of a different species, then S’=-1. In the case of complete
randomness of species distribution, one can expect values
around 0O (Pielou 1977).

RESULTS

The results of this study provide significant information
concerning the variation in tree species diversity and the
spatial distribution of Aleppo pine stands in Beni Oudjana
forest. The tree species inventory gave the reported results
in Table 1 (families and species). Seven species were divided
into six (06) observed families. The flora of this area is
mainly dominated by Pinaceae and Cupressaceae, followed
by Fagaceae, while Lamiaceae and Anacardiaceae are the
least frequent families.

The values of H’ index vary depending on the exposure
of the studied plots. It varies from 0.910.3 for the northern
exposure to 0.5+0.3 for the western one. Simpson's Diversity
Index is very small for stands with western exposure 0.410.3,
whereas it is much larger for stands with northern exposure
(0.8+0.09).

Spatial Distribution

Only Pinus halepensis Mill. trees were taken into
consideration via the calculation of the aggregation index
(R), the mixing index (M) and the diameter differentiation
index (TU.).

The aggregation index (R) describes the horizontal
spatial arrangement of tree positions (Pommerening 2002).
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It was calculated for all sixteen (16) plots. According to
the aggregation index, western exposure shows the most
regular tree patterns (1.6+0.1) (Figure 4). The east and
south-facing stand also appears to be quite regular with
1.3£0.1 and 1.310.3, respectively. The R index for the north-
facing plots was 1.2+0.1 as plots show only slight tendency
towards regularity.

The mingling index (M) was calculated for each tree
separately. The overall index value for the plot/stand was
derived through the average indices of individual trees.
When 4 nearest neighbouring trees were considered, the
results showed index values ranging from 0.3 to 0.8.

The diameter differentiation index (Tij) was calculated
for all trees. For the overall plot’s value it was derived as
an average index of individual trees on the plot. When the
4 nearest neighbours were observed, the results showed
that the diameter differentiation in the western and eastern
exposures was almost the same as a very large differentiation
index, 0.9+0.1 and 0.7£0.3, respectively, which in fact
presented a very large differentiation (0.7<TI<1.0) because
the tree with the smallest DBH is 30% thinner than that
of the reference tree’s size. The (Tu) index indicates a large
differentiation level in the south-facing plots with 0.6+0.2.
The index value was same as the average index only in the
northern exposure (0.410.1)

The mean distance-dependent measure of segregation
(S’) by Pielou varies significantly (P<0.04) depending on the
exposure of the studied plots. It varies from 0.2+0.2 for the
western exposure to 0.56+0.12 for the northern exposure.

The ANOVA statistical test is significant for the diameter
differentiation index (T,) and Pielou’s segregation index
(S’). On the other hand, there is no significant difference
between plots in the forest in terms of the aggregation index
(R") and the mingling index (M) (Figure 4).
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Table 1. Plot characterisation, Species richness (RS), Species Density (N), Simpson (D ) and Shannon’s index (H’) per plot.

Exposition Plots Altitude (m) SR Species N (Ind/Ha) H’ D,

N1 1024 4 Pa;Ju;Qu;Ph 720 1.20 0.864

North N2 1121 4 Pa;Ju;Qu;Ph 1360 1.23 0.888
N3 1106 3 Ju; Pl; Ph 860 0.77 0.701

N4 1314 2 Ju; Ph 780 0.62 0.890

El 1140 4 Pa;Ju;Qu;Ph 900 0.69 0.496

E2 1333 3 Ju;Qu;Ph 1200 0.97 0.882

East E3 1292 3 Ju;Qu;Ph 1520 0.94 0.857
E4 1399 3 Ju;Qu;Ph 1460 1.02 0.926

Ss1 1383 3 Ju;Qu;Ph 1200 0.74 0.669

S2 1446 3 Ju;Qu;Ph 1660 0.74 0.672

south Ss3 1240 3 Ju;Qu;Ph 940 1.04 0.946
sS4 1339 2 Ju; Ph 880 0.54 0.773

w1 1472 2 Ca; Ph 4080 0.03 0.045

w2 1186 3 Pa;Qu; Ph 1600 0.42 0.385

West w3 1434 3 Ju;Qu;Ph 1500 0.87 0.791
w4 1284 3 Ju;Ro ; Ph 2080 0.70 0.639

Pa - Phillyrea angustifolia L.; Ju - Juniperus oxycedrus L.; Qu - Quercus ilex L.; Ph - Pinus halepensis Mill.; Ro - Rosmarinus officinalis L.; Pl - Pistacia
lentiscus L.; Ca - Cedrus atlantica; Ind/ha — individuals/hectare.
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Figure 4. A quantitative description of the structure of the four exposures by means of variables (R, M, T and §').

DISCUSSION

species structures. The evolution of these stands originates
from different structures that can be already noticed in

The analysed stands were originally mixed Pinus  terms of diversity. The tree species richness varies from 2 to
halepensis Mill. stands that were developed into multi- 4 probably due to ecological variations, namely site and seed
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source. In fact, plots with more species have nearby stands
of the regenerated species and the plots with fewer species
are surrounded by pure Pinus halepensis Mill. stands.

Each of the four used stand structure indices quantifies
spatial relations in a specific way. The aggregation index by
Clark and Evans (R) observes the regularity of the spatial
arrangement of trees. The species mingling index (M)
strives to describe the biodiversity, because of the amount
of different species sharing the habitat. The diameter
differentiation index (Ti,) observes the dimensions (DBH) of
the nearest neighbouring trees and shows the level of their
differentiation while coefficient of segregation (S’) by Pielou
(1977) describes the degree of mixing of trees in a forest.

The Clark and Evans aggregation index (R), according
to the results shown in Figure 4, would increase with the
plot density. It can be said that plots with a large number
of individuals are the most regular, the west-facing plots
are the densest and most regular with 9260 individuals/ha
(Table 1) where the index of aggregation (R) varies from 1.5
to 1.7 (Figure 4), but the stands facing east and south also
seem to be regular and can be dense with 5080 and 4680
individuals/ha respectively and an aggregation index of 1.3
for both exposures. The north-facing plots are the least
dense with 3720 individuals/ha and show a slight tendency
towards regularity with an aggregation index equal to 1.2.

The current state of a forest may be more effectively
described using the distribution of the mingling variable
(FUldner 1995, Pommerening 1997, Albert 1999). The bigger
the mean mingling (M) is, the more different tree species
are intermingled. Small values indicate large groups of only
one tree species and therefore segregation (Pommerening
1997). According to the findings in Figure 4 which showed
that the index had values from 0 to 1 in all 16 plots, this
result can be related to anthropogenic action in the study
area such as the illegal cutting of Quercus ilex L. and
Juniperus oxycedrus L. that were observed on all the east-
facing plots. Holm oak is a symbol of strength and longevity
and has been intensively exploited for heating, tannin and
charcoal. It is even considered to be one of the best fire
woods as it allows one of the best calorific yields. The use
of Juniperus oxycedrus L. wood in the form of fence posts is
widespread throughout the studied area. It can be also seen
that planting in the exploited plots is necessary.

The index of diameter differentiation according to
the results shown in Figure 4 failed to provide any firm
conclusion about any trend. Contrary to expectations, this
index perhaps increases with the age of Aleppo pine stands
where the majority of which are not even-aged stands. The
diameter differentiation index (Tij) for the majority of the
studied stands assumed approximate values within the
range from 0.3 to 1.0 for the four exposures. According
to Pommerening 2002, these values represent the mean
differentiation of diameters. Facing south stands that belong
to the third class of differentiation (large differentiation),
which means that their immediate neighbours have a
diameter of 50% and mainly more than 70% of their own
diameter. On the other hand, in western and eastern
exposures the trees with the smallest DBH are less than 30%
of the size of the neighbouring one because the diameter
differentiation index for the two exposures is 0.9+0.05
and 0.7x0.3 respectively which represents a very large
differentiation (0.7<TI<1.0); an average differentiation level
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(0.3<TI<0.5) in the northern exposure (0.4+0.2), where the
tree with the smallest DBH is 50 to 70% of the reference
tree’s size. Pielou's segregation index (S’) shows that Pinus
halepensis Mill., Juniperus oxycedrus L. and Quercus ilex L.
tend to segregate.

CONCLUSION

The results describe the reference state of Beni
Oudjana forest; an "ecological state" that is determined in
a quantifiable sense through the silvicultural parameters
of Pinus halepensis Mill. From the findings, it can be seen
that the diversity analysie as function of the horizontal and
vertical spatial distribution measures are complementary.
The first distribution indicates the proportion of the species
present in the stand, and the second shows the way they are
arranged in the horizontal plane, while the third indicates
the way they are distributed in the vertical plane.

Aleppo pine forests are a natural barrier against the
advance of the desert towards the north of the country.
Therefore, it is very important to estimate the spatial
distribution of Aleppo pine stands all over Algeria and to
know their current state for the application of planting
programs which are unfortunately inapplicable as the
calculation of the distance between trees for the whole
Algerian forest is very expensive. However, this study has
shown that it could be applicable for small scales.

For a successful tree or shrub planting and for a
development program to be successful, the present and
future needs of the local population have to be taken into
consideration. Because there is competition between
agriculture, animal husbandry and wood consumption, the
local population must be convinced that these programs
(which only attain promising results after a few years) are
necessary. The relatively high costs of some management
programs and the necessary technical skills can also be
obstacles. On the other hand, the lack of understanding
of the role of trees and shrubs in the enrichment of the
environment or the rejection of change can hinder efforts to
combat desertification in the Aures region.
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