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ABSTRACT

The development of equations to predict tree height, crown diameter, crown depth from stem diameter of a tree species
enables arborists, researchers, and urban forest managers to model costs and benefits, analyze alternative management
scenarios, and determine the best management practices for sustainable forests. The objective of this study was to
develop regression prediction models for tree age, tree height, crown diameter, crown ratio and crown depth for A.
senegal growing in Ferlo, in the northern Senegal. Four plantations of different years old (ISRA, 10 years old plant-
ations, Ndodj, 8 years old plantations, Boulal, 5 years old plantations and Déali, 4 years old plantations) were selected.
The following dendometric variables: crown height, crown diameter, stem diameter at the breast height, stem basal
diameter (at 0.30 m) and the height from the tree base to first branch were measured on a total of 489 trees. The results
suggested that the ecological structure of the different year old A. Senegal plantation revealed a bell-shaped form with
left dissymmetric distribution indicating a predominance of individuals with small diameter at breast height. Allometry
study of A. Senegal showed highly significant positive correlations (p = 0.00) between stem diameter at breast height,
stem basal diameter, tree height, crown diameter and crown depth. Positive correlations were also found between crown
diameter, tree height and crown height. Prediction models derived from these relationships can be used to estimate the
tree height, stem diameter at breast height and crown depth from crown diameter with greater precision. As for A.
Senegal age estimation, the established model is not strong as it can explain only 49.1% of the age variation.

Keywords: Ecological Structure; Stem Diameter at Breast; Stem Basal Diameter; Crown Diameter; Crown Depth; Tree
Height; Age; Correlation; Regression; Acacia senegal; Northern Senegal

1. Introduction

The arabic gum tree Acacia senegal (L.) Willd is a leg-
ume belonging to Mimosaceae family [1]. It presents a
large distribution in the dry and semi-arid tropical regions
of Africa [2]. Its area of distribution spreads mainly from
Senegal to Sudan but can be met also in southern Africa
and in the Indian subcontinent [3]. Among the many spe-
cies of genus Acacia used in the agro-silvopastoral Sahel,
Acacia senegal has a natural distribution located in the
Sahel region receiving an average annual rainfall be-
tween 150 and 600 mm [4]. In Senegal, it is mainly
found in the northern part of the country corresponding
to the Ferlo. The gum is also very interesting for the pro-
duction of Arabic gum, the aerial extra fodder and fire-
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wood or service. Other uses include the restoration of
soil fertility by fixing atmospheric nitrogen, providing
wood for fuel, building poles for local barriers [5]. It
alone provides about 90% of the world arabic gum pro-
duction [6]. The average annual production in Senegal is
between 500 and 2000 tons with about 240 kg per hec-
tare [7]. Productivity is so low due to overexploitation by
local people, a persistent lack of rainfall, grazing and
trampling by livestock making any random natural re-
generation.

In general, trees show considerably variation and flexi-
bility in their size of crowns, height and stem diameters
[8]. The size of a tree canopy and its height above the
ground is significant to a tree in that it determines the
total amount of light that the tree intercepts for photo-
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synthesis. The tree stem size has its own adaptive sig-
nificance to a tree. It must be strong enough to withstand
the forces that act on it. These forces are the weight of
the tree and the drag exerted on it by the wind [9].
Growth and yield of trees are modeled using stem di-
ameter-at-breast height relationships with tree height,
crown height, and crown diameter [10]. The crown is the
center of physiological activity, particularly gas ex-
change, which drives growth and development. Tree
crowns also directly influence fire susceptibility, physical
stability, and microclimate [11]. Among the major as-
pects of crown morphology, crown ratio, (defined as the
ratio of crown diameter to tree height) is considered as
one of the most important, since it strongly influences
light interception and growth [12]. Tree crown parame-
ters have been used as predictor variables in diameter and
height growth equations. Tree crown ratio can be pre-
dicted directly from tree variables such as total height
and stem diameter at the breast height [12]. Stem diame-
ter at breast height is an important tree characteristics and
an accurate prediction of tree dimensions. It has become
prominent as analysis techniques, models, and other sta-
tistical tools to allow for the rapid evaluation of extensive
volumes of data [13]. Total tree height, crown ratio and
crown diameter could be estimated by means of stem
diameter, which is easy to measure for the studies in
ground-based forest inventory and stand structure deter-
mination [13]. The relationship between stem diameter at
the breast height and the total tree height is fundamental
for developing growth and yield models for forest stands.
Height and stem diameter are needed to estimate timber
volume, site index, and in forest growth and yield models
[12]. Tree height-diameter equations are required by for-
est resource managers to obtain accurate yield estima-
tions. These estimates are used for decision making pro-
cesses in forest management. When actual height meas-
urements are not available, height-diameter functions can
also be used to predict height growth indirectly [12].
Height-diameter relationships of a given species depend
on local environmental conditions and vary within a
geographic region [8]. The development of equations to
predict tree height, crown diameter, crown height from
stem diameter of a tree species will enable arborists, re-
searchers, and urban forest managers to model costs and
benefits, analyze alternative management scenarios, and
determine the best management practices for sustainable
forests [10]. Dendometric parameters vary with the tree
age. Several studies have tried to improve the accuracy
of the assessment of the age of wood in general [14-17]
and especially Acacia senegal [18]. But all the tech-
niques used, such as the use of growth rings, the extrac-
tion of cores increases or entire cross sections are de-
structive and inappropriate for degraded ecosystems to
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which the development of less destructive methods re-
mains a major challenge.

The objective of this study was to develop regression
prediction models for tree age, tree height, crown diame-
ter, crown ratio and crown depth for A. senegal growing
in Ferlo, in the northern Senegal.

2. Material and Methods
2.1. Sites Location

Ferlo is located between latitudes 15° and 16°30' north
and longitudes 13°30' and 16" west. It extends from the
Senegal River Valley to the fringes of the Groundnut
Basin over 60,000 km” [19]. At the administrative level,
the Ferlo region covers part of Saint Louis and Louga
and the entire Matam region (Figure 1). Ferlo area be-
longs to the Sahelian zone characterized by the alterna-
tion of two seasons: a dry season that lasts nine months
(October to June) and rainy season of 3 months. The
rainfall is low and highly unstable with an average of
422.6 mm per year with a coefficient of variation of 0.3
over the period 1951-2004 [20]. The average temperature
hovers around 27.73°C, it fluctuates between a maximum
average of 30.19°C in October and a minimum of 24.48°C
in January [21]. On the morpho-pedological way, the
study area belongs to the sandy Ferlo characterized by a
succession of dunes and shallow little rough with a dif-
ferent soil type depending on whether you are on a high
dune or low slope [22]. Indeed, the bottoms have clay
content higher than the tops of the dunes.

The study was conducted in four sites in Ferlo: The
plantation of ISRA in 1999 which is located in the Centre
of Animal Research of Dahra (CRZ) to ten kilometers
east of the city, the plantation of Ndodj in 2001 located
approximately 24 km north-east, the plantation of Boulal
in 2004 at 20 km west and the plantation of Deali in 2005
of about 45 km south-west (Figure 1). The sites choice
was motivated by the existence of a north-south gradient
(Ndodj-deali), the geomorphology of the land and the
level of protection. Plantations of ISRA and Deali are
characterized by an alternation of dunes, depressions and
shelf areas whereas Ndodj is characterized by a flat to-
pography and Boulal 2004 is marked by small cons
slacks. ISRA plantation was fully protected (regular mo-
nitoring) unlike Deali plantation. Access to ISRA and
Boulal plantations is limited while Ndodj is partially
protected.

2.2. Trees Sampling and Measurement

The Acacia senegal studied plantations varied in ages.
Dendrometric statements were made on a total of 18
square plots of 625 m® each ([23,24]). They were ran-
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Figure 1. Sites location.

domly distributed in the four plantations based on geo-
morphic units (shelf, depression and dune) with three
plots per unit, respectively 6, 3, 3 and 6 plots in ISRA (10
years old plantations), Ndodj (8 years old plantations),
Boulal (5 years old plantations) and deali (4 years old
plantations). The following dendometric variables, a total
of 489 trees were measured: crown height, crown diame-
ter, stem diameter at the breast height, stem basal diame-
ter (at 0.30 m) and the height from the tree base to first
branch. All measurements were taken in meters using
measuring tape except the total tree height where clinom-
eters were included. The distance between the ground
level and the base of the live crown was also measured by
raising the tip of the measuring tape with a meter rule to
the base of the first branch of the tree. Crown height was
estimated as the total height minus the distance from the
ground level to the base of the live crown. As tree crown
may not form a perfect cycle, the crown diameter was
estimated by taking the average measurements of the
longest and the shortest diameters of the crown zone.
Crown ratio was estimated as the crown diameter divided
by total tree height. Stem diameter (D) at breast height at
the standard of 1.37 m above ground level [25,26], was
taken by measuring the circumference (C) of the stem.
The stem diameter was calculated as follows: C =D x r,
D =C/n, where © =22/7.

2.3. Analysis

Acacia senegal trees distribution within population and
according to the sites was adjusted to the Weibull func-
tion, commonly nowadays used in Forestry surveys
[27-29].
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The Weibull distribution is as follows:

w2 w52

a = position parameter; b = scale parameter or size pa-
rameter; C = form parameter linked with the observed
structure.

Trees DBH or trees height distributions were adjusted
to Weibull function with Minitab 16 Software. The Simple
Linear Regression analyses were carried out on the dendro-
metic parameter using the statistical software Statistica.

A mathematical model was developed to estimate the
tree age (dependent variable) from the dendometric vari-
ables. In order to control the homoscedasticity of regres-
sion residuals and correct distribution of variables, a
Box-Cox transformation was performed on crown di-
ameter and height from base to first branch.

3. Results

Stem diameter at the breast height (DBH) Classes’ Dis-
tribution of A. Senegal Trees Figure 2 showed the class
distribution of the Acacia senegal trees stem diameter at
the breast height (DBH) according to the different ages.
The Weibull distribution of Acacia Senegal trees per
DBH classes shows a left dissymmetric bell shaped curve
with ¢ form coefficient comprised between 1 and 3.6 for
the 10, 8 and 5 years old plantations. This value of ¢
means that the stands were dominated by young trees.
The c value of the 4 years old plantation is inferior to 1
indicating a reversed J distribution.
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3.1. Total height Classes’ Distribution of
A. senegal Trees

The total height classes’ distribution of A. Senegal within
different year old plantation adjusted to Weibull distribu-
tion showed bell-shaped form with left distribution (1 <c
< 3.6) indicating a predominance of individuals with
small height in the stands like the diameter class distribu-
tion. In the 10 and 8 years old, trees of height class (3.0-
4.5 m) and (2.4 m - 2.8 m) were respectively dominant in
the stands whereas (3.2 - 4.8 m) was the dominant class
in the 5 and 4 years old plantations (Figure 3).

3.2. Estimation Equations of Dendometric
Parameters of A. senegal

The descriptive statistics summary of the trees age and
dendometric parameters were presented in Table 1. The
minimum and maximum of tree age recorded in this
study was 4 and 10 respectively. The mean of 489 trees
age was 9.14. The minimum and maximum Stem diame-
ters at breast height were 0.0 and 210.00 cm respectively,
with the mean of 64.48 cm from the 489 trees. The stem
basal diameter varied from a minimum of 10.00 cm to a
maximum of 103.00 cm with a mean of 36.73 cm. The
crown diameter varied from a minimum of 0.95 m to a

maximum of 7.85 m with a mean of 3.56 m. Stem di-
ameters at breast height, stem basal diameter, crown di-
ameter and crown depth were the predictor variables
used in the regression analysis.

The result also revealed positive correlations between

Stem diameters at breast height ,stem basal diameter,
crown diameter, crown depth and tree height, crown
depth and crown diameter which were highly significant
(p=0.00) (Table 2).
The values of Pearson correlation coefficients of deter-
mination (R?) between the stem diameter at breast, height
and crown diameter, crown diameter and depth crown
diameter and crown depth, crown depth and height were
respectively 0.60, 0.78, 0.77, and 0.99.

Weaker correlations were found with tree height and
crown depth when the stem diameter at breast height was
taken as predictor variable than crown diameter.

The prediction models for stem diameter at breast
height, height, crown depth and crown diameter with
stem basal diameter as predictor variable were also pre-
sented. Graphs of the relationships between stem di-
ameter at breast height and crown diameter, crown
depth and height, crown diameter and height, crown
diameter and crown depth showed positive relationships
(Figure 4).
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Figrure 2. Stem diameter at the breast height Classes’ Distribution of the different years old plantations.
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Figure 3. Total height Classes’ Distribution of the different years old plantations.
Table 1. Summary of descriptive statistics of the data used in regression and correlation analysis.
Variables Mean CV (%) Minimum Median Maximum Skewness
Age 9.14 29.58 4.00 8.00 10.00 —0.09
Basal diameter 36.73 47.05 10.00 34.00 103.00 0.92
Stem diameter at breast height cm 64.48 61.08 0.0 63.00 210.00 0.36
Height(m) 3.39 60.46 0.90 2.80 9.50 1.44
Height from base to first branch (m) 8.43 130.74 0.35 5.00 90.00 2.85
Crown ratio 1.18 29.11 0.48 1.18 4.30 1.64
Crown diameter (m) 3.56 36.95 0.95 3.40 7.85 0.48

Table 2. Regression prediction model, correlation coefficient of determination (R?) of the different tree dimensions.

Variables Prediction model R Probability
Stem diameter at breast height vs. Stem basal diameter y=0.11+1.45%x 0.41 0.000
Height vs. Stem basal diameter y=141+541*x 0.21 0.000
Crown depth vs. Stem basal diameter y=1.33+5.40%x 0.21 0.000
Crown diameter vs. Stem basal diameter y=1.81 +4.76%x 0.39 0.000
Height vs. Stem diameter at breast height y =1.46 +3.00%x 0.33 0.000
Crown depth vs. Stem diameter at breast height y =140 +2.96%x 0.33 0.000
Crown diameter vs. Stem diameter at breast height y=1.89 +2.60%x 0.60 0.000
Height vs. Crown depth y=0.05+1.01*x 0.99 0.000
Height vs. Crown diameter y=-091+1.21*x 0.78 0.000
Crown depth vs. Crown diameter y=-0.92+ 1.19%x 0.77 0.000
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Table 3. Regression coefficients of the predictor variables.

Predictor Coef SE Coef T P VIF
Constant —35.80 2.71 —13.21 0.00
Stem basal diameter (SBD) —-0.05 0.01 —6.78 0.00 1.8
Stem diameter at breast height (DBH) 0.01 0.004 2.33 0.02 3.0
Height from the base to the first ramification
(HBFR)* (m) 0.17 0.08 2.17 0.03 1.2
Crown diameter (CD)* 1.33 0.53 2.51 0.01 1.2
Height (m) —-0.06 0.07 —0.86 0.39 2.5

R - Sq =49.1%, * variables having undergone Box-Cox transformation
Table 4. Global signification of the model.

Source DF SS MS F P
Regression 6 1752.14 292.02 77.43 0.00
Residual Error 482 1817.84 3.77
Total 488 3569.98
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Figure 4. Scatterplots with regression lines showing the strong relationship between dendrometric parameters.
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3.3. Estimation Equations of A. senegal Age

All variables except height had a significant regression-
coefficient (Table 3). Values of variance inflation below
5 variables indicated that the regression coefficients were
well estimated. The age of Acacia Senegal could be es-
timated by the mathematical model: Age = —35.8 — 0.05
SBD + 0.01DBH + 0.17 HBFRO. 04 + 1.33 CD0.46. This
model is globally highly significant (Table 4). It could,
however, explain only 49.1% of the total variation (Ta-
ble 3).

4. Discussion

The observed diameter structure for the 10, 8 and 5 years
old plantations shows a left dissymetric distribution ob-
served (1 <c¢ < 3.6) meant a predominance of individuals
with small diameter (DBH) in the stands [30]. The as-
sessment of the distribution of a stand especially a popu-
lation, is of great interest for the sustainable management
of forest resources by evaluating readily available and
future planning of the samples [31]. This distribution can
be used to predict the threat of extinction in the medium
or long-term species threat exacerbated by an operation
that fails to implement intervention measures to reverse
this processs [32].

The examination of the diametric structure reveals
populations with low regeneration; the maintenance over
the long term is compromised, showing very irregular
structures characterized by the scarcity of individuals in
small diameter classes. The diameter classes (DBH)
which dominate the studied populations is a characteris-
tic of Sahelian vegetation. Large diameter trees are rare.
This scarcity reflects the inability of the trees to grow
normally in thickness due to accumulated moisture defi-
cits.

Study of the relationships of stem diameters at breast
height, stem basal diameter, crown diameter and crown
depth as independent variables against tree height, crown
depth, of A. Senegal revealed significant positive correla-
tions. These findings are consistent with [8] who estab-
lished positive significant relationships between stem
diameter as an independent variable against tree height,
crown height and crown diameter of P. biglobosa grow-
ing in the Nigerian guinea savanna. Our results suggested
that when compared to stem diameter at breast height,
taking the crown diameter as a predictor variable to pre-
dict tree height and crow depth will yield greater accu-
racy due to the stronger correlation found in this rela-
tionship. However, according to [8], crown diameter was
less accurate to estimate tree height and crown depth than
stem diameter at breast height. The crown diameter of A.
senegal can be estimated by stem diameter at breast
height as the relationship gives a relatively high signifi-
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cant correlation (R = 0.60). [33] found stronger correla-
tion between stem diameter and crown diameter (R* >
0.74) of Combretum spp. and two species of Searsia. As
for A. Senegal age estimation, the established model is
not strong as it can explain only 49.1% of the age varia-
tion.

5. Conclusions

Ecological structure of the different year old A. senegal
plantation revealed a bell-shaped form with left dissym-
metric distribution indicating a predominance of indi-
viduals with small diameter at breast height.

Allometry study of A. Senegal showed positive corre-
lations between stem diameter at breast height, stem
basal diameter, tree height, crown diameter and crown
depth.

Positive correlations were also found between crown
diameter, tree height and crown depth. Prediction models
derived from these relationships can be used to estimate
the tree height, stem diameter at breast height and crown
depth from crown diameter with greater precision. Esti-
mating the tree height and crown depth from stem di-
ameter at breast height will yield result with less accu-
racy because of the weaker correlations.
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