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ABSTRACT 
The combined effects of climate change and human pressure have led to the progressive degradation of natural 
resources in semi-arid regions. Woody taxa in these regions play an important role in the functioning and ser- 
vices provided by semi-arid savannah by serving as forage for both domestic and non-domestic grazers. Main-
taining the functioning of semi-arid savannas thus requires understanding the dynamics of these communities of 
woody taxa and their responses to exogenous forces, such as climate. To better understand the dynamics of woo-
dy taxa in semi-arid environments we collected dendrometric characteristics from five field sites along an envi-
ronmental gradient in the Ferlo region of central Senegal. Density and basal area were found to be greater in the 
northern part of the zone, contrasted with the distance between individuals and crown cover, which is greater in 
the southern part of the zone. Stand structure estimated from the distribution according to height and diameter 
at breast height shows a preponderance of individuals in the shrub layer, although with a significant representa-
tion of the tree layer in southern Ferlo. Stand regeneration was better in the south and less effective in the north. 
There was a trend towards the rejuvenation of populations belonging to the dominant species. There were only 
three species for which degradation was not apparent (Balanites aegyptiaca, Acacia raddiana and Dalbergia me-
lanoxylon), all of which have important ethnobotanical uses, suggesting that human use of taxa can play an im-
portant role in preventing degradation. Three distinct groups of woody taxa were found to correspond to gra-
dients of precipitation, topography, and human land use pressure. Our results suggest an important role in the 
management and reintroduction of woody species in the Sahel and the regulation of pastoral techniques neces-
sary for the rehabilitation of the agro-pastoral zone of Senegal. 
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1. Introduction 
The combined effects of climate change and human pres- 
sure have led to the progressive degradation of natural 
resources in semi-arid regions. Woody taxa in these re- 
gions play an important role in the functioning and ser- 
vices provided by semi-arid savannah by serving as fo- 
rage for both domestic and non-domestic grazers. Main- 
taining the functioning of semi-arid savannas thus re- 

quires understanding the dynamics of these communities 
of woody taxa. The Sahel is one of the largest drylands 
on the planet and one that supports high levels of biodi- 
versity and dense human populations. 

In the Sahel, pastoral management of grazing occurs 
over large surfaces of land and uses natural forage spe- 
cies [1,2]. This pastoral system functions according to 
two distinct modes. During the rainy season, pastureland 
is mainly dominated by herbaceous taxa, while in the dry 
season woody taxa are more dominant and are used as *Corresponding author. 
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livestock forage. As in most pastoral zones, woody taxa 
resources play an important role in the nourishment of 
livestock and meeting the needs of the human communi- 
ties that tend to those livestock [3]. However, these re- 
sources have been progressively degraded over the last 
40 years, driven by droughts, such as the large drought of 
the 1970s, and multiple forms of human activity. This 
degradation has been found to be associated with the loss 
of certain taxa as well as the expansion of others [4]. 
Simultaneously, the average density of woody taxa in the 
Ferlo zone has clearly diminished over the course of the 
last several decades [5] with consequences for the quality 
of soil through increased erosion. Facing this situation, 
strategies are much needed to rehabilitate these degraded 
ecosystems. One such strategy is a rotational grazing 
approach promoted by the Senegales government to fa- 
cilitate the regeneration of vegetation during years in 
which climate conditions allow for growth and re-estab- 
lishment [6]. The government has also promoted efforts 
to plant trees across the southern border of the Sahara 
desert, a pan-African project known as the Green Wall 
Initiative, to prevent the southwards encroachment of the 
desert. All of these projects have been developed with 
the aim of improving natural resource stocks, but have 
little evidence of success. In order for these strategies to 
work, it will be necessary to put in place a system of 
sustainable management that emphasizes the protection 
of woody taxa on fragile and vulnerable soils. This sus- 
tainable management requires familiarity with the precise 
ecological conditions under which these taxa perform 
best. This study aims to document the conditions under 
which the structural diversity of woody taxa changes in 
the Ferlo zone in order to facilitate more appropriate ma- 
nagement strategies. 

2. Materials and Methods 
2.1. Study Zone 
The Ferlo zone is located in the West African Sahel be-
tween 15˚ and 16˚30 north and 13˚30 and 16˚ west. It 
extends from the valley of the Senegal River, in the north, 
to the limits of edge of the Peanut Basin in the south, 
covering more than 60,000 km2 [7].  

Administratively, the Ferlo covers the entire region of 
Matam as well as part of the regions of Saint-Louis and 
Louga (Figure 1). The study was conducted in five par- 
ticular locations in the Ferlo: Widou, Téssékéré and 
Labgar in the north and Kamb and Déali in the south. 
The selection of these particular sites was motivated by 
two rainfall gradients: one that runs East-West (including 
Widou, Téssékéré and Labgar) and another that runs 
North-South (including Widou, Kamb and Déali) (Fig- 
ure 1). 

The climate of the Ferlo region is similar to much of 

the Sahel and characterized by two main seasons: a dry 
season that lasts nine months from October to June, and a 
rainy season of three months. Total annual rainfall is 
both low and highly variable, with an average of 422.6 
mm per year from 1951-2004, but with a standard de- 
viation of 126.8 mm per year [8]. Mean annual tempera- 
ture oscillates around 27.7˚C and fluctuates between a 
maximum average of 30.2˚C in the month of October and 
a minimum of 24.5˚C in the month of January [9].  

Pedologically, the study zone is part of the sandy Ferlo 
region characterized by a succession of dunes and hilly 
low-lying areas that contain a different soil type than 
found on the tops of the dunes or at the bottom of a hill 
[10]. The low-lying areas effectively have a ratio of clay 
that is greater than at the tops of the dunes. 

The study site also contains two types of hydrological 
layers: one which is deep aquifers from the Mastricht 
and Eocene and another which is less deep and comes 
from the terminal continental and quartneary aquifers 
[11]. 

2.2. Woody and Herbaceous Species Inventory 
The sampling strategy consisted of randomly locating 90 
experimental plots of an area of 2500 m2. Placement of 
the plots was done using the 3-4-5 method to find right 
angles. This surface corresponds to the minimal area 
needed for study of woody vegetation in the Sahel [12, 
13]. In each experimental plot, all individuals were iden- 
tified that had a basal circumference greater than 10 cm. 
Dendrometric measurements were also taken, including 
circumference at the base of the trunk, crown diameter, 
and total height. The distance between individuals was 
measured using the nearest-neighbor method [14]. 

Individuals with a basal circumference less than 10 cm 
were listed in order to determine the regeneration rate of 
species populations related to both seed and seeling re- 
generation. Individuals that were cut or standing dead 
were also listed in order to evaluate rates of mortality and 
human impact. Species identification was conducted us- 
ing previously published guides to the flora of Senegal 
[15]. Certain species identifications were updated using 
more recent classification schemes [16]. 

2.3. Data Analysis 
The structure of the woody taxa populations were ana-
lyzed using important structural characteristics of the 
populations, including density, ground cover, crown area, 
and the distribution of individuals by height and thick- 
ness. Density is defined as the abundance of a species 
within a site, where abundance is given by the number of 
individuals. Theoretically, density can be expressed as 
the average distance between individuals (dmoy), given 
as [17]:  
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Figure 1. Site locations in the Ferlo zone in central Senegal. 

 

( )
( )2

10,000Theoretical density ind ha
dmoy

=  

The dominance of a species is given as its ground sur-
face area occupied in meters per hectare [18]. The 
ground surface area of each species (Ste) is found by 
adding the basal circumference of all of the individuals 
within that species that are at least 10 cm. Crown cover 
corresponds to the surface on the ground covered by the 
crown in meters per hectare. Similarly to ground cover, 
species crown cover (Sc) is defined as the sum of the 
crown cover for each individual:  

2π
4
DSc = ∑  

where D represents the average crown diameter for all of 
the individuals. 

Relative densities were also calculated by circumfe- 
rence and height class to determine the distribution of 
individuals according to these variables. The distribution 
of individuals according to circumference allows for 
evaluation of the horizontal structure of the community 
and populations; the vertical structure, similarly, can be 
assessed by the distribution of individuals by height. In- 
dividuals are classified as trees if their height is greater 

than seven meters and are classified as shrubs if less than 
seven meters [19,20]. To test for significant pairwise 
differences between sites for the various measures of 
population structure, Welch’s 2-sample t-tests were com- 
puted using XLSTAT 6.19. All analyses were conducted 
using Microsoft Excel 2007. 

3. Results 
3.1. Population Density 
Over the entire study area, 4055 individuals were listed, 
which corresponds to an overall density of 180.22 in- 
dividuals per hectare, distributed across all taxonomic 
groups. Broken down by site, 1296 individuals were 
identified in Widou, 1122 in Téssékéré, and 636 in Labgar, 
475 in Kamb, and 524 in Déali, with densities being 172.8, 
149.6, 84.8, 63.3, and 69.9 respectively (Table 1). 

The most abundant species were Balanites aegyptiaca 
(L.) Delile (1311 individuals), Calotropis procera (Aiton) 
W.T.Aiton (1176 individuals) and Boscia senegalensis 
(Pers.) Lam. ex Poir. (720 individuals). These species 
cumulatively represent 88.3 percent of the individuals 
found in the study area, with per hectare densities of 35, 
31.4, and 19.2 individuals respectively. The mean dis- 
tance between individuals is 5.2 m in Widou, 5.0 m in  
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Table 1. Structural characteristics of the study sites and the Ferlo zone. 

 Study 
Zone Widou Téssékéré Labgar Kamb Déali 

Observations 4053 1296 1122 636 475 524 

Real density (ind/ha) 
Standard deviation 

108.08 
49.79 

172.80 
37.65 

149.60 
33.08 

84.80 
18.67 

63.33 
16.21 

69.87 
16.62 

Theorical density (ind/ha) 
Standard deviation 

234.52 
7.21 

371.25 
9.48 

404.84 
5.97 

247.22 
6.79 

145.86 
7.73 

162.28 
7.24 

Surface area (m2/ha) 
Standard deviation 

20.53 
0.71 

5.06 
0.61 

3.85 
0.28 

4.63 
0.61 

3.62 
0.89 

3.37 
0.45 

Total coverage (m2/ha) 
Standard deviation 

7304.93 
361.00 

2008.09 
211.30 

1121.43 
61.85 

1145.47 
85.82 

1544.91 
145.00 

1485.02 
257.50 

 
Téssékéré, 6.4 m in Labgar, 8.3 m in Kamb, and 7.8 m in 
Déali, with theoretical densities being 371.25, 404.84, 
247.22, 145.86, and 162.28 trees per hectare, respectively. 
The theoretical densities are largely greater than actual 
densities, regardless of the site. This tendency has also 
been noted across the entire study region (Table 1). 

3.2. Population Coverage 
Basal coverage evaluated by surface area is 20.53 m2·ha−1 
for the entire study zone. Coverage area was found to be 
greater in Widou and Labgar and lower in Téssékéré, 
Kamb and Déali. However, the values for the surface 
area between these two stratifications are not signifi- 
cantly different (Table 1). The species dominating sur- 
face area are B. aegyptiaca (6.7 m2·ha−1), Adansonia 
digitata L. (4.3 m2·ha−1), C. procera (1.7 m2·ha−1) and B. 
senegalensis (1.5 m2·ha−1). These species make up 69.2% 
of basal area coverage. 

Crown cover is 7305 m2·ha−1 for the entire study re-
gion. Divided by sub-sites, this is broken into 2008 
m2·ha−1 in Widou, followed by Kamb (1545 m2·ha−1), 
Déali (1485 m2·ha−1), Labgar (1146 m2·ha−1) and Tés- 
sékéré (1121 m2·ha−1), which makes up 27.49, 21.15, 
20.33, 15.68, and 15.35 percent of total crown cover area. 
Balanites aegyptiaca, C. procera and B. senegalensis co- 
ver more than half of total surface area in Widou 
(69.21%), Déali (65.38%) and Labgar (51.05%). These 
species only cover, however, 39.44 and 38.79 percent 
respectively of the area in Téssékéré and Kamb. 

3.3. The Distribution of Individuals by  
Circumference 

The demographic structure of populations, illustrated by 
the distribution of individuals according to size classes 
across all species, shows a roughly log-normal distri- 
bution in Widou, Téssékéré and Labgar (north Ferlo) and 
a uniform distribution for the other sites (Figure 2). 

The overall distribution for the study sites appears 
log-normal. This pattern holds when considering inde- 
pendently the most abundant species (Figure 2). In the 

Ferlo in general, and especially in the more northern 
parts, more than 50 percent of the populations of woody 
taxa are individuals with a circumference greater than 40 
cm. In the southern part of the study region, 52 percent of 
the individuals at Kamb and 35 percent of the individuals 
at Deali have a circumference greater than 60 cm (Fig- 
ures 2(e) and (f)). 

3.4. The Distribution of Individuals According to 
Height 

The distribution of woody taxa by height follows a un-
imodal distribution in the northern part of the study re-
gion. In these sites, the overall community as well as the 
dominant species is predominantly (more than 60%) 
made up of individuals with a height of less than four 
meters (Figures 3(b), (c) and (d). The same pattern is 
seen when considering the entire study region (Figure 
3(a)). By contrast, in the southern part of the region, the 
distribution of individuals by height is slightly irregularly 
distributed, with a majority of individuals of small size 
(Figures 3(e) and (f)). Nevertheless, individuals with a 
height greater than seven meters are also well repre- 
sented in Kamb and Déali, with 36 and 25 percent of the 
populations, respectively. 

3.5. Growth Relationships between Height and 
Circumference 

The allometric growth relationships that exist between 
height and circumference (at 0.3 m from the ground) in 
the study region (Figure 4) are expressed as logarithmic 
functions. This shows that there is not a clear linear rela- 
tionship between height growth and circumference. Li- 
near regression, however, shows that in the northern part 
of the study region, there is a strong relationship between 
height and circumference, with regression coefficients 
greater than 0.6. This shows similarly that in this area of 
the study region, height does not grow indefinitely de- 
pending on diameter. The height of trees stabilizes at 
around 16 m, while the diameter can continue to grow 
(Figure 4).  
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Figure 2. Structure of individuals according to circumference, representing the most abundant species in the study sites. 

 
3.6. Regeneration of Populations 
The distribution of young plants in the study region 
(Figure 5(a)) shows that woody species have regenerated 
at greater than 45 percent. These young plants mainly 
contain individuals of the species B. aegyptiaca (27.76%), 
Leptadenia hastata (Pers.) Decne. (25.86%), C. procera 
(25.15%), B. senegalensis (12.43%) and A. raddiana 
(3.52%). In Widou, where the woody population regene-
rates at 39.47% (Figure 5(b)), the young plants are mainly 
of the species C. procera (48.63%), B. aegyptiaca 
(22.60%), L. hastata (14.67%), B. senegalensis (9.47%) 
and Sclerocarya birrea (A. Rich.) Hochst (2.48%). The 
same trend is seen in Téssékéré (Figure 5(c)) where 

young plants make up 44.26% of total population and the 
most abundant are C. procera (46.01%), B. senegalensis 
(24.13%), L. hastata (18.97%), B. aegyptiaca (3.59%) 
and A. raddiana (1.12%). In Labgar (Figure 5(d)), the 
species that regenerate the most are: L. hastata (33.78%), 
B. senegalensis (29.05%), B. aegyptiaca (22.30%), C. 
procera (7.66%) and A. raddiana (5.63%). Regeneration 
rates are higher in the southern part of the study zone. 
Young plants represent 50.61% of woody populations in 
Kamb and 60.68% in Déali. In these locations the species 
that regenerate best are B. aegyptiaca (59.40% and 41.71%) 
and L. hastata (37.24% and 32.60%) respectively in 
Kamb and Déali (Figures 5(e) and (f)).  
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Figure 3. Structure of individuals according to height, representing the most abundant species in the study sites. 

 
3.7. Degradation of Woody Populations and 

Human Impacts 
The rate of human impacts on the woody populations of 
the Ferlo study region varies as a function of particular 
sites (Figure 6). In the entire study region, the rate of 
mortality is lower than one percent. C. procera has the 
highest rate of mortaility (60%) with the next highest 
being B. aegyptiaca (58.33%) and A. raddiana (29.16%), 
the latter of which is predominantly exploited by cutting 
(Figure 6(a)). In Widou and Téssékéré, mortality is also 
dominated by C. procera, making up 64% and 78.48% 
respectively. In these sites, exploitation by cutting only 
applies to B. aegyptiaca (in Widou) and D. melanoxylon 
(in Téssékéré) (Figures 6(b) and (c)). In Labgar, there 
were no noted events of mortality, but exploitation by 
pruning was common for B. senegalensis (66.67%). In 

the southern section of the study zone, cutting is more 
clearly on B. aegyptiaca with 66.67% of individuals af-
fected in Kamb and 61.11% of individuals affected in 
Déali. The second-most impacted species is L. hastate 
(33.33%) in Kamb and A. raddiana (38.89%) in Déali 
(Figures 6(e) and (f)). Mortality in Déali was exclusively 
noted for B. aegyptiaca, but was noted in Kamb for A. 
raddiana, B. aegyptiaca and S. birrea with a similar rate 
of around 30% (Figure 6(e)). 

4. Discussion 
The assessment of the structural diversity of a stand es- 
pecially a population, is of great interest for the sustaina- 
ble management of forest resources by evaluating read- 
ily available and future planning of the samples [21]. 
This distribution can be used to predict the threat of 
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Figure 4. Regression lines describing the relationship between height and circumference for individuals surveyed. 

 
extinction in the medium or long-term species threat ex- 
acerbated by an operation that fails to implement inter- 
vention measures to reverse this process [22,23]. 

Regarding the structural composition of populations 
and communities, the density of woody taxa is generally 
low in the study zone. There is also much inter-site va- 
riability, with higher densities in Widou and lower densi- 
ties in Kamb. We find, however, that observed densities 
are higher in our particular study zones than in previous- 
ly published work [14]. Between 1989 and 1998, density 
was found to range between 124 and 129 individuals per 
hectare, which is slightly lower than the density observed 
in this study of 180.22 individuals per hectare. However, 
densities observed in our analyses are lower than even 
older studies [3,5,24]. The abundance of certain species, 

like C. procera and B. senegalensis, agrees with data 
from [25]. According to [25], the progression of species 
that are supposedly resistant to drought does not seem to 
be inhibited by elevated rains. 

The mean distance between individuals is relatively 
high in the south part of the study zone (Kamb and Déali) 
compared to the north (Widou, Téssékéré and Labgar). 
This pattern could be explained by an increase in agri- 
cultural activity in the southern Ferlo region. This low 
average distance between individuals, noted especially in 
the northern part of the zone, is not characteristic of de- 
graded ecosystems [26-30]. It should be noted that the 
decrease in average distance between individuals was 
found to be 7.1 m according [4]. The theoretical density 
is also two times higher than the real density in each of 
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Figure 5. The distribution of young plants in the study sites. 

 
the sites, with high coefficients of variation stipulating an 
aggregate distribution of individuals. Such an aggregate 
distribution has been shown in several studies conducted 
in the Ferlo zone [4,13,14,31]. 

The surface area is relatively low and varies between 
sites and species. It is highest in Widou and Labgar and 
lowest and statistically similar in Téssékéré, Kamb and 
Déali. Basal coverage is higher in Labgar than in Tés- 
sékéré despite the higher density found in Téssékéré. 

This pattern could possibly be explained by the abun- 
dance of individuals with large trunks in Labgar. The 
woody populations in the study area are largely domi- 
nated by B. aegyptiaca whose rooting zone area is nearly 
double that of A. digitata, despite the size of the latter’s 
trunk. In these areas, it seems that the high density of B. 
aegyptiaca compensates for the large trunk size of A. 
digitata, allowing for co-existence [32]. 

Crown cover is low in the study reason because of 
grazing activity that tends to depress the development of 
woody taxa [33,34]. It varies according to sites, with 
higher crown cover in Widou, Kamb and Déali and lower 

cover in Téssékéré and Labgar. Effectively B. aegyptiaca 
alone represents more than half of woody cover in Widou 
and Déali. In Kamb, B. aegyptiaca associates with A. 
raddiana in forming semi-joined crowns that cover ap- 
proximately the same area despite lower densities. 

The woody population is mainly constituted of indi- 
viduals with a small size as seen in our results for the 
structure of the populations broken down by circum- 
ference class. The low representation of individuals with 
a circumference greater than 100 cm can be explained by 
charcoal production, wood for construction, and fire- 
wood in the region that favors high-circumference spe- 
cies, as well as using the foliar resources for livestock 
during the dry season including C. procera and B. sene- 
galensis in the northern part of the zone, whereas the 
southern part of the region is dominated by B. aegyptia- 
ca. 

In general, the population structure according to cir- 
cumference and height show a clear dominance of young 
individuals. Young plants are relatively abundant in the 
Ferlo, though they vary according to site and species. 
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Figure 6. Mortality and human impact on woody populations of the study area. 

 
Considering the entire study region, the young plants of 
B. aegyptiaca are the most abundant, followed by C. pro- 
cera and B. senegalensis. 

The considerable ability to regenerate found among B. 
aegyptiaca can be explained by their ability to maintain 
photosynthetic activity through the year [14]. Site-spe- 
cific analyses reveal that regeneration rates are higher in 
the southern part of the Ferlo, where there are more adult 
individuals than in the north. This higher rate of regen- 
eration is correlated with higher woody cover in the 
southern part of the region. This pattern is likely ex- 
plained by patterns of higher precipitation in the southern 
part of the study zone. Woody cover offers favorable 
conditions for seeds to germinate and saplings to grow 
[4]. Species which generate better in the southern region 
are more dominant, except for in Labgar, which is domi- 
nated by young plants of L. hastata. In the north part of 
the zone, B. aegyptiaca is better at regenerating. In the 
southern part, the species with higher ability to regene- 
rate also happen to be less palatable to livestock and have 
fewer ethnobotanical uses [9]. The regeneration of spe- 
cies in the Ferlo zone shows a gradual evolution accord- 

ing to these patterns. 
The rate of human exploitation is relatively low for 

these populations in the Ferlo zone. In this area, human 
impacts are most often due to selective pruning for fire- 
wood and other cutting of useful species. Many of the 
species undergoing impacts from humans have important 
ethnobotanical uses [9]. 

5. Conclusion 
The present study evaluated the structural diversity of 
woody taxa in the Ferlo region of the Sahel, in Senegal. 
This structural diversity is relatively low compared to 
other agroecological zones of Senegal. The dominance of 
woody species, such as B. aegyptiaca, B. senegalensis 
and C. procera shows that these taxa have developed 
resistance to the particularly harsh climate conditions of 
the Sahel as well as to human impacts. The study has 
also allowed for a corroboration of the idea that the ve- 
getation of the Sahel is progressively evolving because it 
is dominated by shrubby taxa. We have also shown that 
the southern part of our study region is a transition be- 
tween sylvo-pastoralism and the peanut-growing region 
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of central Senegal. This southern zone is much impacted 
by human activity, especially agricultural activity. 
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