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Abstract

This study assesses the applicability of the International Union for Conservation of Nature (IUCN) Red List of Ecosystems criteria
in a typically Sahelian environment, namely the Ferlo Biosphere Reserve in Senegal.

The methodology is based on the evaluation of different ecosystem types using five assessment criteria: two criteria related to
spatial distribution (qualitative factors), two criteria addressing ecosystem functioning through biotic and abiotic interactions
(quantitative factors), and a final criterion based on quantitative risk analysis. Ecosystems are subsequently classified into one
of eight threat categories—Collapsed, Critically Endangered, Endangered, Vulnerable, Near Threatened, Least Concern, Data
Deficient, and Not Evaluated—according to the thresholds defined by the IUCN framework.

The analysis relies on land-use and land-cover maps of the Ferlo Biosphere Reserve for the years 1965 and 2017, as well as
statistical data derived from these datasets and their spatial overlay.

The results indicate that vegetation formations exhibiting regressive trends are the most threatened. Gallery forests within the
biosphere reserve are classified as Endangered, while wooded savanna falls into the Collapsed category. Shrub to tree savanna is
also classified as Endangered. Conversely, ecosystems that have experienced progressive dynamics—corresponding to the least
stable stages of spontaneous vegetation succession—are classified as Least Concern.

The application of the IUCN Red List of Ecosystems methodology in the Ferlo Biosphere Reserve demonstrates that this framework

is fully applicable to Sahelian environments, as most of the assessment criteria can be reliably documented.
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1. Introduction

In the context of widespread biodiversity degradation observed
across all biomes, it has become essential to redefine conservation
priorities through the establishment of a globally recognized
reference monitoring system. Such a system is necessary to
promote effective ecosystem management and to maintain
ecosystem health, which is increasingly acknowledged as critical
for human well-being, particularly in relation to natural risk
reduction and climate change adaptation [1,2].

In response to this challenge, the International Union for
Conservation of Nature (IUCN) initiated a global framework for
the development of the Red List of Ecosystems. This framework
aims to assess ecosystem status using five criteria and to assign
ecosystems to one of eight threat categories defined by the [IUCN
[3]. These criteria include: reduction in geographic distribution,
restricted distribution, degradation of the abiotic environment,
disruption of biotic interactions, and quantitative estimation of
the risk of ecosystem collapse through modeling approaches. The
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Red List of Ecosystems constitutes a powerful tool for monitoring
global biodiversity change, informing conservation actions, and
facilitating effective communication with decision-makers across
multiple sectors.

The adoption of this methodology requires its application across
all bioclimatic zones and spatial scales. To date, most applications
have been conducted in Europe and Latin America [3-7].
Applications in Africa remain limited and have largely focused on
Sudanian zones or national-scale assessments [3,8]. However, the
evaluation of Sahelian ecosystems—particularly protected areas
in the Sahel—would not only allow for testing the applicability
of the method and assessing the relevance of its criteria, but also
provide an opportunity to propose potential refinements and to
predict ecosystem evolution scenarios in regions of high biological
importance.

Within this context, the present study applies the IUCN Red List
of Ecosystems methodology to the Ferlo Biosphere Reserve, a
protected area located in the Senegalese Ferlo, with the objective
of assessing ecosystem risk and exploring future ecosystem
trajectories in a Sahelian setting.

2. Materials and Methods
2.1. Description of the Study Area
The study was conducted in the Ferlo Biosphere Reserve, which

550000
L

covers a total area of 2,057,861.66 ha.

From an administrative perspective, the reserve extends across
three regions, five departments, and thirteen municipalities. The
regions concerned are Louga, Saint-Louis, and Matam (Figure 1).
The departments and municipalities included in the reserve are as
follows:

* Ranérou-Ferlo Department:
Toucouleur

* Matam Department: Ogo, Oréfond¢, Agnam Civol, and Dabia

* Kanel Department: Ourosidy and Ndendory (currently Sinthiou
Mamambe)

* Linguere Department: Barkhéd;ji

In accordance with the statutory framework of the UNESCO Man
and the Biosphere (MAB) Programme and the Seville Strategy,
the Ferlo Biosphere Reserve is organized into several management
zones. These include four core areas exclusively dedicated to
conservation and scientific research, buffer zones where the use
of natural resources is permitted under regulated conditions, and
transition zones, which encompass resource-use activities as well
as human settlements.

Pét¢é Mboumba and Galoya

The specific functions and zoning arrangements of each area are
not detailed in this article, as they have already been thoroughly
described in a previous scientific publication [9].
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Figure 1: Location and zoning of the Ferlo Biosphere Reserve in Senegal. The reserve is structured into core areas, buffer zones, and
transition zones in accordance with the UNESCO Man and the Biosphere (MAB) Programme. The map also shows the ecological zones
and administrative boundaries surrounding the reserve

northern sandy Ferlo, while the southern part of the Ferlo includes
the Ferlo South Wildlife Reserve, which lies within the lateritic
Ferlo zone.

The Ferlo Biosphere Reserve was selected because of its strategic
geographical position along major climatic, pedological, and
anthropogenic gradients, as well as its legal protection status.
Indeed, the Ferlo North Wildlife Reserve is located within the
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The Ferlo region corresponds to the northern bioclimatic zone of
Senegal, characterized by a Sahelian climate in the north and a
Sahelo-Sudanian climate in the southern part. Rainfall increases
along a north—south gradient and ranges between the 100 mm
and 500 mm isohyets. The landscape is shaped by a succession of
sand dunes and low-lying depressions, which become seasonally
waterlogged during part of the year.

Soil types vary according to the pedological gradient. The northern
sandy Ferlo is dominated by reddish-brown soils, composed
mainly of loose sands with low water-holding capacity, as well
as ferruginous soils, which are shallow and poor in organic
matter. In contrast, the eastern cuirassed Ferlo is characterized by
gravelly soils, generally dark in color and relatively rich in organic
matter, and lithosols, which are very shallow soils with limited
development.

Vegetation is characterized by a continuous herbaceous layer,
reaching its maximum development at the end of the rainy
season, and a woody layer composed of trees, shrubs, and bushes.
Vegetation distribution closely follows both the rainfall gradient
and the pedological gradient across the region. As a result, steppe
formations are predominantly found in the northern Ferlo, while
savanna formations occur in the southern part. These vegetation
types may develop on dune systems, whereas gallery forests
and denser vegetation formations are mainly associated with
topographic depressions and lowlands.

2.2. Methodological Approach

2.2.1. Tools and Data Sources

A comprehensive literature review was conducted, focusing on
reliable and quantifiable data sources. Information relevant to the
biophysical characterization of each ecosystem type was compiled
to support the assessment.

In addition, remote sensing and Geographic Information Systems
(GIS) were used, specifically through the analysis of diachronic
ecosystem mapping of the Ferlo Biosphere Reserve. The datasets
included:

« the 1965 land-use/land-cover map of the Ferlo Biosphere Reserve,
derived from the interpretation of CORONA aerial photographs
from the U.S. reconnaissance mission;

* the 2015 Iland-use/land-cover map, produced from the
interpretation of satellite imagery obtained from the ArcGIS
database and subsequently validated through field surveys in 2017;
* statistical outputs derived from both datasets and from their
spatial overlay;

« additional information related to the biophysical characterization
and evolutionary processes of the targeted ecosystems.

2.2.2. Ecosystem Classification using the IUCN Red List of
Ecosystems

The ecosystem classification method based on the JTUCN Red
List of Ecosystems (RLE) relies on the assessment of the risk of

ecosystem collapse. This framework is based on five assessment
criteria and eight categories of collapse risk [10].

In this study, the IUCN Red List of Ecosystems criteria were
applied to the vegetation formations of the Ferlo Biosphere
Reserve. The RLE methodology is a relatively recent framework
designed to assess the risk of ecosystem collapse, which is
considered to occur when an ecosystem loses its defining biotic
and abiotic characteristics [3].

The assessment is based on five rule-based criteria designed to
capture four major symptoms of ecosystem degradation: declining
distribution, restricted distribution, degradation of the abiotic
environment, and disruption of biotic processes. The final risk
category assigned to an ecosystem corresponds to the highest level
of risk indicated by any of the [3,11].

In the present study, criteria A and B, which assess declines in
ecosystem extent (Criterion A, leading to reduced carrying
capacity and niche diversity) and restricted geographic distribution
(Criterion B, increasing vulnerability to spatially explicit threats),
were evaluated using diachronic spatial datasets derived from
land-use and land-cover maps for 1965 and 2017.

Criteria C and D, which evaluate the relative severity of abiotic
degradation (Criterion C, resulting in reduced habitat quality)
and disruption of biotic interactions and key ecological processes
(Criterion D), were assessed through the synthesis of available
ecological information and the compilation of relevant biophysical
data. These data were used to evaluate the relative severity of
ecosystem degradation over the 52-year study period, following
the guidelines proposed by Keith et al. [3].

3. Results

3.1. Spatial Distribution of Ecosystems

The land-use and land-cover mapping of the Ferlo Biosphere
Reserve for 1965 and 2017 allowed the identification of seven
land-cover classes: savannas, steppes, croplands, human
settlements (habitat), bare soils, lateritic crust areas, and water
bodies (temporary ponds) [12].

The spatial variability of natural vegetation made it possible to
distinguish:

 within savanna formations, four classes: wooded savanna, tree
savanna, shrub-to-tree savanna, and shrub savanna;

* within steppe formations, two classes: shrub-to-tree steppe and
shrub steppe.

Vegetation dynamics analysis revealed a regressive trend in the
following formations: gallery forests, shrub-to-tree savanna, and
wooded savanna within the biosphere reserve. Consequently, the
assessment of collapse risk focused on these ecosystems, which
experienced measurable degradation over the 52-year period.
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3.2. Gallery Forest Ecosystem in the Ferlo Biosphere Reserve
3.2.1. Classification

3.2.1.1. National Classification

Gallery forests are recognized as a distinct vegetation formation
in Senegal and in several pastoral unit characterization reports
[13-15]. They correspond to riparian vegetation occurring along
valleys and drainage networks in the Ferlo region.

IUCN Habitat Classification Scheme (Version 3.0): 1. Forest —
1.5 Subtropical Dry Forest [6].

3.2.1.2. Ecosystem Description: Gallery Forest

a. Biotic Characteristics

This ecosystem type is characterized by dense woody vegetation,
with tree species exceeding 7 m in height and a canopy cover
ranging between 60% and 70%. The most frequently encountered
woody species include Acacia senegal, Anogeissus leiocarpus,
Acacia nilotica, Combretum glutinosum, Piliostigma reticulatum,
Mitragyna inermis, and Guiera senegalensis.

Other species, such as Balanites aegyptiaca, may locally form
nearly monospecific stands, particularly in the northern part of the
reserve. The ecosystem also hosts rare or very rare species in
the Ferlo, including Dalbergia melanoxylon, Sclerocarya birrea,
and Sterculia setigera, which are listed on the IUCN Red List of
threatened species.

When present, the herbaceous layer is composed of species such
as Schoenefeldia gracilis, Pennisetum pedicellatum, Zornia
glochidiata, Polycarpaea linearifolia, Tephrosia bracteolata,
Cenchrus biflorus, and Dactyloctenium aegyptium. Some
herbaceous species, including Justicia niokolo-kobae and Digitaria
aristulata, are currently highly threatened or locally declining.

Wild fauna is almost absent due to intense anthropogenic pressure;
however, domestic livestock, particularly cattle, goats, and other
small ruminants, are abundant in these areas.

b. Abiotic Characteristics

Gallery forests are located along the ancient Ferlo valley and
its tributaries. This ecosystem includes ponds, croplands, and
human settlements. The hydrological and pedological conditions
of these lowland environments explain the presence of gallery
forests. The groundwater table is relatively shallow and may lead
to seasonal flooding during the rainy season.

Soils are mainly grey sandy-clay soils, locally calcareous, as well
as hydromorphic soils with temporary waterlogging. Due to
their low topographic position, these ecosystems receive mineral
elements and sediments transported by runoff, resulting in higher
soil fertility compared to surrounding upland areas.

The climate is Sahelian, characterized by a nine-month dry
season and a three-month rainy season.

c. Distribution

Gallery forests occur throughout much of the Ferlo Biosphere
Reserve, forming linear formations along the former river valley
and its tributaries. They extend across several pastoral units located
within the reserve.

d. Key Processes and Interactions

Hydrological processes, particularly runoff and seasonal
flooding, play a crucial role in maintaining the structure and
functioning of gallery forests. These conditions support distinct
plant communities that differ from those adapted to surrounding
upland soils. Fruits and foliage from gallery forest species are
highly palatable to livestock.

However, results indicate a decline in tree density over the
52-year period, likely associated with recurrent droughts and
reduced flooding in some stands. In certain areas, this has led to the
transformation of gallery forests into savanna formations or even
bare land, accompanied by the decline of sensitive species such as
Dalbergia melanoxylon.

e. Threatening Processes

The main threats to gallery forests in the Ferlo Biosphere Reserve
include land-use change (conversion to cropland and settlements)
and overgrazing. Initially linked to subsistence agriculture,
land clearing has intensified following changes in pastoral land
management. Settlements are often established at the edges of
gallery forests, leading to the expansion of cultivated areas.

Because gallery forests contain ponds that retain water for extended
periods after the rainy season, they attract livestock seeking water,
forage, and shade. This results in overgrazing, soil compaction,
and ecosystem fragmentation, contributing to the contraction of
gallery forest extent. These pressures, combined with recurrent
droughts, substantially increase the vulnerability of this ecosystem.

f. Application of IUCN RLE Criteria

f.1. Criterion A: Reduction in Geographic Distribution
Criterion A1l

Land-use mapping for 1965 and 2017 (figure 2 (a) et 2 (b))
indicates a significant decline in gallery forest extent over 52
years, decreasing from 867.14 km? in 1965 to 659.18 km? in 2017.
The proportional rate of decline is 23%, which does not meet the
threshold for threat classification under Criterion Al. Accordingly,
the gallery forest ecosystem is classified as Least Concern (LC)
under Criterion Al.

Criterion A2

Based on observed changes between 1965 and 2017, the mean rate
of decline is approximately 4 km? per year. Projecting this trend
over a 50-year period from 2017 results in an estimated loss of
200 km?, corresponding to an absolute decline of 30.34%. Under
Criterion A2, the gallery forest ecosystem is therefore classified as
Vulnerable (VU).
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Figure 2: Relict Forest (a) in 1965, (b) in 2017

Criterion B: Restricted Geographic Distribution

Criterion B1 (Extent of Occurrence):

The extent of occurrence of the gallery forest ecosystem in 2017
is estimated at 15,718.2 km? (see figure below). This value is
below the 20,000 km? threshold and, considering the documented
decline in ecosystem extent over the 52-year period, the gallery
forest ecosystem meets the conditions of subcriteria Bla and
Blc. Accordingly, under Criterion B1, the ecosystem is classified
as Endangered (EN).

Criterion B2 (Area of Occupancy):
In 2017, the gallery forest ecosystem occurs within 194 grid cells
of 10 km x 10 km (figure 3), of which 78 cells contain more

than 1 km? of the ecosystem. To be eligible for assessment under
Criterion B2, the ecosystem must also be subject to a continuing
decline in its geographic distribution, environmental quality, or
biotic interactions.

Although no clear decline in environmental quality has been
demonstrated, a continuing decline in geographic distribution
has been observed (see Criterion A2). However, the estimated
area of occupancy of 78 grid cells does not meet the threshold
required for classification under Criterion B2. Consequently, under
this criterion, the gallery forest ecosystem is assigned to the Least
Concern (LC) category.
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Figure 3: Extent of Occurrence of the Ferlo Biosphere Reserve in 2017

Criterion B3: Number of Locations

Because the gallery forest ecosystem occurs across more than
five locations, the gallery forest of the Ferlo Biosphere Reserve is
classified as Least Concern (LC) under Criterion B3.

Criterion C: Degradation of the Abiotic Environment
Variations in rainfall and the expansion of cultivated areas are
likely to contribute to the degradation of the abiotic environment
of the relict riparian forest. However, it is necessary to identify
the dominant driver of degradation. Several studies indicate that
rainfall variability in the Sahel represents the primary factor
negatively affecting ecosystems [16-18].

Species that have disappeared from the Ferlo region are generally
those located beyond their optimal phytogeographical range, as
moisture availability, soil conditions, and water reserves no
longer meet their ecological requirements. Woody species tend
to decline more rapidly during drought periods because soil water
reserves are depleted faster. This justifies the use of rainfall data
to calculate the relative severity of abiotic degradation.
Rainfall data from the covering the period 1960-2018 were used
in this analysis (figure 4).

Ecosystem collapse was defined as the mean annual rainfall
during the period of severe rainfall deficit, following ITUCN
guidelines [19]. This value was estimated at 339 mm, leading
to a collapse threshold range between 300 mm and 350 mm. To
calculate the relative severity of rainfall decline, the rainfall time

series was divided into two periods: a reference period (1960-
1969) and a current period (1984-2018). Because the collapse
threshold is expressed as a range (300-350 mm), relative severity
was calculated for both threshold values.

For the 300 mm threshold, relative severity was calculated as:
Relative severity=Observed declineMinimum
declinex100=(484.3—420)(484.3—300)x100=34.8%\text{Relative
severity } \frac {\text{Observed decline} } {\text{Minimum
decline}} \times 100 = \frac{(484.3 - 420)} {(484.3 - 300)} \
times 100 = 34.8\%Relative severity=Minimum declineObserved
declinex100=(484.3—-300)(484.3—420)x100=34.8%

For the 350 mm threshold, relative severity was calculated as:

Relative severity=Observed declineMaximum
declinex100=(484.3-420)(484.3—-350)x100=47.87%)\

text{Relative severity} = \frac{\text{Observed decline}}
{\text{Maximum decline}} \times 100 = \frac{(484.3
- 420)}{(484.3 - 350)} Mimes 100 = 47.87\%Relative

severity=Maximum declineObserved declinex100=(484.3—350)
(484.3—420)x100=47.87%

The relative severity of abiotic environmental degradation
therefore ranges between 34.8% and 47.87%, leading to the
classification of the gallery forest ecosystem as Vulnerable (VU)
under subcriterion C1.
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Figure 4: Annual Rainfall Recorded at the Linguére Meteorological Station Over the Period 1960-2018

Subcriteria C2 and C3 were assessed as Data Deficient (DD) due
to the lack of sufficient quantitative information.

Criterion D: Degradation of the Biotic Environment

Mortality of plant and animal species within the gallery forest
ecosystem is driven by multiple factors, including land-use
expansion, overgrazing, and bush fires. Although burned areas
are recorded annually, available data do not extend back to 1965
and are not disaggregated by vegetation formation type. Other
degradation processes have not been quantified. Consequently,
the classification of the gallery forest ecosystem under Criterion
D could not be completed due to insufficient data, and it was
therefore assessed as Data Deficient (DD).

Criterion E: Quantitative Risk Analysis

The Ferlo Biosphere Reserve was formally designated in 2013,
and no quantitative modeling has yet been conducted to estimate
the probability of ecosystem collapse for gallery forests. As a
result, the ecosystem was classified as Data Deficient (DD) under
Criterion E.

3.3. Wooded Savanna in the Ferlo Biosphere Reserve

3.3.1. Classification

National Classification

Wooded savanna is recognized as a distinct vegetation type in
the Yangambi Agreement [20]. It has also been widely used in
ecological studies to characterize vegetation formations in the
Ferlo region [14,21,22]. This formation belongs to the broader
savanna biome.

IUCN Habitat Classification Scheme (Version 3.0): 2. Savanna
— 2.1 Dry Savanna — Wooded Savanna [6].

3.3.2. Ecosystem Description: Wooded Savanna

a. Biotic Characteristics

Within the Ferlo Biosphere Reserve, wooded savanna covers an
area 0359,102.54 ha (359.11 km?) and is mainly distributed around
temporary ponds. Characteristic woody species include Acacia
senegal, Acacia nilotica, Acacia seyal, Piliostigma reticulatum,
Mitragyna  inermis,  Anogeissus  leiocarpus, =~ Combretum
glutinosum, Ziziphus mauritiana, Boscia senegalensis, and Guiera
senegalensis. Sudano-Sahelian species such as Pterocarpus lucens
and Acacia seyal are also present.

The herbaceous layer, which reaches its peak development at
the end of the rainy season, is dominated by Zornia glochidiata,
Schoenefeldia gracilis, Pennisetum pedicellatum, Polycarpaea
linearifolia, Tephrosia bracteolata, Cenchrus ciliaris, and
Dactyloctenium aegyptium.

Fauna is mainly composed of domestic livestock, which use
these areas for watering during the rainy season and partially
during the dry season. Nevertheless, several wild species are
present, including mammals (hyena, warthog, gazelle) and birds
(guineafowl, ostrich, francolin). Wildlife abundance increases
during the rainy season, and competition between wild and
domestic species for natural resources is observed.
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b. Abiotic Characteristics

Wooded savannas in the Ferlo Biosphere Reserve occur
under Sahelian climatic conditions, characterized by a dry
season lasting more than nine months and a rainy season of
approximately three months. The soils supporting this formation
are mainly hydromorphic soils with temporary waterlogging.
Surface water resources consist of temporary ponds, while
groundwater resources are associated with the Maastrichtian
aquifer and shallow continental aquifers. Moisture availability
is relatively higher in these areas due to the presence of
woody vegetation and the hydrographic network. Although air
temperatures are generally high, microclimatic conditions within
wooded savannas tend to be relatively cooler.

c. Distribution

Wooded savannas, like relict forests, are associated with the
hydrographic network, forming discrete patches around ponds.
They are mainly located in the northwestern and central-western
parts of the study area.

d. Key Processes and Interactions
Major natural processes affecting wooded savannas include the
early drying of ponds, sand encroachment, and water erosion.

e. Threatening Processes

At pond sites, the principal threat is sedimentation, resulting
from intense water erosion combined with rainfall deficits.
Vegetation surrounding these water points is also subject to
strong anthropogenic pressure. The premature drying of certain

ponds reflects human activities along their margins, particularly
vegetation clearing, which accelerates erosion and leads to the
deposition of sediments at the bottom of these biodiversity-rich
water bodies.

The main drivers of vegetation degradation around ponds include
tree cutting, bush fires, and overstocking due to high livestock
densities.

f. Application of IUCN RLE Criteria

Criterion A: Reduction in Geographic Distribution

Criterion Al:

Criterion A1 evaluates the risk of ecosystem collapse by comparing
ecosystem extent over a S0-year period, based on either absolute or
proportional rates of decline. Wooded savanna covered 359,102.54
ha (359.11 km?) in 1965 and 59,409.13 ha (54.41 km?) in 2017
(figure 5). The total loss is therefore estimated at 305.02 km?,
corresponding to an average decline of 5.87 km? per year. The
proportional rate of decline is 82%, which places the ecosystem
in the Critically Endangered (CR) category under Criterion Al.

Criterion A2a: based on an observed decline rate of 5.87 km?
per year, projection over the next 50 years from 2017 indicates
a complete loss of the remaining wooded savanna area by 2067.
Under Criterion A2, the wooded savanna ecosystem is therefore
classified as Collapsed (CO).

Criterion A3: No data were available for the reference year 1750,
and Criterion A3 could not be assessed.

(a)
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Figure 5: Wooded Savanna in 2017 (a), in 1965 (b)
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Criterion B: Restricted Geographic Distribution

Criterion B1 (Extent of Occurrence): the minimum convex
polygon encompassing the entire wooded savanna ecosystem is
estimated at 760,207 ha (7,602.07 km?). This extent of occurrence
is below the 20,000 km? threshold and, given the observed
continuing decline in ecosystem distribution, the wooded savanna
meets the conditions for classification as Endangered (EN) under
Criterion B1.

Criterion B2 (Area of Occupancy): the overlay of a 10 km x
10 km grid on the wooded savanna shows that the ecosystem
is present in 71 grid cells, of which 21 cells contain at least 1
km? of wooded savanna (figure 6). This value, combined with
the documented continuing decline in geographic distribution,
supports the classification of the wooded savanna ecosystem in the
Ferlo Biosphere Reserve as Vulnerable (VU) under Criterion B2.
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Figure 6: Extent of Occurrence of the Wooded Savanna in the Ferlo Biosphere Reserve

Criterion B3: Number of Locations

Because the wooded savanna ecosystem occurs across multiple
locations, it is classified as Least Concern (LC) under Criterion
B3.

Criterion C: Degradation of the Abiotic Environment
The assessment follows the same rationale as applied to the
gallery forest ecosystem.

Criterion D: Degradation of the Biotic Environment

Woody savanna species are subject to intensive exploitation
by local populations, leading to high mortality rates. However,
quantitative data on the extent of clearing and degradation of
wooded savannas are not available. Consequently, the wooded
savanna ecosystem is classified as Data Deficient (DD) under
Criterion D.

Criterion E: Quantitative Risk Analysis

Because the Ferlo Biosphere Reserve was formally established in
2013, no quantitative modeling has been conducted to estimate
the probability of ecosystem collapse for the wooded savanna
ecosystem. It is therefore classified as Data Deficient (DD) under
Criterion E.

3.4. Shrub-to-Tree Savanna in the Ferlo Biosphere Reserve
3.4.1. Classification

International classification: Shrub-to-tree savannas have been
recognized as a distinct vegetation formation by Aubréville and
Trochain. They were later conceptualized as ecosystems by
Jacquin in his doctoral thesis on savanna vegetation dynamics in
relation to fire use in Madagascar. Shrub-to-tree savannas occur
in North Africa, South Asia, and South America [3,20,23,24].

IUCN Habitat Classification Scheme (Version 3.0):
2. Savanna — Wooded Savanna.

3.4.2. Ecosystem Description: Shrub-to-Tree Savanna

a. Biotic Characteristics

Shrub-to-tree savanna vegetation in the Ferlo Biosphere Reserve
is Sahelo-Sudanian in character and is mainly distributed
in the central-eastern and south-eastern parts of the study
area. Dominant woody species include Guiera senegalensis,
Pterocarpus lucens, Grewia bicolor, Acacia senegal, Balanites
aegyptiaca, Commiphora africana, Combretum glutinosum, and
Boscia senegalensis.
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Theherbaceous layeris dominated by Schoenefeldia gracilis, Zornia
glochidiata, Pennisetum pedicellatum, Polycarpaea linearifolia,
Tephrosia bracteolata, Cenchrus ciliaris, and Dactyloctenium
aegyptium. Large woody species such as Adansonia digitata and
Sterculia setigera, as well as tall grasses, previously occurred in
this formation but have now disappeared or become very rare.

Wild fauna includes termites, birds, and mammals.

b. Abiotic Characteristics

Most shrub-to-tree savannas are located in the municipalities
of Oudalaye and Ourosidy, which are subject to a southern
Sahelian climate within the Ferlo valley. Mean annual rainfall
ranges between 450 and 480 mm [25,13]. Rainfall variability is
high, with a predominance of years below the long-term average
since 1961. The rainy season lasts approximately three months,
while the dry season extends over nine months.

The landscape consists of plateaus interspersed with dunes,
and soils are predominantly sandy-silty, with a strong presence
of ferruginous crusts. The hydrographic network is limited,
comprising a few temporary ponds and groundwater resources
associated with the Terminal Continental aquifer and the
Maastrichtian aquifer. In this area, the shallow Terminal
Continental aquifer is the main water source, as surface water
bodies are scarce.

c. Distribution

Shrub-to-tree savanna occurs in the central-eastern and south-
eastern parts of the study area, beyond the block formed by gallery
forests, croplands, and bare soils. It covers approximately 29.7%
of the local territory.

d. Key Processes and Interactions

Changes in the diversity of woody and herbaceous species
represent the most important natural processes in savanna
ecosystems. Drought events and anthropogenic pressures have led
to the decline or disappearance of species unable to adapt (e.g.
Dalbergia melanoxylon, Sterculia setigera) and the emergence
of more resilient species (e.g. Calotropis procera, Boscia
senegalensis).

Overgrazing, bush fires, and rainfall variability have altered
herbaceous composition, with highly palatable species being
replaced by less palatable ones. Both water and wind erosion are
widespread in the Ferlo region and have a detrimental impact on
vegetation.

e. Threatening Processes

Shrub-to-tree savannas in the Ferlo are threatened by a combination
of climatic variability and anthropogenic pressures. Recurrent
droughts (1970, 1984, 1990) and soil degradation have led to
vegetation homogenization and steppe expansion. Vegetation
formations that once occurred in northern Ferlo are now restricted
to the south, where they form a more compact block.

Large plant species (Adansonia digitata, Sterculia setigera,
Sclerocarya birrea, Dalbergia melanoxylon) and large animal
species (large mammals, giant reptiles) have disappeared or
become extremely rare due to their inability to adapt to current
ecological conditions. Vegetation is increasingly dominated by
species adapted to degraded environments (Balanites aegyptiaca,
Boscia senegalensis, jackals) and by species characteristic of
degraded areas (Calotropis procera, small reptiles).

Anthropogenic activities—including overgrazing, deforestation,
pruning, and bush fires—further accelerate the degradation
of woody and herbaceous vegetation. Woody species such as
Acacia senegal, Dalbergia melanoxylon, Sclerocarya birrea, and
Grewia bicolor experience high mortality and show signs of local
disappearance.

Overgrazing and excessive pruning represent major constraints
on vegetation recovery, as they limit growth, development, and
natural regeneration. Bush fires cause losses in both ecosystem
quality and extent [26].

f. Application of IUCN RLE Criteria

Criterion A: Reduction in Geographic Distribution

Criterion A1:

Statistics for shrub-to-tree savanna extent in 1965 (6,873.69 km?)
and 2017 (6,024.2 km?) indicate a proportional rate of decline
of 12% (figure 7). This value does not reach the threshold for a
threatened category; therefore, under Criterion A1, the ecosystem
is classified as Least Concern (LC).

Criterion A2a: Based on the same datasets, the annual rate of
decline is estimated at 16.33 km? per year. Projected to 2067,
shrub-to-tree savanna extent would decrease to 5,207.7 km?,
corresponding to a proportional decline of 63.54%. Under
Criterion A2a, the ecosystem is therefore classified as Endangered
(EN).

Criterion A2b and A2c:
No data were available for the year 1750; therefore, these
subcriteria could not be assessed.
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Figure 7: Shrub-to-Tree Savanna in 2017 (a), in 1965 (b)

Criterion B: Restricted Geographic Distribution

Criterion B1 (Extent of Occurrence):

The extent of occurrence of the shrub-to-tree savanna ecosystem
is estimated at 10,071.8 km2. This value is below the 20,000 km?
threshold, and a continuing decline in geographic distribution
has been documented (see Criterion Al). Consequently, under
Criterion B1, the shrub-to-tree savanna ecosystem is classified as
Endangered (EN).

Criterion B2 (Area of Occupancy):

The shrub-to-tree savanna ecosystem occurs within 178 grid cells
of 10 km x 10 km, of which 121 cells contain more than 1%
of the total area of the ecosystem (figure 8). This value (178
grid cells) does not meet the threshold required for classification
under Criterion B2. Therefore, under this criterion, the shrub-to-
tree savanna ecosystem is assigned to the Least Concern (LC)
category.
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Figure 8: Extent of Occurrence and Area of Occupancy of the Shrub-to-Tree Savanna

Criterion B3: Number of Locations

Figure 8 shows that the shrub-to-tree savanna occurs across
multiple locations (more than five). Consequently, the shrub-to-
tree savanna ecosystem of the Ferlo Biosphere Reserve is classified
as Least Concern (LC) under Criterion B3.

Criterion C: Degradation of the Abiotic Environment

Bush fires contribute to a reduction in savanna vegetation and
may therefore compromise the viability of the biotic environment.
However, burned areas have not been quantified separately for
each vegetation formation type. As a result, the classification of
the shrub-to-tree savanna ecosystem under Criterion C could not
be completed and is assessed as Data Deficient (DD).

Criterion D: Degradation of the Biotic Environment

Several activities—including free-ranging livestock grazing,
deforestation, overgrazing, bush fires, excessive tapping of
Acacia senegal, disturbance of wildlife habitats, water and
wind erosion, and poaching—are likely to degrade the biotic
environment. However, the impacts of these pressures on vegetation

and fauna have not been quantitatively assessed. Consequently, the
ecosystem is classified as Data Deficient (DD) under Criterion D.
Criterion E: Quantitative Risk Analysis (Modeling)

No quantitative modeling has been conducted to estimate the
probability of ecosystem collapse for the shrub-to-tree savanna
ecosystem. The ecosystem is therefore classified as Data Deficient
(DD) under Criterion E.

Synthesis of ecosystem collapse risk in the Sylvopastoral and
Biosphere Reserves of the Ferlo

In the preceding sections, the ecosystems selected for assessment
were evaluated and assigned to one of the eight IUCN Red List of
Ecosystems categories for each assessment criterion. According to
the IUCN framework, the highest level of risk indicated by any
single criterion determines the final risk category assigned to
each ecosystem [3].

This table synthesizes all assessment results to determine the
final ecosystem collapse risk category, which is presented in the
following table.
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Assessment Criterion A: Spatial Criterion B: Final

Ecosystems distribution Restricted extent assessment
Sub-criterion Al A2a B1 |B2 B3

Forest relic |VU VU EN EN

Wooded
savanna EN CO EN CO

Shrub to tree
savanna EN EN EN EN

Table 1: Summary of the Assessment of Ecosystems in the Ferlo Biosphere Reserve and the Six Boreholes Sylvopastoral Reserve
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Figure 9: Overall Status of Ecosystems in the Ferlo Biosphere Reserve

4. Discussion

4.1. Influence of Climate Variability and Anthropogenic
Pressures

The Sahel is strongly influenced by climate variability and
anthropogenic activities, and the current state of its ecosystems—
regarding spatial distribution, structure, functioning, species
composition, and dynamics—is the result of the combined effects
of these drivers.

4.1.1. Decline in Geographic Distribution and Restricted Range
Relict forests, wooded savannas, shrub-to-tree savannas, and
tree savannas represent the most stable formations within
spontaneous vegetation succession. Located in a Sahelian
climatic context, the Ferlo region—historically more wooded—
has been profoundly affected by recurrent drought events and
intense human pressures. As a result, a reduction in the extent of

stable natural vegetation formations has been observed, in favor
of formations better adapted to current environmental conditions.

This trend is reflected in the assigned collapse risk categories:
Endangered (EN) for relict forests, Collapsed (CO) for wooded
savannas, and Endangered (EN) for shrub-to-tree savannas.
Despite the lack of historical vegetation data for the year 1750,
robust results were obtained using datasets spanning a 50-year
period. Numerous studies indicate that ecosystem degradation
in the Ferlo began in the 1950s, coinciding with the southward
migration of isohyets, and intensified during major drought
episodes (1970, 1972, 1984, among others). Consequently, a
50-year temporal window appears appropriate for ecosystem
assessments in Sahelian environments.

Our findings are consistent with previous studies conducted in the
Ferlo using the same methodology as well as with broader-scale
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analyses employing different approaches that documented the
widespread disappearance of characteristic woody species [8,17].
Beyond Senegal, similar degradation trends have been reported
in other Sahelian regions, such as the Bourztanga watershed in
Burkina Faso, where declines in open forests, wooded savannas,
and tiger bush formations, alongside the expansion of shrub
savannas, were observed over a 39-year period.

Species with Sudano-Sahelian or Sudanian phytogeographical
affinities, described in earlier studies have become increasingly
rare or are nearly absent in recent vegetation surveys [17,27-30].
This decline can largely be explained by the southward shift of
the 400 mm isohyet and successive droughts, which have led to
soil degradation and depletion of groundwater reserves. These
species were no longer able to adapt to the reduced moisture
availability.

Under conditions of increased rainfall irregularity, species better
adapted to arid environments have expanded, and vegetation
formations have reorganized along a north—south gradient driven
by rainfall and soil conditions. Steppes and shrub savannas have
expanded and now dominate the northern and central parts of the
Ferlo, whereas tree savannas have almost disappeared from these
areas. They are currently restricted to the southern Ferlo, forming
a compact block with other savanna units, which increases their
vulnerability to additional disturbances.

This homogenization of vegetation formations, which
undermines ecological balance, has been widely reported in recent
studies in the Ferlo and across the Sahel more broadly further
supporting the classification of these ecosystems as threatened
[8,17,31,32,].

Anthropogenic pressures have exacerbated the vulnerability
of ecosystems already weakened by climatic stress. Changes
in traditional pastoral land management, combined with the
sedentarization of pastoralists around water points (ponds and
boreholes), have led to extensive deforestation and the expansion
of cultivated areas, particularly in depressions formerly occupied
by gallery forests and wooded savannas. These processes have
severely altered the landscape.

In pastoral zones, overstocking has degraded rangelands, areas
surrounding water points have become nearly bare, and the early
drying of ponds has intensified competition between domestic
livestock and wildlife, leading to the decline of wild species. Bush
fires, wind erosion, and water erosion further modify landscape
structure and composition. In agropastoral zones, land clearing for
cultivation compounds these pressures.

The Ferlo landscape, including protected areas, is now structured
along three major gradients: climatic (rainfall), pedological,
and anthropogenic. These findings confirm previous studies based
on woody vegetation inventories which documented a northward

dominance of steppe formations and a southward dominance of
savannas, alongside the emergence of drought-tolerant species
such as Boscia senegalensis and Calotropis procera, and the near
disappearance of Sudano-Sahelian species such as Adansonia
digitata, Anogeissus leiocarpus, Combretum aculeatum, Cadaba
farinosa, Sclerocarya birrea, and Guiera senegalensis. Despite
methodological differences, both our study and previous work
consistently point to ecosystem degradation and steppe
expansion [17,30].

4.1.2. Biotic and Abiotic Environments

Assessment of ecosystems under Criteria C and D requires data
on the status of keystone species (health and population structure),
changes within dominant species communities, disturbance
regimes, population trends of regulating, invasive, or pathogenic
species, and the impacts of human management.

In the Ferlo, data on rainfall, burned areas by ecosystem type,
climate scenarios, and cultivated land extent could potentially be
used to assess collapse risk under these criteria. However, such
datasets are largely unavailable, incomplete, or too recent in the
Ferlo, in Senegal, and more broadly across Africa, limiting their
applicability for ecosystem classification.

As aresult, all ecosystems assessed in this study were classified as
Data Deficient (DD) under Criteria C and D. Similar limitations
have been reported in other studies, including the assessment of
Gonakier forests in Senegal the Ferlo watershed ecosystems in
Madagascar and tidal flats of the Yellow Sea [3,8,3,7]. In these
studies, ecosystem collapse risk was primarily determined using
distribution-based criteria. According to the IUCN Red List of
Ecosystems framework, this approach remains valid, as the highest
risk category assigned by any single criterion determines the
final classification.

4.2. Discussion of the Methodology

The TUCN Red List of Ecosystems methodology is relatively
recent, with its first application reported in 2010 in Venezuela
[11]. It was designed to be applicable across all biomes and spatial
scales, providing a widely recognized scientific framework for
identifying, assessing, and monitoring ecosystems with the highest
probability of collapse at local, regional, and global scales.

In this study, the method was applied at a local scale in a Sahelian
environment to test its applicability. Numerous studies have
applied the same framework in different ecological contexts
and at various scales demonstrating its broad relevance [3-7].
The method evaluates ecosystems using five criteria—spatial
distribution, restricted distribution, biotic and abiotic degradation,
and quantitative analysis—and classifies them into eight threat
categories based on predefined thresholds.

Its application requires specific datasets:
* Spatial distribution: data on ecosystem extent over a 50-year
period, including past and projected trends. These data can be
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derived from cartographic sources (e.g. 1965-2015) and future
projections based on observed annual decline rates.

* Restricted distribution: the area of the minimum convex
polygon encompassing the ecosystem and the number of 10 km X
10 km grid cells in which the ecosystem occupies more than 1%
of the cell area.

* Biotic and abiotic degradation: identification and quantification
of major threats affecting ecosystem functioning, followed by
calculation of relative severity.

* Criterion E: quantitative modeling data estimating the
probability of ecosystem collapse.

While data required for the first two criteria can generally be
obtained, historical data dating back to 1750 are rarely available.
Data on biotic and abiotic degradation are often scarce, and
identifying the most influential threat can be subjective and difficult
to quantify, potentially leading to variability among assessments.

5. Conclusion

This study aimed to assess ecosystem collapse risk using the
IUCN Red List of Ecosystems framework and demonstrates that
vegetation formations in the Ferlo Biosphere Reserve—including
relict forests, wooded savannas, and shrub-to-tree savannas—
are highly threatened by rainfall variability and anthropogenic
pressures.

The classification results were primarily derived from distribution-
based criteria, as other criteria could not be applied due to data
limitations. Nevertheless, this classification is considered robust,
as ecosystem degradation is clearly expressed through a reduction
in spatial extent relative to 1965 and the conversion of stable
vegetation formations into less stable units.

Relict forests are mainly threatened by aridification, recurrent
droughts, and the expansion of cultivated areas, while savannas
are subject to frequent bush fires, water and wind erosion, and
overexploitation of rangelands and woody resources.

Overall, the limited availability and quantification of data on biotic
and abiotic disturbances remain a major constraint for ecosystem
assessments in Sahelian environments, underscoring the need for
long-term, ecosystem-specific monitoring systems to support
future applications of the [IUCN Red List of Ecosystems [33-40].
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