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Abstract: The persistence of the woody vegetation of the Sahelian savannas, and their supported
ecosystem functions, have been questioned since the great drought of 1970s-1980s. To assess the
resilience of this vegetation to drought and grazing, we undertook a trait-based approach using
field inventory, historical survey databases, and traits data literature. Using a hierarchical clustering
approach, we gathered the species present from 1970 to 2015 into functional groups according to
their effect traits related to primary productivity and biogeochemical cycles. First, we studied the
evolution of functional redundancy (FRe) and response diversity (RDiv) of the functional effect
groups to drought and grazing, two indicators of resilience, since the 1970s. Second, we looked at
the spatial variation of these two indices in 2015, according to local topography. FRe and RDiv of
80% of the functional groups examined declined since 1970, endangering the persistence of the stud-
ied functions. Local topography strongly influenced current FRe and RDiv, with depressions pre-
senting higher values. Finally, by examining species” abundances, their regeneration, and the func-
tional group to which they belong, we determined some key species that could benefit from protec-
tion to ensure the persistence of the ecosystem functions supported by the woody vegetation. This
study has expanded knowledge about the savanna’s response to pressures and has shown how a
functional traits-based approach could be an effective tool to guide the management of tropical sa-
vannas.

Keywords: tropical savanna; woody vegetation; trait-based approach; response diversity;
functional redundancy; drought; grazing; ecosystem function; resilience

1. Introduction

The savannas cover 15 to 20% of the global land surface [1,2]. In Africa, this biome
represents half of the continent [3], while hosting 41% of its rapidly growing human pop-
ulation [1,4]. The dependence of people’s livelihood on woodlands or grasslands is strong
in these regions [5]. In the biogeographical region of the Sahel, the annual rainfall of 200
to 600 mm per year is concentrated during the short rainy season from July to September.
Land use is mainly pastoral and vegetation is crucial for livestock [6,7]. Sahelian savannas
are composed of a grass layer that is largely dominated by annual species, and a sparse
perennial woody layer [8]. The key factor determining the density and composition of this
vegetation is the water availability. As local topography plays an important role in the
rainwater redistribution, relief strongly influences woody vegetation differentiation with
different community types being found according to the relief elements [9-11].
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During the 1970s, the Sahel was struck by a severe drought that lasted over a decade
(from 1972 to 1984, period called the “great drought”) [12], which severely affected woody
vegetation [13,14]. Indeed, since then, elevated mortality rates of woody vegetation have
been reported [15-17], as well as changes in species’ diversity [18-22]. The great drought
also bring attention to the grazing pressure that drastically increased in the Sahel since the
1950s due to, among other things, the implementation of wells allowing an easier access
to water for livestock [23,24]. While some authors considered the overgrazing as a driver
for land degradation in drylands [4,25], the effect of pastoralism on Sahelian vegetation is
still debated [21,26-28].

Since the great drought, vegetation trends have been assessed using field studies
[15,21,29], remote sensing [30,31], local knowledge [32], or a combination of these methods
[18,20,33]. Although some studies have revealed a greening trend in the Sahel, based on
the NDVI time series since the 1980s [31,34,35], this greening is not uniform in space [30],
and more importantly, it does not always coincide with a high field vegetation diversity
[36]. While the effects of grazing and drought on Sahelian vegetation are difficult to dis-
entangle, these two pressures are expected to increase in the future. Global changes, such
as a higher frequency of climate extremes or increasing temperatures, and land use
changes put these ecosystems at risk [37-39]. Given the importance of woody vegetation
in Sahelian ecosystems in water and nutrients cycling, as shade trees or as a sources of
fodder and food [40], it is therefore crucial that we understand how this vegetation copes
with drought and grazing pressures.

Functional trait-based approaches have been increasingly used as a tool to under-
stand the link between species and ecosystem processes, species’ responses to disturb-
ances, and to assess ecosystem resilience [41-49]. Functional traits include morphological,
physiological, and phenological features of organisms (i.e., “traits” [50]) that “impact fit-
ness indirectly via their effects on growth, reproduction and survival” [51], and those that
influence ecosystem processes [52]. Functional diversity (FD) is therefore commonly de-
fined as “the value and range of the functional traits of the organisms in a given ecosys-
tem” [53]. There are two key functional indicators that play a significant role in maintain-
ing the ecosystem functions in the face of disturbances, and therefore, ensure the ecosys-
tem’s ecological resilience, as defined by Holling [54]. First, the functional redundancy is
the “number of species contributing in a similar way to an ecosystem function” [55]. Sec-
ond, and more importantly, is the response diversity, which can be defined as the “range
of reactions to environmental change among species contributing to the same ecosystem
function” [45]; or “the diversity of species that can perform similar ecosystem functions
but have different capacities to respond to disturbances, imparting greater resilience to
the entire system” [47].

One practical consequence of having several species that play a similar function (e.g.,
fixing nitrogen) within the ecosystem, i.e., a high functional redundancy, is that the loss
of one species will not result in the loss of the function [56]. Yet, functionally redundant
species could react in the same way to a disturbance (for instance, they could all be sensi-
tive to drought). In that case, they might all decrease or even disappear consequently to a
change such as a drought. In that situation, the ecosystem processes (e.g., the nitrogen
cycle) will be affected. For the desired effects (fixing nitrogen) to be maintained, it would
have required a different response pattern between these redundant species (e.g., a more
drought-resistant species among the N-fixers), i.e., a high response diversity. An ecosys-
tem with species that perform similar functions but respond differently to disturbances
will have a greater ecological resilience [47,57].

It is now widely acknowledged that species contribution to ecosystem functions de-
pends on species’ traits and that ecosystem functioning can be assess via functional groups
[42,58-60]. Given the uncertainties regarding the Sahelian ecosystem’s resilience and the
very few studies using a traits-based approach in tropical dry biomes [2], we propose here
a functional trait-based approach to assess the resilience of the woody vegetation in a Sa-
helian savanna, an ecosystem under sylvopastoral management. To our knowledge, this
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is one of the first studies to (i) deal with the functional diversity of Sahelian vegetation
and (ii) show how this functional approach can be used to guide the management of trop-
ical savannas. Resilience is here viewed as the capacity of woody vegetation to maintain
two ecosystem functions, i.e., the primary productivity and biogeochemical cycling that
underpin many ecosystem services, in the face of two pressures, i.e., drought and grazing,
which are important ecological filters of the studied zone and have increased in these last
decades. The functional redundancy and the response diversity of woody vegetation to
drought and grazing are used as resilience indicators. In this study, we investigated three
questions. First, how the functional redundancy and functional response diversity of
woody communities to drought and grazing have changed since 1970, before the great
drought of 1972-1984. We hypothesize that both indicators have decreased since 1970.
Second, how the local topography currently influences these two indicators. As local to-
pography strongly influences woody vegetation species’ richness and density [11], we as-
sume that topographical depressions will present higher functional redundancy and re-
sponse diversity. Third, we discuss how we can ensure the persistence of the studied func-
tions based on species trajectory since 1970, their current abundances and regeneration
status.

2. Materials and Methods
2.1. Study Area

Our study area was located in the northern sandy sylvopastoral ecoregion of Senegal
[61], otherwise known as the Ferlo (Figure 1a). This region presents a typical Sahelian climate
with a mean annual rainfall of 300 mm for the period 1940-2015 [28,62] (Figure 2a). Within the
Ferlo, the study area (68 km x 55 km) is centered on two deep wells: Widou Thiengoly (15.99°
N, 15.32° W) and Tessékéré (15.85° N, 15.06° W). The vegetation formation is an open savanna
with a relatively low woody cover (6.5%, Figure 1b,c) [11]. The major landform of the study
area is composed of a succession of sand dunes and plains of 10 to 30 m high and 0.5 to 5 km
wide [16]. Within these dunes and plains, the differences in elevation of several meters locally
form toposequences. This local topography (hilltops and depressions, some of them turning
into temporary ponds during the rainy season, Figure 1c) plays an important role in the veg-
etation differentiation [11].

Water supply is the key factor that has ruled the annual mobility of pastoralists for
decades. Prior to the 1950s, pastoralists practiced annual transhumance, occupying the
lands inside the Ferlo during the rainy season, and moving during the dry season to wet-
ter areas [63]. After the discovery of the Maastrichtian aquifer in the 1950s, many deep
wells were implanted in the Ferlo, such as Widou Thiengoly and Tessékéré in 1956 [64].
This permanent access to water had several consequences, such as the modification of the
mobility patterns [64,65] and an increase in livestock [16], which led to a higher grazing
pressure on vegetation.
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Figure 1. The sandy sylvopastoral region of Senegal (Ferlo). (a) Plots inventoried in 2015 by
Dendoncker and Vincke [11], and subset of the Flotrop database [66] in the study area. (b,c) UAV
photographs of the savanna near Widou Thiengoly, during the dry season (in May), (b) and during
the rainy season, at the same location, ((c) in August). Topographical depressions are particularly
visible during the dry season (areas with trees clustering).
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Figure 2. Rainfall in the study area from 1940 to 2015. (a) Annual rainfall (mm) [28,62]. Dashed green
line represents the long-term mean and grey dashed lines represent the quantiles of the distribution.
(b) Number of rainy days (>1 mm; computed from the Agrhymet—IRD database). Dashed line rep-
resents the long-term mean.

2.2. Determining Species’” Abundances from 1970 to 2015

In 2015, we inventoried 139 plots of 0.25 ha each [11,67] (Figure 1a). The location of
plots followed a stratified sampling according to the local topography and the distance to
the two deep wells. In each plot, every woody individual was recorded. Regeneration (i.e.,
the individuals with a circumference below 10 cm measured at 30 cm from ground level)
[17] was also counted. For each individual, we recorded the species and measured both
its circumference at 30 cm from ground level and its crown diameter in two perpendicular
directions.

Historical surveys with species’ composition before and during the great drought were
extracted using FLOTROP, a vegetation database of plant observations from several contrib-
utors conducted in northern tropical Africa between 1920 and 2012 [66]. We selected the rec-
ords located within an area of a 20 km radius around the deep wells of Widou Thiengoly and
Tessékéré (Figure 1a). A total of 143 records were selected, dating from 1970 to 1984 and for
which Braun-Blanquet cover scores were available for each species. In total, 39 woody species
were recorded in our study area between 1970 and 2015 (Supplementary File S1).

First, the different scores of Braun-Blanquet were transformed into a cover percent-
age using the midpoint of cover range. For instance, the score “2” that corresponds to a
cover range of 5-25% was replaced by 15% [68]. Then, the raw abundances of the Flotrop
subset and of the 2015 inventory were transformed into relative abundances by dividing
each abundance by the sum of the individual abundances in each sampling plot [19]. Then,
according to the evolution of species’ frequency through time, each species was classified
as “decreasing” (relative difference > -30%), “increasing” (relative difference > +30%), or
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“stable”. Species with very few occurrences were classified as rare, as drawing conclu-
sions about their trend based only on a few records would have been biased. This classi-
fication indicates the “dynamic status” of the species [19].

2.3. Trait-Based Approach
2.3.1. Selecting Response and Effect Traits

We were interested in two key environmental disturbances that influence woody
vegetation in our study area: grazing by livestock and drought. Both pressures have in-
creased from the last decades. Grazing by livestock includes all the removal of woody
plant parts by grazers and browsers. It can affect the woody vegetation by damaging adult
trees or regeneration. Livestock has significantly increased since the beginning of the 20th
century [69], though the censuses are rare and difficult in this pastoral area. Miehe et al.
[28] estimated the cattle to 9000 heads and sheep and goats to 18,000 heads within an area
of 15 km around Widou Thiengoly. In the same area, Assouma [70] recorded in 2014 an
annual mean of 14,000 cattle, 33,000 sheep, and 17,000 goats, though these numbers vary
during seasons. Droughts, i.e., water shortage, are part of the system in this semi-arid
zone, first as the annual dry season that lasts up to 9 months and second as a climatic risk
given the high inter-annual variability of precipitations. We do not differentiate between
droughts due to climate change or other causes, or drought lasting one year or longer. In
the study area, we observed an increase in aridity as the number of rainy days (days with
an amount of rainfall above 1 mm) decreased since 1940 (Figure 2b). As for annual rainfall,
Cornet [71] classified the years according to the distribution quantiles. In Widou
Thiengoly, between 1972 and 1984, ten years are categorized as in deficit or high deficit
(Figure 2a).

Primary productivity and biogeochemical cycling are the two functions studied. The
primary productivity function underpins provisioning services (such as wood or fodder)
and is linked to the regulating service of carbon sequestration (through the production of
wood and litter). The biogeochemical cycles function (decomposition, mineralization, and
mobilization of elements) underlies some key regulating services, such as soil fertility [37].
These two functions are often studied in research that deals with functional diversity and
ecosystem functioning, e.g., [72-74].

The list of studied traits (Table 1) was established by searching for plant features related
to the response to the two studied pressures (i.e., “response traits”) and/or having an effect on
the two studied functions (i.e., “effect traits”). The study by Cornelissen et al. [75] was used as
a reference to establish a first list, which was further expanded through a wider literature re-
view using flora, TRY database [76], and journal articles (see Supplementary Files S2 and S3
for the traits data sources). For some traits, we completed the matrix according to our field
knowledge as in Burke, Schmidt et al., and Walker et al. [77-79]. We created the following sets
of traits (Table 1 and Supplementary File 54 for the definition of each trait): (i) response traits
to grazing: digestible proteins, dispersal mode, leaf phenology, maximum height, resprouting
capacity, and spinescence; (ii) response traits to drought: bark thickness, growth form, leaf
area, leaf persistence, leaf phenology, root suckering capacity, resprouting capacity, specific
leaf area, seed weight, presence of a taproot, vessel area, and wood density; (iii) effect traits on
primary productivity: growth form, leaf area, leaf N content, maximum height, specific leaf
area, and wood density; and (iv): effect traits on biogeochemical cycles: growth form, leaf area,
lea persistence, leaf phenology, leaf N and P content, maximum height, N fixing capacity, re-
sprouting capacity, specific leaf area, and wood density.
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Table 1. List of the selected traits presented in different categories according to what part of the
plant they describe. The “Completeness” column indicates in percent for how many species, among
the 39 considered, the trait values were found. The last column indicates in which response and
effect sets the traits were used (Dr: response to drought, Gr: response to grazing, Pp: effect on pri-
mary productivity, and Bc: effect on biogeochemical cycles).

C let
Traits Type Units or Attributes omlzo/e)eness Set of Traits
o
Whole-plant traits
. Dr, Pp, and
Growth form categorical tree, bush, and shrub 100 Be
P d
Maximum height continuous meters (m) 100 G, B?c, an
£ 1 i 4 h
Spinescence ordinal rom 1 (no spine) to (r'mmerous, ard, 100 Gr
and long spines)
Leaf traits
Digestible protein continuous % of dry matter 74 Gr
Leaf area continuous mm? 59 Gr, Dr, Pp,
and Bc
nanophyllous (20-200 mm?), microphyl-
. : Gr, Dr, Pp,
Leaf area category categorical lous (2-6 cm?), submicrophyllous (620 72
and Bc
cm?), and mesophyllous (20-100 cm?).
Leaf N content continuous mg.g™! 90 Pp and Bc
Leaf P content continuous mg.g~! 82 Bc
decid d i-ever-
Leaf persistence categorical eciauous, evergreen, and semi-ever 100 Dr and Bc
green
Leaf phenol - D
cat p1enoiogy (d-ura continuous months 87 Gr, Dr, and
tion of leafing period) Bc
” . Dr, Pp, and
Specific leaf area continuous mm?2.mg! 41 Be
Stem traits
Bark thickness ordinal from 1 (thin) to 3 (thick) 100 Dr
Dr, P d
Stem specific density continuous g.cm™ 92 v B?(; an
Vessel area continuous mm? 59 Dr
Below-ground traits
N fixing capacity categorical yes or no 87 Bc
Presence of a taproot categorical ye€s or no 46 Dr
Regenerative traits
Dispersal mode categorical Anemochorous and zoochorous 97 Gr
Resprouting capacity . Gr, Dr, and
) categorical yes or no 87
(coppice) Bc
Root suckering capacity categorical yes or no 72 Dr
Seed weight continuous mg 97 Dr

The trait values of the 39 species present within the area between 1970 and 2015 were
presented in a large matrix, where we noted the source for each record (Supplementary
File S1). For some of the traits that were found to be linked to the disturbances and func-
tions, data were largely missing for our species list. They were therefore discarded from
the trait-based approach (see Supplementary File S2). We kept the traits for which we
managed to have the attributes for at least 60% of the species list (i.e., for 23 species out of
39). Exceptions were made for the SLA (41% of species) and the presence of a taproot (46%
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of species). The SLA is a key trait mentioned in many studies that deal with FD and eco-
system functioning [80], and the presence of a taproot was the only trait that gave infor-
mation about rooting depth.

2.3.2. Functional Groups (FGs), Functional Redundancy (FRe), and Response Diversity
(RDiv)

Considering all the species present within the study area from 1970 to 2015 together,
we classified them into functional effect groups (FGs) based on the two sets of effect traits
(FG for primary productivity and FG for biogeochemical cycling). We first performed
Principal Coordinates Analysis (PCoA) on the two sets of effect traits, using Gower’s dis-
tance [81], with traits contributing with equal weight, to take into account the several types
of traits (continuous, categorical, and binary). This methodology to deal with the different
format of traits is proposed by Laliberté and Legendre [55]. We determined which traits
contributed the most to the PCoA axes using linear regressions between species’ axes co-
ordinates and species’ trait values (for continuous traits) and ANOVA, to compare mean
axes coordinates for each category of categorical traits. Ward’s hierarchical clustering [82]
was applied to form the groups, following Laliberté et al. [73]. The number of FGs was
determined by cutting the dendrogram using the first or second division to form groups
with approximately the same number of species. Two FGs were created for primary
productivity and three for the biogeochemical cycles.

We then considered each of the woody communities studied (143 from 1970 to 1984,
and 139 in 2015) and we computed two indices: functional redundancy (FRe) and response
diversity to drought or grazing (RDiv), following the methodology of Laliberté et al. [73].
FRe is the number of species from each functional group that are present in each commu-
nity (Figure 3a). For one FG of one community, RDiv is the functional dispersion index
(FDis) [55] of the species belonging to this FG that is present in the community. FDis is
measured in the response traits functional space-based on response traits (Figure 3b)
[41,73]. FDis was unweighted by species” abundances because minor species may contrib-
ute substantially to resilience as suggested by [79]. That means that the computation of
the index assumes communities have species with equal abundances. For each commu-
nity (i.e., each inventory plot and each Flotrop survey), we therefore have five values of
FRe (one for each FG of the two functions), four RDiv values for primary productivity
(one for the two FGs and for the two pressures) and six RDiv values for biogeochemical
cycles (three FGs x two pressures). All our analyses were performed in R software using
the following packages: cluster, labdsv, FD, stats, and vegan.
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Figure 3. Computation of functional redundancy and response diversity for a fictive community
containing 19 species, represented by points, squares, and diamonds. (a) The species are represented
in the functional space created with effect traits (e.g., PCoA on the distance matrix based on effect
traits). We distinguish three fictive functional effect groups. Functional redundancy (FRe) is defined
as the number of species within each group. (b) The same species are represented in the functional
space created with response traits (e.g., PCoA on the distance matrix based on response traits). Re-
sponse diversity (RDiv) is assessed by the functional dispersion (FDis) of each functional effect
group, calculated in the functional space created by response traits (FDis can be approximated by
the mean distance to the center of the polygons). Response diversity of the fictive FGs is inferior to
the response diversity of FG1 and of FG2. We note that, while FGi1 has a lower functional redundancy,
it possesses a higher response diversity than FGa.

A high RDiv means a high dispersion in the response traits space and species, pre-
senting a wide variety of responses to pressures. High RDiv therefore ensures the persis-
tence of the functional group under intensified pressures [47]. For a given FG, a decrease
in RDiv through time indicates that species within the group are now responding more
similarly to pressures. This makes the FG more at risk of disappearing under intensified
pressure and therefore indicates a loss of resilience within the group [73].

As communities in the study area generally present a low species richness [11], the
partition into groups increases the probability of having communities with no species for
one of the functional groups, which would make the computation of FDis impossible. To
overcome this difficulty, we kept the number of FGs to a minimum (two or three). In ad-
dition, we assigned an RDiv value of zero to sampling plot with no species. RDiv is also
equal to zero for communities with one species. As indices between effect groups must be
compared, we used the first two axes of the PCoA on the response traits involving all
species (and not only the ones belonging to the considered group) as new traits to compute
RDiv for each group. This way the differences between species considered are retained
between effect groups.
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The changes in FRe and RDiv of woody communities from 1970 to 2015 (our first
research question) were investigated by considering three periods. The first period in-
cludes the communities from before the great drought (we chose the year 1972 as the be-
ginning of the drought, as it was the first year presenting a severe deficit in precipitation
within the study area); the second period is during the great drought (1972-1984); and the
third period is after the great drought (2015). We chose to conduct our analyses according
to this temporal framework because the great drought of 1972-1984 is an extreme event
(by its duration and intensity) that highly affected Sahelian ecosystems. However, we are
not assuming that all the observed changes are direct consequences of this drought. We
then compared FRe and RDiv per period using ANOVA and Tukey test. To study the
influence of local topography on FRe and RDiv of the communities in 2015 (our second
research question), these two indicators were compared for communities located on
hilltops vs. in depressions, using Wilcoxon tests. It was not possible to do the same for
historical field surveys, as we did not have the topography information.

2.4. Persistence of the Studied Functions

To tackle the question of the persistence of woody communities and the maintenance
of the studied functions (primary productivity and biogeochemical cycles) through time,
we will focus on the most abundant species within the current ecosystem. Indeed, the
most abundant species have the most important effect on the ecosystem [79]. We consid-
ered the species that present an Importance Value Index (IVI) [83] above 5% in the inven-
tory of 2015 [11], separating hilltops and depressions. The IVI expresses the species’ eco-
logical importance by combining three parameters: species relative density, relative fre-
quency, and relative dominance (based on crown cover).

For these species, we examined three parameters: first, their belonging to the FGs
created to see if all FGs are currently represented by abundant species; second, their dy-
namic status to check the trajectory of species’ population (see Section 2.2) [19]; and third,
the state of species regeneration in 2015 (numerous/moderate/low/absent) [11]. Based on
these three parameters, we identified species whose protection would ensure the persis-
tence of each functional group and therefore the studied functions.

3. Results
3.1. Functional Groups

Ward’s hierarchical clustering on the effect traits formed two FGs for primary
productivity, FG-pp1l and FG-pp2, containing 19 and 20 species, respectively (Figure 4a).
The corresponding PCoA (Figure 4b) shows that species are separated by the first axis,
which expresses the maximum height and the leaf nitrogen content. The second axis is
mainly influenced by the wood density, the leaf nitrogen content, and the leaf area. The
first functional group of primary productivity (FG-pp1) includes bushes and shrubs with
a higher leaf N content (e.g., Boscia senegalensis (Pers.) Lam. ex Poir, Acacia senegal (L.)
Willd.) than the species of the second FG (FG-pp2), containing only trees (e.g., Acacia seyal
Del., Acacia tortilis subsp. raddiana (Savi) Brenan, Balanites aegyptiaca (L.) Del., Sclerocarya
birrea (A. Rich.) Hochst).
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Figure 4. FG for primary productivity (FG-pp; a,b) and for biogeochemical cycles (FG-bc; ¢,d). (a,c) Den-
drogram of the hierarchical classification (using Ward’s method) (a) for primary productivity and (c) for
biogeochemical cycles. (b,d) Principal Coordinates Analysis of (b) primary productivity effect traits and
(d) biogeochemical cycles effect traits. Traits that significantly influence the axes are indicated in italics,
on the respective sides of the axes. Shapes refer to the “dynamics status” of species and colors refer to the
functional groups. For the sake of clarity, we only labeled the stable/increasing and decreasing species.
See Table 2 for abundant species acronyms and Supplementary File S1 for the complete list.
Table 2. Key indicators of the dominant species (IVI > 5%) and minor species (1% < IVI < 5%) on
hilltops and in depressions. The columns “FGpp” and “FGbc” indicate the functional group of the
primary productivity and the biogeochemical cycles functions, respectively. Dynamic status high-
lights the species trajectory from 1970 to 2015 [19].
. Species o . .
Species IVI (%) FG-pp FG-bc Regeneration Dynamic Status
Acronym
Hilltops
Boscia senegalensis (Pers.) Lam. ex Poir BOS 30.7 1 3 Numerous Stable
Balanites aegyptiaca (L.) Del. BAA 23.3 2 3 Numerous Stable
Sclerocarya birrea (A. Rich.) Hochst. SCB 19.2 2 2 Absent Decrease
Acacia tortilis subsp. raddiana (Savi) Brenan ACT 7.5 2 3 Numerous Increase
Calotropis procera (Aiton) W.T. Aiton CAP 6.5 1 3 Numerous Stable
Combretum glutinosum Perr. ex DC. COG 3.4 2 3 Absent Decrease
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Acacia senegal (L.) Willd. ASN 2.6 1 1 Moderate Decrease
Adansonia digitata L. ADD 2.3 2 2 Absent Stable
Grewia bicolor Juss. GRB 14 1 1 Absent Decrease
Leptadenia pyrotechnica (Forssk.) Decne. LEP 1.1 1 3 Moderate Stable
Guiera senegalensis J. F. Gmel. GUS 1.1 1 3 Low Decrease
Depressions
Balanites aegyptiaca (L.) Del. BAA 29.6 2 3 Numerous Stable
Boscia senegalensis (Pers.) Lam. ex Poir BOS 22.7 1 3 Numerous Stable
Calotropis procera (Aiton) W.T. Aiton CAP 8.9 1 3 Numerous Stable
Sclerocarya birrea (A. Rich.) Hochst. SCB 8.8 2 2 Absent Decrease
Acacia tortilis subsp. raddiana (Savi) Brenan ACT 6.2 2 3 Numerous Increase
Grewia bicolor Juss. GRB 5.6 1 1 Low Decrease
Acacia seyal Del. ASY 5.0 2 2 Moderate Decrease
Guiera senegalensis J. F. Gmel. GUS 2.1 1 3 Low Decrease
Ziziphus mauritiana Lam. ZIM 2.0 2 3 Low Stable
Acacia nilotica (L.) Willd. ex Del. ACN 1.5 2 2 Absent Rare
Combretum glutinosum Perr. ex DC. COG 1.5 2 3 Absent Decrease
Acacia senegal (L.) Willd. ASN 1.5 1 1 Moderate Decrease

Three FGs were created for the biogeochemical cycles; FG-bcl, FG-bc2, and FG-bc3,
containing 14, 14, and 11 species, respectively (Figure 4c). The traits responsible for this
clustering are leaf phenology, nitrogen fixation capacity (both axes, Figure 4d), height,
resprouting capacity (first axis), and leaf nitrogen and phosphorus content (second axis).
Small deciduous species that present a high leaf nitrogen and phosphorus content and
with generally the ability to fix nitrogen form the first FG (FG-bcl, e.g., Grewia bicolor Juss.,
Commiphora africana (A. Rich.) Engl, Acacia senegal). Taller deciduous species, though with
a longer leafing period than the species from the first FG, are in the second FG (FG-bc2,
e.g., Adansonia digitata, Acacia seyal, Sclerocarya birrea). Mostly evergreen or semi-evergreen
non-fixer species (e.g., Balanites aegyptiaca, Boscia senegalensis), except for Acacia tortilis,
which is a nitrogen fixer, make up the third FG (FG-bc3). While FG-bc3 is mainly com-
posed of abundant and stable species, FG-bcl and FGbc2 contain mostly rare and decreas-
ing species.

3.2. Functional Redundancy and Response Diversity from 1970 to 2015

The overall pattern of functional redundancy (FRe) from before to after the great
drought highlights a decrease in the mean FRe for the two functions in all functional
groups (Figure 5). For the primary productivity, the mean FRe of FGpp1 declined directly
after the great drought, from 2.7 to 1.4 species per FG, before stabilizing in 2015. For
FGpp2, the fall is marked from the second to the third period, from a mean redundancy
of 2.5 in 1970-1971, to 2.3 in 1972-1984, and finally, to 1.6 in 2015. For biogeochemical
cycles, the mean FRe of FGbcl and FGbc2 show a continuous decrease from 1970 to 2015.
They shift from 1.4 (1970-1971) to 0.5 (1972-1984) to 0.3 (2015) for FG-bcl and from 1.3 to
1 to 0.6 for the same time period for FGbc2. The mean FRe for FG-bc3, while decreasing
from 2.5 (1970-1971) to 2.1 (1972-1984), presents a stabilization after the great drought.
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Figure 5. Evolution of FRe and RDiv to drought and grazing, for primary productivity (FG-pp) and
biogeochemical cycles (FG-bc) (n =282 plots; 78 in 1970-1971, 49 in 1972-1984, and 139 in 2015). The
means are represented by the squares. The letters indicate the differences according to the Wil-
coxon’s pairwise tests (p < 0.05) within each group. The numbers on the two FRe plots indicate the
number of records with no species for each FG and each period.

The evolution of response diversity follows more or less the same pattern for all FGs,
regardless of the effect or response set (Figure 5). The RDiv to drought for the five FGs
presents a decline during the great drought, followed by a stabilization, except for FGpp2,
whose RDiv continues to decrease after the great drought. The mean RDiv shifts from 0.94
(1970-1971) to 0.37 (2015) for FGpp1 and from 1.2 (1970-1971) to 0.6 (2015) for FGpp2. For
biogeochemical cycles, the mean RDiv of FGbcl and FGbc2 is close to zero after the great
drought.
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The RDiv to grazing presents the same trends as the RDiv to drought with two ex-
ceptions: FGpp2, for which the decrease stops between 1972-1984 and 2015, and FGbc3,
for which the mean RDiv does not change from 1970 to 2015.

3.3. Influence of Topography on Functional Redundancy and Response Diversity in 2015

When considering the topography, depressions present the highest FRe for all FGs
(Figure 6). The balance between the two FGpp is maintained on each topographic element
(FRe of 2.2 for FGpp1 and 2.3 for FGpp2 in depressions; 1.1 for FGpp1 and 1.3 for FGpp2
on hilltops). Large differences were found between the FRe of biogeochemical cycles FGs.
FGbc3 is the group with a higher FRe for both topographic elements (2.9 and 1.8 for the
depressions and hilltops, respectively). FGbcl presents a mean FRe that is close to zero
for the communities located on hilltops.

Effect on biogeochemical cycles Effect on primary productivity
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Figure 6. FRe and Rdiv to the two pressures for primary productivity (FG-pp) and biogeochemical
cycles (FG-bc), according to the topography (n = 139 plots). The means are represented by the
squares. The letters indicate the differences between topographic elements according to the Wil-
coxon’s tests (p < 0.05).



Forests 2023, 14, 291

15 of 25

The mean RDiv of each FG (regardless of the set of traits) is significantly lower on the
hilltops compared to depressions (Figure 6). For the primary productivity function, the
RDiv levels across groups change according to the response set considered. The RDiv to
drought is higher in FGpp2 (0.62 and 0.42 for depressions and hilltops, respectively) than
in FGpp1 (0.31 and 0.10). The trend is reversed for the response to grazing, with a higher
mean RDiv in FGpp1 than FGpp2. For the biogeochemical cycles function, the mean RDiv
for the two responses in FGbc3 is highly superior to the RDiv of FGbcl and FGbc2, whose
values are near zero in depressions and equal to zero on hilltops.

3.4. Persistence through Time of the Studied Functions

The Importance Value Index, regeneration status [11], dynamic status [19], and func-
tional groups created in this study for the currently abundant species are summarized in
Table 2. For the two FGs related to the primary productivity, the repartition of the number
of dominant species on hilltops is comparable to that in depressions. That means that the
effects of both FGs are abundantly expressed in communities and, as there are stable spe-
cies that present a high regeneration rate, the future of the two FGs is guaranteed.

For the three FGs related to the biogeochemical cycles, the situation is quite different.
The distribution of species among the three FGs is more unbalanced. Within the commu-
nities on hilltops, four species among the five presenting an IVI above 5% belong to FG-
bc3. Sclerocarya birrea is the only representative of FG-bc2. The effects of FG-bc3 and FG-
bc2 are well-expressed in the current ecosystem on hilltops, given the relatively high IVI
of the species; however, we note that FG-bcl is not represented at all on hilltops among
the abundant species. In communities located in depressions, FG-bc3 is well-represented
by four species and FG-bc2 by two species (Sclerocarya birrea and Acacia seyal). Contrary to
the hilltops, there is one abundant species (Grewia bicolor) belonging to FG-bcl.

As FG-bc3 is constituted of abundant, stable, or increasing species with a high density
of regeneration, the persistence of this group is ensured, for both topographic elements.
On hilltops, the persistence of FG-bc2 is likely at risk given the certain decline of Sclero-
carya, identified as decreasing since 1970 and with no regeneration in 2015. In depressions,
FG-bc2 could be maintained by the presence of Acacia seyal if Sclerocarya birrea disappears.
Indeed, although Acacia seyal has a smaller IVI (5%), it still presents saplings, thus ensur-
ing the renewal of its population. However, the persistence of the effect for FG-bcl is
threatened, as Grewia is decreasing and has a low regeneration rate.

4. Discussion

In this study, we addressed the question of the resilience of Sahelian woody vegeta-
tion, defined as its capacity to maintain two functions (primary productivity and biogeo-
chemical cycles) under grazing and drought pressures. We used functional redundancy
and response diversity as resilience indicators and studied how they have changed since
1970 and how they are currently varying according to local topography. Finally, we as-
sessed how the studied functions persist in the ecosystem.

4.1. Evolution of Functional Redundancy and Response Diversity from 1970 to 2015

Two functional groups were created for the primary productivity function and three
for the biogeochemical cycles. Some species belonging to the same group for one function
are not necessarily in the same FG for the second function studied. For instance, Acacia
senegal and Boscia senegalensis can be associated with the primary productivity function,
but not when it comes to biogeochemical cycles. It is the same for Balanites aegyptiaca and
Sclerocarya birrea; they are grouped together for the primary productivity but not for the
biogeochemical cycles. This outlines the advantage of considering two functions when
analyzing the functioning of species and their effect on ecosystems. Indeed, focusing on a
single set of effect traits would have led to different conclusions about the evolution of
FRe and FDiv and would have brought less information about the different ecosystem
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functions. Dieme et al. [84] also classified nine species (and among them five are common
to our study) of an agroforestry system in Senegal in four functional groups according to
their response to water stress. However, comparisons with our data are not relevant as
they formed functional response groups.

From 1970 to 2015, the mean functional redundancy of FGpp1l, FGpp2, and FGbc3
decreased during or after the great drought, and then stabilized from 1972-1984 to 2015.
However, the mean FRe of FGbcl and FGbc2 continued to decline during the last two
periods. The RDiv to grazing and drought also showed a decrease from 1970 to 2015 for
all FGs but one (FG-bc3). As the RDiv reached very low values immediately after the great
drought for the biogeochemical cycles function, it shows that the functional effect groups
are in fact also functional response groups, and that the great drought acted as an im-
portant filter in the selection of species. The limit between effect and response traits is not
always as clear, and numerous traits can be classified in both categories [59]. Indeed, a
Principal Component Analysis (Supplementary File S5) on the coordinates of the first two
dimensions of the PCoA on the two sets of response traits and the two sets of effect traits
confirmed that the axes of the PCoA on drought response traits are highly correlated to
the first two axes of PCoA on biogeochemical cycles. In a Mediterranean dryland, Nunes
et al. [85] showed that aridity influenced functional traits, such as the maximum height,
favoring species with a lower height and decreased functional dispersion for several traits,
such as specific leaf area and dispersal strategy. Here, we observed a decrease in the func-
tional dispersion (response diversity) of several traits taken together, including these two.
Even if the methodology is different, it seems that our results are in line with this study.
One of the rare studies focusing on FD in African drylands, [86] reported similar findings
to ours in the dry forests of the Sudano-Guinean zone in West Africa. They found a de-
crease in the functional dispersion (FDis) and a homogenization of communities over
these last three decades.

As we used response diversity as an indicator of the resilience of the functional
groups [45], we can state that the resilience of all groups has eroded since the great
drought. Oliveira [87] showed that communities in drier sites along an aridity gradient in
a South American dry forest presented a smaller functional redundancy and are therefore
less resilient, which is supported by our results. Several research studies have shown the
negative effects of the great drought on woody populations in terms of density and spe-
cies’ composition [15,21,29,88]. Here, we confirmed that the observed trends are also ech-
oed at the functional level. As the Sahelian flora is rather poor [16], it is not surprising to
observe repercussions of the loss of species on the ecosystem’s functioning. As we as-
sumed that grazing intensity has increased from before the great drought, the reduction
in response diversity observed here supports the finding of Chillo et al. [25], who found a
decrease in the functional diversity of vegetation under increase grazing intensity in dry-
lands. Similarly, Maestre et al. [89] found that ecosystem services decrease under higher
grazing intensity in warm drylands that present low species richness.

4.2. Persistence of the Ecosystem Functions

The PCoA for primary productivity shows that there are species that were identified
as “stable” from 1970 to 2015 in both functional groups (FG-pp1 and FG-pp2). Stable spe-
cies cover a large part of the functional space represented by the first two PCoA axes,
meaning that the majority of the effect components are still maintained in the current eco-
system (Figure 4b). We can therefore assume that the woody vegetation of 2015 still pre-
sents these two main aspects of the function while losing some “minor” functions (due to
decreasing species) along the continuum of these effects. For the biogeochemical cycles,
abundant and/or stable species are not equally present among the three FGs. Stable spe-
cies are mainly located in the top right corner of the first two dimensions of the PCoA for
biogeochemical cycles (Figure 4d). FG-bcl contains small deciduous species (e.g., Grewia
bicolor and Acacia senegal), which are all rare or decreasing. FGbc2 contains tall deciduous
trees such as Sclerocarya birrea, Acacia seyal, and Adansonia digitata L., the only stable species
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in this FG. FGbc3 includes the most abundant species in the ecosystem of 2015, such as
Balanites aegyptiaca, Boscia senegalensis, and Acacia tortilis.

For a group to persist through time in a changing environment, response diversity is
crucial, as it expresses the capacity of a species within one functional effect group to re-
spond differently to pressures. A high functional redundancy increases the probability of
having a high response diversity but does not always ensure it. The current RDiv presents
the same patterns as the FRe. FGpp1 and FGpp2 show a relatively high RDiv, potentially
ensuring higher resistance to the two studied pressures. However, for the biogeochemical
cycles function, FGbcl and FGbc2 present an RDiv close to zero for the two pressures,
which means that these groups are more at risk of extinction as a result of these pressures.

These observations must be analyzed while considering local topography, which, as
we have shown, strongly influences both FRe and RDiv. Depressions host communities
that usually present a higher FRe and RDiv than the communities located on hilltops. De-
spite a low mean RDiv for FG-bcl and FG-bc2, there are still some depressions that show
high RDiv values (Figure 6). The range of RDiv values for communities in depressions is
much wider than for the communities on hilltops. Recent field inventories have revealed
that the flora is very diverse among depressions whereas among hilltops, the flora is more
homogeneous [11,90].

The intensity of drought and grazing pressures is probably different according to
local topography as well. For instance, we assume that grazing intensity is higher in de-
pressions as these areas, while scarce, are attractive to livestock due to the presence of tall
shade trees, temporary ponds, and a grass layer that stays green during a longer period.
Therefore, the environmental filters that select species are not the same for depressions as
for hilltops. Local topography has been shown to strongly influence woody vegetation
dynamics in terms of density and species’ composition in the Ferlo [9,11,17,21]. Here, we
showed that this variation of botanical composition is reflected at the functional level,
with strong variation in FRe and RDiv among communities on hilltops and in depressions.
These differences among communities according to local topography partially explain
why the ranges of FRe and RDiv in the temporal analyses are so wide.

Based on the key indicators presented in Table 2, we showed that FG-bcl and FG-bc2
were at risk on both topographic elements given the uncertain future of some currently
abundant species belonging to these groups. We can therefore identify three species (Aca-
cia seyal, Grewia bicolor in depressions, and Sclerocarya birrea on hilltops and in depressions)
that are currently abundant within the study area to target for protection. Their mainte-
nance would guarantee the persistence of the effects provided by FG-bcl and FG-bc2, as
they are the only representatives of these groups. In addition, the protection of minor spe-
cies, though not rare (IVI between 1% and 5%, Table 2), could reinforce the persistence of
these two groups. On hilltops, Adansonia digitata, Acacia senegal, and Grewia bicolor could
be protected as they belong to FG-bc2 and FG-bcl. In depressions, Acacia nilotica (L.) Willd.
Ex Del. and Acacia senegal are potential targets as well, for the persistence of FG-bc2 and
FG-bcl, respectively.

4.3. Strengths and Limitations of the Methodological Approach

The first strength of this study is that it takes into account all the woody species and
their abundances (through the analysis of abundant species in Section 4.2). which has al-
lowed us to focus on the two types of effects that biodiversity has on ecosystem function-
ing: the mass ratio effects and the richness effects [91]. The mass ratio hypothesis states
that the influence of a species on an ecosystem’s functioning is directly proportional to its
biomass [92], which suggests that the dominant species are the major drivers of ecosystem
functioning. On the other hand, the richness effects are the consequences of the subordi-
nate species. Second, as we valorized the historical survey data, it allowed us to cover a
long-time span. Third, the method used to gather traits data from the literature is easily
reproducible for other traits and species. Finally, it is quicker and more global than an
experimental approach where indicators of functions would have had to be measured (for



Forests 2023, 14, 291

18 of 25

instance, measure soil nutrient content under and outside the canopy to quantify the bio-
geochemical cycles). The relative effectiveness of our approach has allowed us to simulta-
neously study several responses to disturbances and functions, which was relevant since
the patterns in current and past FDs were quite different among these response and effect
sets.

Nonetheless, our approach presents several limitations, which can be classified into
two categories: trait values and inventory data (species’ abundances). The first category
concerns the trait values and highlights three issues. First, despite the selection of traits
widely used in ecology, data are frequently missing, particularly for species of lesser in-
terest at a global scale and/or for rare species. Second, the traits exhibit intra-specific var-
iations [50,51], for instance, according to environmental gradients [47] or to life stage [93].
The consequence is that the values collected from the literature might not be suited for the
environmental conditions of our study area. Third, the reliability of the literature data is
not always certain. Due to many missing data in the TRY database, we had to consult
other, perhaps less reliable sources. As we noted that there is missing data for many spe-
cies (especially minor species), we encourage researchers who collect plant traits to record
them in online databases such as TRY, and we support the continued open access to these
data. Additional field measurements are also necessary to evaluate intraspecific variations
of key traits. The second limitation category is the accuracy of the abundance data. Indeed,
FLOTROP is a collection of different data sources all using different methodologies and
sampling strategies, in addition to often imprecise location information. The integration
of the information from the FLOTROP database into our analyses assumes that the inten-
sity of sampling is the same as that for 2015. As the exact methodologies of FLOTROP
surveys are unknown, we are not able to either confirm or refute this hypothesis when we
take a glimpse at the temporal evolution of FD.

5. Conclusions

In this study, we undertook a trait-based approach in a Sahelian sylvopastoral region
of Senegal to assess the ecological resilience of woody communities, i.e., their capacity to
maintain two ecosystem functions (primary productivity and biogeochemical cycles)
when facing drought and grazing pressures. To our knowledge, it is one of the first pieces
of research that deals with the functional diversity of Sahelian woody vegetation. This
study therefore increases the knowledge about the functioning of the dryland’s ecosys-
tem, which is likely to be altered by climate change [39]. The two indicators of resilience
considered here, functional redundancy and response diversity, have decreased since
1970 for all but one of the functional effect groups created. However, current woody com-
munities show variations in functional redundancy and response diversity according to
local topography, with depressions showing higher values of these two indicators. The
analysis of the different functional groups, combined with indicators of the species’ tra-
jectories since 1970, current abundances, and regeneration, allowed us to make manage-
ment suggestions (by identifying species to protect in each functional group) to maintain
the two key ecosystem functions in this tropical savanna.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/14020291/s1, Supplementary File S1: matrices of (1) traits
data and (2) species” abundances; Supplementary File S2: literature sources for response and effect
traits; Supplementary File S3: literature sources for traits data collection; Supplementary File S4:
definition of traits used in the study; Supplementary File S5: Principal components analysis on the
coordinates of the first two dimensions of the PCoA on the three two sets of response traits and on
the two sets of effect traits. References [94-167] are cited in Supplementary Materials.
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