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ABSTRACT

Aim Identification of priority conservation areas and evaluation of coverage of

the current protected areas are urgently needed to halt the biodiversity loss.

Identifying regions combining similar environmental traits (climate regions)

and species assemblages (biogroups) is needed for conserving the biodiversity

patterns and processes. We identify climate regions and biogroups and map

species diversity across the Sahara-Sahel, a large geographical area that exhibits

wide environmental heterogeneity and multiple species groups with distinct

biogeographical affinities, and evaluate the coverage level of current network of

protected areas for biodiversity conservation.

Location Sahara-Sahel, Africa.

Methods We use spatially explicit climate data with the principal component

analysis and model-based clustering techniques to identify climate regions.

We use distributions of 1147 terrestrial vertebrates (and of 125 Sahara-Sahel

endemics) and apply distance clustering methods to identify biogroups for

both species groups. We apply reserve selection algorithms targeting 17% of

species distribution, climate regions and biogroups to identify priority areas

and gap analysis to assess their representation within the current protected

areas.

Results Seven climate regions were identified, mostly arranged as latitudinal

belts. Concentrations of high species richness were found in the Sahel, but the

central Sahara gathers most endemic and threatened species. Ten biogroups

(five for endemics) were identified. A wide range of biogroups tend to overlap

in specific climate regions. Identified priority areas are inadequately represented

in protected areas, and six new top conservation areas are needed to achieve

conservation targets.

Main conclusions Biodiversity distribution in Sahara-Sahel is spatially struc-

tured and apparently related to environmental variation. Although the major-

ity of priority conservation areas are located outside the areas of intense

human activities, many cross multiple political borders and require interna-

tionally coordinated efforts for implementation and management. Optimized

biodiversity conservation solutions at regional scale are needed. Our work

contradicts the general idea that deserts are uniform areas and provide

options for the conservation of endangered species.
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INTRODUCTION

Motivated by the ever-increasing concerns about global bio-

diversity loss affecting world biomes (Butchart et al., 2010;

Cardinale et al., 2012), the strategic goals of the Aichi Biodi-

versity Targets (CBD, 2010) listed global identification of

priority areas for the conservation and evaluation of the

effectiveness of current protected areas as key factors that

need assessing to halt biodiversity loss by 2020. These objec-

tives can be achieved under a systematic conservation

planning approach (Margules & Pressey, 2000), which targets

the conservation of the following: (1) current biodiversity

patterns by protecting areas maximizing complementarity

among the distribution of distinct species groups and (2)

micro-evolutionary processes by preserving distinct popula-

tions occupying environmental gradients (Smith et al., 2001;

Pressey et al., 2007). Regions combining similar climatic

traits (climate regions) and species assemblages (biogroups,

sensu biotic elements; Hausdorf, 2002) can be useful as

coarse surrogates of biodiversity and eco-evolutionary pro-

cesses when molecular data are not available or geographi-

cally comprehensive (Carvalho et al., 2011). As such,

conserving climate regions and biogroups assures both bio-

diversity persistence and evolution (Olson & Dinerstein,

1998).

Deserts and arid regions (defined by aridity index: < 0.20;

Ward, 2009) represent about 18% of the world’s land mass

(Trabucco & Zomer, 2009). They are generally perceived as

rather homogeneous and species poor, thus attracting less

conservation concern in comparison with other regions

(Durant et al., 2012). However, they harbour about 25% of

continental vertebrate species, including some of the most

endangered species in the world (Mace et al., 2005), and

their communities are largely made up of highly adapted,

specialized species that are found nowhere else.

The Sahara is the largest warm desert in the world and,

together with the neighbouring arid Sahel, covers

11,230,000 km2 and spans over 17 countries (Olson et al.,

2001) (Fig. 1). The diversity of Sahara-Sahel topographical

features, its climatic heterogeneity and steep environmental

gradients (Brito et al., 2014) form distinct bioclimatic and

phytogeographical regions (Qu�ezel, 1978; Le Hou�erou, 1997;

Sayre et al., 2013), but their assessment using spatially expli-

cit tools and multivariate integrative approaches is still miss-

ing. Moreover, the Sahara-Sahel faunal communities are

composed of species with distinct biogeographical affinities,

whose ranges have been shaped by multiple putative refugia

and dispersal corridors linked to environmental variation

(Brito et al., 2014), but the composition and the number of

biogroups remain unknown.

The Sahara-Sahel exhibits relatively low levels of anthro-

pogenic change and low human population density in com-

parison with other biomes (CIESIN-FAO-CIAT, 2005; Ellis

et al., 2010). However, both regions have been affected by

human activities (particularly over-hunting) that have driven

many large-sized vertebrates to regional extinction and are

endangering relict fauna associated with isolated mountain

water pools and grassy habitats (Brito et al., 2014; Durant

et al., 2014). Other pressures, such as overgrazing, wood col-

lection, habitat conversion into farmland and exploitation of

natural resources, are increasing and are considered serious

threats to Sahara-Sahel biodiversity (Brito et al., 2014;

Duncan et al., 2014). Several long-term conflicts (IEP, 2012)

also hinder regional biodiversity research and hamper con-

servation funding (Durant et al., 2012). Relatively large pro-

tected areas have been established (summing up to 7.4% of

the Sahara-Sahel; Fig. 1) aimed mostly to conserve threat-

ened large ungulates (e.g. A€ır-T�en�er�e and Tin Toumma,

Niger) and wintering and migration bird areas of global

importance (e.g. Banc d’Arguin, Mauritania). Nonetheless,

biodiversity representation and persistence across climatic

gradients, at regionally appropriate resolution to account for

environmental variability and genetic diversity, remain

unevaluated. Conservation planning scenarios identifying

optimized conservation networks that maximize spatial

representation of overall biodiversity patterns and processes,

and minimize conflicts with human activities are needed to

allocate the usually limited conservation funds (Waldron

et al., 2013). The Sahara-Sahel is an extreme region affected

by devastating cyclic droughts (Brito et al., 2014), where

increased vulnerability to extinction of endemic functional

groups has been associated with predicted climate changes

(Vale & Brito, 2015). Thus, the Sahara-Sahel constitutes pri-

ority ecoregions (sensu Olson et al., 2001) to apply conserva-

tion frameworks for the identification of optimized

conservation networks.

We use spatially explicit climate data and distributional

data of 1147 species of amphibians, reptiles, breeding birds

and mammals to address the following questions: (1) How

many regions with similar climatic features (climate regions)

and species assemblage sharing similar distribution patterns

(biogroups) can be defined within the Sahara-Sahel and how

are they distributed? (2) Where are located the areas of high-

est species richness, particularly for endemic and threatened

species? (3) Considering distinct conservation planning sce-

narios and data sets, where are priority conservation areas

located? (4) Which is the level of coverage of the current

protected area network for biodiversity conservation, as

assessed by climate regions and biogroups? This study

provides the first broad biogeographical classification of

372 Diversity and Distributions, 22, 371–384, ª 2016 John Wiley & Sons Ltd

J. C. Brito et al.



Sahara-Sahel vertebrate biodiversity, which serves to set up

priorities for biodiversity conservation in this large and envi-

ronmentally extreme region (see Fig. S1 for methodological

overview).

METHODS

Study area

The study area covers a total of �11,200,000 km2 and includes

the Sahara (�8,200,000 km2) and Sahel (�3,000,000 km2)

ecoregions (Fig. 1 and Fig. S2 in Supporting Information).

The study area was divided into 4417 grid cells, using a grid of

0.5 degree resolution under the WGS84 coordinate reference

system for all further analyses.

Climatic variables and identification of climate

regions

Seven climatic variables, downloaded with 2.5-arc second

spatial resolution (Hijmans et al., 2005; Trabucco & Zomer,

2009), were upscaled to 0.5 degrees (�50 km) using the

average values. These variables are commonly used in cli-

matic regionalization analyses (e.g. Rodrigues et al., 2015)

and included annual mean temperature (°C), maximum tem-

perature of warmest month (°C), minimum temperature of

coldest month (°C), temperature annual range (°C), annual
precipitation (mm), precipitation of wettest month (mm),

and potential evapotranspiration (mm). After data standard-

ization, a principal components analysis (PCA) was per-

formed to summarize the environmental data into three

orthogonal components (PCs), accounting for 97.4% of the

variability (Fig. S3). The PCs were then used in a model-

based cluster analysis that allows determining the structure

of the climate data without prior knowledge of the number

of clusters (Fraley & Raftery, 2002). Using mixture models

with multiple clustering schemes allows using model selec-

tion statistics, such as Bayesian information criterion (BIC),

to identify the best clustering solution. Using the package

‘MCLUST’ in R (Fraley & Raftery, 2002), ten mixture models

were tested with clustering schemes ranging from one to 20

clusters. The identified clusters represent different environ-

mental states, designated hereafter as climate regions (see

Appendix S1 for details).

Species distribution data and identification of

biogroups

The list of continental terrestrial vertebrates that occurs in

the Sahara-Sahel (derived primarily by expert elicitation) was

retrieved from IUCN (2013) together with distribution poly-

gons. It comprises 1147 species, including 53 amphibians,

198 reptiles, 586 breeding birds and 310 mammals (see

Table S1). The current ranges were updated with data from

the published atlases (Sindaco & Jeremcenko, 2008; Sindaco

et al., 2013). Historical distributions were built for 16 species

that experienced recent range contraction based on reference

works (Largen & Yalden, 1987; Ciofolo, 1995; Barnes, 1999;

Emslie & Brooks, 1999; Manlius, 2000; Ostrowski et al.,

2001; Saleh et al., 2001; Uphyrkina et al., 2001; Rookmaaker,

2004; Beudels et al., 2005; Haas et al., 2005; Barnett et al.,

2006; Thiollay, 2006; Lagrot et al., 2007; Bouch�e et al., 2011;

Brito et al., 2011; Hekkala et al., 2011). Historical range data

were used to identify biogroups, while current range data

were used for identifying priority areas for conservation. Spe-

cies distribution polygons were intersected with a grid of 0.5

degree resolution to generate matrices of species presence/

absence by grid cell (see Appendix S2 for details). Biogroups

were defined as groups of species whose distributions are sig-

nificantly more similar to each other than to those of species

of other groups. Biogroups were identified using clustering

methods implemented in the R package prabclus (Hennig &

Hausdorf, 2008), based on the Kulczynski distance between

each pair of species ranges (Hausdorf, 2002), for the total set

of 1147 species (BTs) and for the 125 endemic species (BEs)

separately (see Appendix S3 for details).

Figure 1 The Sahara-Sahel. Limits of

the Sahara-Sahel (Olson et al., 2001) and

distribution of the main water bodies

and protected areas. Elevation

represented as a relief shading of brown

gradient. C.A.R.: Central African

Republic.
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Identification of priority areas for conservation

The approach identified the minimum set of areas required

to represent 17% (following Aichi Biodiversity Targets; CBD,

2010) of the distribution of each individual species and of all

possible combinations of climate regions and biogroup dis-

tributions. The combination of climate regions and biogroup

distributions is expected to act as a surrogate for the adap-

tive and neutral components of genetic diversity (Carvalho

et al., 2011). Neutral variation is mostly determined by

vicariance events that probably have conditioned the geneal-

ogy and distribution of species in similar ways (Avise, 2009),

while adaptive speciation is mediated by the environmental

conditions and thus expected to differ among distinct envi-

ronments (Doebeli & Dieckmann, 2003). Hence, the conser-

vation of populations of a given species inhabiting distinct

climate regions is expected to allow the preservation of adap-

tive processes along environmental transitions, while the con-

servation of populations occurring in distinct biogroups

should allow preserving the neutral component of genetic

diversity in areas where vicariance events played an impor-

tant role in structuring biotas (Smith et al., 2001; Pressey

et al., 2007; Carvalho et al., 2011), such as the Sahara-Sahel

(Brito et al., 2014). Thus, conservation solutions ensure that

17% of the range of each species was covered and that com-

plementarity of species representation is maximized, by

selecting grid cells where both most endemic species occur

and where several species co-occur.

Priority conservation areas were identified by running

the software Marxan (Ball et al., 2009) on two data sets

(Total and Endemics) containing either all species (Total)

or only endemic species (Endemics) and all respective com-

binations of climate regions and biogroups occurring in the

study area in each case (see Appendix S4 for details). For

each data set, priority areas for conservation were identified

under two scenarios of grid cell availability (Fig. S4): i)

unlimited, in which the algorithm was allowed to select

areas from the overall study area without restrictions and

ii) limited, in which the algorithm was forced to include in

the solution all the grid cells currently categorized as pro-

tected area (IUCN & UNEP, 2013) and forced to exclude

from the solution all the grid cells where gas, oil and

mining exploitation occurs (for details on data availability

see Brito et al., 2014) or where human population density

(CIESIN-FAO-CIAT, 2005) is above levels (> 50 inhabi-

tants km�2) known to cause biodiversity decline (Cincotta

& Gorenflo, 2011). For each data set, the ‘best solution’

out of 1000 Marxan runs (i.e. the solution that retrieved

the lowest score in the Marxan objective function; Ball

et al., 2009) and the frequency of selection of each grid cell

were identified. The best solution was intersected with the

distribution of protected areas and the occurrence of

human activities. For all data sets and scenarios, it was

quantified the number of prioritized grid cells with or

without human activities and that occurred inside or out-

side the protected areas (IUCN & UNEP, 2013).

RESULTS

Distribution of climate regions

Seven clusters were retrieved as the most likely number of

climate regions (Fig. S5). Five of them (CLIM1: 8.7% of the

study area; CLIM2: 11.9%; CLIM5: 25.5%; CLIM6: 20.2%;

and CLIM7: 13.0%) form latitudinally arranged belts (Fig. 2)

across the continent following the temperature and precipita-

tion gradients (Fig. S6). The CLIM3 (6.7%) and CLIM4

(13.8%) regions were in the centre of the study area and

displayed the harshest climates in comparison with other

climate regions (lowest rainfall levels in CLIM3–CLIM4 and

highest temperatures in CLIM3; Fig. S6).

Less than 10% (1.1–9.6%) of the distribution of each

climate region is represented in the current protected areas

network, and the coverage of CLIM2–CLIM3 is particularly

low (1.1% and 1.9%; Fig. S7).

Conservation status of terrestrial vertebrates

The majority of the 1147 taxa analysed (96.1%) are not clas-

sified as threatened according to IUCN criteria, but reptiles

have a disproportionate number of species unassessed for

extinction risk (Table 1). Mammals are the most threatened

group (51.1% of the species within the categories of Vulnera-

ble, Endangered or Critically Endangered; Table 1), particu-

larly ungulates (17.8%; Table S1). On average, 11.5% of the

distribution of species (14.7% for endemics) is covered by

the current protected areas network (from 134 species with

null inclusion to four species with full inclusion; 16 and 2

for endemics, respectively), and 84.4% of total species

(76.8% for endemics) have < 17% of their range included

inside the protected areas (Table S1).

Distribution of species richness, endemism and

vulnerability to extinction

Species richness distribution of all 1147 terrestrial vertebrates

is concentrated in the southern Sahel, followed by the north-

western Sahara and the lower Nile valley (Fig. 3, Total).

Figure 2 Main climate regions within the Sahara-Sahel.

Climate regions defined by spatial principal components analyses

(see Methods and Appendix S1 for details and Fig. S3) and

model-based clustering algorithm at 0.5 degree resolution.
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Consequently, in absolute values, the Sahel accumulates most

of the threatened species and, together with the west and

north-west Sahara and the Central Sahara Mountains, gathers

also the highest richness of endemic species, and also the

species with uncertain conservation category (Data Deficient

or Not Evaluated by IUCN; Fig. S8). When considering spe-

cies richness in relation to total species in a grid cell, the

greatest proportion of endemic species, threatened species or

species with uncertain conservation category is found in the

Sahara (Fig. 3).

Distribution of biogroups

The clustering analysis retrieved a total of 10 biogroups as

the solution that provides both the smallest number of

biogroups and the greatest number of species classified into

one of the biogroups (90.1% of species analysed). The distri-

bution of the 10 biogroups is spatially aggregated and tends

to follow a latitudinal gradient (Fig. 4). Analysis restricted to

the 129 endemic species retrieved five biogroups that

included 80% of endemics analysed (Fig. 5).

There was a general spatial similarity between the distri-

bution of climate regions and particular biogroups

(Fig. S9). For all species, the distribution of much of the

diversity included in BT3 and BT6 (Fig. 4) overlaps the

range of CLIM1 (Fig. 2), and the same pattern was found

between BT1 and BT7-10 with CLIM7 (Fig. S9 right). For

endemic species (Fig. 5), BE3 and partially BE1 broadly

overlap with CLIM6 (Fig. 2), while BE4 broadly overlaps

with CLIM1-2. The relatively range-restricted biogroups

(BE2 and BE5) and biogroups ranging in peripheral regions

(BT2) are distributed across multiple climate regions or do

not fully cover any particular climate region. There was a

general spatial similarity between the distribution of

biogroups for endemics in relation to total species: BE1

overlaps with BT5, BE2 with BT6, BE3 with BT4 and BE4

with BT3 (Figs 4 & 5).

Less than 10% of the distribution of each biogroup (ex-

cept BT8: 15%) is represented in the current protected areas

network, and the coverage of BT6-7 and BE2 is particularly

low (below 4% in all cases; Fig. S7).

Priority areas for conservation

Prioritized areas differed substantially between the conserva-

tion planning scenarios and whether total or endemics spe-

cies data sets (and all combinations of climate regions and

biogroups) were targeted, and ranged from 16.8% to 22.7%

of the study area (Table 2). Larger area was required in the

limited scenario relatively to the unlimited, regardless of the

data set used and spatial aggregation levels of prioritized grid

cells in the final solutions (Figs. 6 & S10).

Selected grid cells for conservation (best solution) and

those that had a higher frequency of selection differed sub-

stantially between the limited and unlimited scenarios

(Fig. 6). When availability was limited, solutions were fairly

similar between total species and endemics data sets, and

four main mega conservation areas connecting the current

protected areas were identified: (1) a cluster from southern

Morocco to western Mauritania, connecting the national

parks of Dakhla and Banc d’Arguin; (2) a cluster in central

Mali, linking the protected areas of Niger inland delta and

Ansongo-Menaka; (3) a corridor from central Niger to

south-eastern Chad, connecting the protected areas of A€ır-

T�en�er�e, Termit-Tin Toumma, Lake Chad, Massenya and

Balur Aouk et Salamat; and (4) a corridor along the Red Sea

Mountains from southern Egypt to Ethiopia, linking the pro-

tected areas of Wadi El Gemal/Hamata and Shire. When the

availability was unlimited, solutions were fairly different

between total species and endemics data sets (Fig. 6).

Coverage of current protected areas network

Regardless of conservation scenarios and data sets analysed,

the number of selected grid cells that are covered by pro-

tected areas was lower than the number presently outside

(Table 2). In limited scenarios, prioritized grid cells outside

the protected areas (targeting either all species or endemics)

were located either away from the currently protected areas

(e.g. Tademait-Grand Erg Occidental in Algeria, Libyan

Desert across Libya to Egypt and the Nuba/White Nile in

Sudan) or in the vicinity of protected areas, either expanding

or connecting existing ones (e.g. protected areas in

Table 1 Distribution of IUCN conservation status categories among amphibians, reptiles, breeding birds and mammals known to occur

in the Sahara-Sahel. Total number (and percentage) of species is given for each taxonomic group and conservation category.

IUCN status Amphibians Reptiles Birds Mammals Total N species

Extinct in the wild (EW) – – – 1 (0.3) 1 (0.1)

Critically endangered (CR) – 3 (1.5) – 4 (1.3) 7 (0.6)

Endangered (EN) – 1 (0.5) 4 (0.7) 4 (1.3) 9 (0.8)

Vulnerable (VU) – 6 (3.0) 8 (1.4) 15 (4.8) 29 (2.5)

Near threatened (NT) 1 (1.9) 6 (3.0) 11 (1.9) 15 (4.8) 33 (2.9)

Least concern (LC) 50 (94.3) 84 (42.5) 563 (96.0) 250 (80.7) 947 (82.5)

Data deficient (DD) 2 (3.8) 10 (5.1) – 21 (6.8) 33 (2.9)

Not evaluated (NE) – 88 (44.4) – – 88 (7.7)

Total N species 53 198 586 310 1147
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Morocco–Mauritania and Algeria–Niger–Chad) (Fig. S11).

When considering unlimited scenarios, prioritized cells for

both species data sets tended to form clusters within the pre-

sently unprotected areas. The proportion of selected grid

cells that are affected by human activities was relatively low

(< 12% in all scenarios) for both total species and endemics

(Table 2; Fig. S11).

DISCUSSION

Our aim was to help identifying the conservation priorities

for biodiversity in the Sahara-Sahel, a data deficient, large,

remote and environmentally extreme region of the world.

We first provide a comprehensive analysis of the spatial pat-

terns of climatic and biological diversity and use it to

identify areas that optimize their combined spatial represen-

tation.

Distribution of climate regions and biogroups

The general latitudinal distribution found of most climate

regions and biogroups (Figs 2, 4 & 5) is concordant with

other bioclimatic and phytogeographical classifications of the

Sahara and of North Africa (Qu�ezel, 1978; Le Hou�erou,

1997). However, the location of the Sahara-Sahel boundary

and the distributions of climate regions and vertebrate

biogroups identified here were not completely concordant

with previous delimitations of ecoregions and ecosystems

based on vegetation data (Olson et al., 2001; Sayre et al.,

2013). The patterns of spatial overlap observed between some

climate regions and biogroups distribution suggest biogeo-

graphical concordance and that Sahara-Sahel boundary may

lie further north than is currently admitted (compare the

present boundary with distribution of CLIM 6 in Fig. 2 and

of BE1 in Fig. 5).

Climate regions located in the margins of the Sahara-Sahel

tend to extend towards the central Sahara through the Atlan-

tic and Red Sea coasts and the Central Sahara Mountains

(Fig. 2). This pattern is in agreement with previous mapping

of environmental variation and reconstruction of drainage

basins, which have identified a series of putative corridors

allowing past dispersal and contemporary gene flow across

the Sahara-Sahel and that presently provide refugia for biodi-

versity (Drake et al., 2011; Coulthard et al., 2013; Brito et al.,

2014). Indeed, the distribution of biogroups BT1, 2 and 5

(Fig. 4) provides support for the role of the Atlantic Sahara,

the mountains of the central Sahara and the Red Sea coast,

and the Nile valley, as dispersal corridors for terrestrial

vertebrates (Brito et al., 2014). These regions also contain

representatives from all biogroups identified for endemic

species in the present study (Fig. 5), as well as a relatively

high diversity of Afrotropical fishes and flora (Qu�ezel, 1978;

L�evêque, 1990; Anthelme et al., 2011). The Sahara-Sahel

mountains further disrupt the broad latitudinal distribution

of climate regions and tend to form islands within particular

climate regions. These mountains, as well as the Atlantic

coast, constitute biogeographical crossroads where biogroups

with northern distributions overlap with those with southern

distributions.

While biogroups may reflect shared the historical patterns

of vicariance and range expansion, climatic gradients shape

current patterns of biodiversity and potential differentiation

between populations (Belmaker & Jetz, 2012). The geograph-

ical concordance between the most wide-ranged climate

regions and biogroups, derived from independent data sets,

suggests that large-scale patterns of biodiversity distribution

in the Sahara-Sahel are related to climatic variation (Le

Hou�erou, 1997; Drake et al., 2011). In contrast, the distribu-

tion of small-ranged biogroups appears detached from the

Figure 3 Distribution of combined species richness of

amphibians, reptiles, breeding birds and mammals across the

Sahara-Sahel. Total richness (1147 species) represented as

percentage of species present in each grid cell of 0.5 degree

resolution. Richness of endemic species (125 species), threatened

species (45 species; categories Vulnerable, Endangered and

Critically Endangered) and species considered Data Deficient

(DD) or Not Evaluated (NE) (121 species) are given in relation

to the total number of species per grid cell.
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climate data used to derive climate regions, suggesting alter-

native processes related to the origin and historical range of

such biogroups.

Distribution of species richness and endemism

As expected, species richness is heterogeneously distributed

across the Sahara-Sahel and exhibits highly distinct patterns

when only endemics or when all species are considered

(Fig. 3). While total species richness is mostly concentrated

on the margins, in areas with maximum precipitation and

primary productivity, the more arid central Sahara accumu-

lates the highest relative endemic richness. Similarly, high

species richness has been previously detected in the western

and central Sahara-Sahel mountains and in the Nile valley in

agreement with previous studies based on specific taxa

(Patiny et al., 2009; Garc�ıa et al., 2010; Anthelme et al.,

2011; Brito et al., 2011; Vale et al., 2015). The few species

found in the areas of the Sahara displaying the harshest

climatic conditions comprise primarily endemics, which

highlights the conservation value of extreme regions.

Vulnerability to extinction

The Sahel holds most threatened species as a result of the

highest richness found in this area. Species with uncertain

vulnerability (Data Deficient or Not Evaluated) also spread

along the external limits of the Sahara, the Central Sahara

Mountains and the Nile valley, the latter known also for

accumulating threatened and Data Deficient freshwater

biodiversity (Garc�ıa et al., 2010). However, the Sahara con-

centrates the highest relative occurrence of threatened spe-

cies, suggesting that the less numerous fauna of this area is

proportionally more threatened than the fauna in the Sahel.

Most threatened species correspond to ungulates and other

large-sized mammals that have been mainly affected by over-

hunting and habitat loss (Durant et al., 2014). Although

the vast majority of species analysed were not classified as

Figure 4 Main biogroups within the

Sahara-Sahel based on the distribution of

total species. Biogroups defined for a

total of 1147 species of amphibians,

reptiles, breeding birds and mammals,

using distance-based parametric

bootstrap tests (see Methods and

Appendix S3 for details) at 0.5 degree

resolution. The number of species

included in each biogroup is presented

(in brackets), the percentage of coverage

of the Sahara-Sahel is displayed (italics),

and the colour scale represents the

number of species per grid cell.
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threatened, the lack of evaluation of nearly half of the rep-

tiles (88 species) using IUCN criteria may be skewing such

pattern (Bland et al., 2015). Cryptic evolutionary lineages

with narrow and fragmented ranges have been observed in

many widespread taxa from multiple taxonomic groups

(Brito et al., 2014), suggesting that species-level diversity,

and hence red listing of biodiversity, needs updating (partic-

ularly for reptiles).

Priority areas for conservation and coverage of

current protection network

Despite the recent local conservation efforts, such as the cre-

ation of the largest African protected area in the Termit-Tin

Toumma of Niger in 2012 or the establishment of breeding

facilities for endangered birds and ungulates in several

countries (see Brito et al., 2014 for details), areas selected for

biodiversity conservation in the Sahara-Sahel at present still

lack optimization. Based on the current distribution of pro-

tected areas and human activities addressed, our study sug-

gests that 73–86% of the selected grid cells required for

achieving minimum representation goals for endemics and

total species, respectively, are currently unprotected. While

several protected areas have been designated in the central

Sahara, the dispersal corridors identified along the Atlantic

Sahara, Nile valley and the Red Sea Mountains remain

understudied and poorly protected.

Priority areas identified when targeting all species or

endemics based on the limited scenario include areas that

have been considered a priority for African dragonflies or

carnivores and mammals, at a global scale (Loyola et al.,

2009; Simaika et al., 2013; Albuquerque & Beier, 2015). Con-

servation gaps for the global protection of evolutionary dis-

tinctiveness of birds have been also identified in many areas

Figure 5 Main biogroups within the

Sahara-Sahel based on the distribution of

endemic species. Biogroups defined for a

total of 125 endemic species of

amphibians, reptiles, breeding birds and

mammals, using distance-based

parametric bootstrap tests (see methods

and Appendix S3 for details) at 0.5

degree resolution. The number of species

included in each biogroup is presented

(in brackets), the percentage of coverage

of the Sahara-Sahel is displayed (italics),

and the colour scale represents the

number of species per grid cell.

Table 2 Number of prioritized grid cells (in best Marxan solution) for conservation of vertebrate biodiversity in the Sahara-Sahel

according to distinct conservation feature data sets and scenarios. Scenarios tested include limited and unlimited availability of grid cells

(0.5 degree resolution) for conservation (see Fig. S4). Data sets are endemic species and total species and the respective combination of

biogroups with climatic regions. For each scenario and data set, it is presented the number of prioritized cells (N) and percentage of the

study area (in brackets) that are needed to achieve conservation targets (see Fig. 6 for spatial representation) and the number and

percentage of prioritized cells that exhibit (With) or not (Without) relevant human activities and that are covered (Inside) or not

(Outside) by current protected areas (see Fig. S11 for spatial representation).

N

Human activities Protected areas

With Without Inside Outside

Endemic species

Limited 933 (22.7) 60 (6.4) 873 (93.6) 254 (27.2) 679 (72.8)

Unlimited 693 (16.8) 79 (11.4) 614 (88.6) 91 (13.1) 602 (86.9)

Total species

Limited 828 (20.1) 72 (8.7) 756 (91.3) 118 (14.3) 710 (85.7)

Unlimited 740 (18.0) 48 (6.5) 692 (93.5) 56 (7.6) 684 (92.4)
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of the Sahel (Jetz et al., 2014). Selected cells in scenarios con-

sidering the limited availability of grid cells suggested four

main mega conservation areas and three new protected areas

(Tademait-Grand Erg Occidental in Algeria, the Libyan

Desert across Libya to Egypt and the Nuba/White Nile in

Sudan). Alltogether, the seven prioritized areas represent

about 53% of the selected cells for total species richness

(11% of Sahara-Sahel) and would contribute to protect the

Vulnerable Acinonyx jubatus, Loxodonta africana and Pan-

thera leo, the Endangered Gazella leptoceros and Kobus mega-

ceros, and the Critically Endangered Acanthodactylus

spinicauda, Addax nasomaculatus, Nanger dama and Philo-

chortus zolii, among others.

Conservation planning in the Sahara-Sahel

As predictions of human-induced climate change suggest that

warming will increase in desert biomes at a high rate (Loarie

et al., 2009) and the potential for local adaptation to alleviate

the impacts of climate change may be limited (Grigg &

Buckley, 2013), future persistence of Sahara-Sahel biodiver-

sity, especially endemics, seems uncertain. Population moni-

toring (e.g. Beudels et al., 2005; Brito et al., 2014; Duncan

et al., 2014; Vale et al., 2015) and assessment of genetic

diversity (e.g. Gonc�alves et al., 2012; Metallinou et al., 2012;

Kapli et al., 2015) are being developed for particular taxa/

regions. Nevertheless, they should be prioritized in areas con-

centrating large proportions of endemics and/or endangered

taxa, to understand whether dispersal and plasticity and/or

local adaptation may counteract global warming effects

(Pauls et al., 2013). Phylogenetic patterns highlighted the

important areas of high average taxonomic diversity, evolu-

tionary distinctiveness and phylogenetic richness, respec-

tively, which are not observable in patterns of species

richness (Davies & Buckley, 2011; Fritz & Rahbek, 2012; Jetz

et al., 2014). Phylogenetic hotspots in the Sahara-Sahel are

thus also in need of identification, and molecular studies

are warranted to derive integrative views on Sahara-Sahel

biodiversity.

Although more than 90% of selected cells are outside the

areas of intense human activities, regions, such as Termit-

Tin Toumma and Gourma, suffer from ongoing armed

Figure 6 Priority conservation areas

according to distinct conservation

planning scenarios and data sets for the

Sahara-Sahel. Selected cells (left column)

depict 0.5 degree grid cells selected for

conservation, and frequency of selection

(right column) depicts the percentage of

each cell being selected among 1000

simulations (see Methods and

Appendix S4 for details). Data sets are

endemic and total species richness.

Scenarios tested include the following: 1)

limited availability of cells for

conservation (Fig. S4), which forced the

inclusion of cells presently classified as

protected areas and forced the exclusion

of cells exhibiting human activities, and

2) unlimited availability of cells, which

did not force exclusion or inclusion of

any cells.
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conflict, civil unrest and human exploitation activities that

need to be resolved, as they are endangering small-sized and

isolated populations of vertebrates (e.g. Bouch�e et al., 2011;

Duncan et al., 2014). Moreover, many selected areas trans-

verse multiple political borders and require international

coordination efforts for implementation and management of

protected areas. Some countries have low human develop-

ment and low economical resources to allocate to conserva-

tion planning (Niger and Chad with gross national income

per capita around 1200 USD; UNDP, 2010), and six coun-

tries (Algeria, Eritrea, Mauritania, Morocco, Senegal and

Sudan) are among the 40 most highly underfunded countries

for biodiversity conservation (Waldron et al., 2013). Greater

regional investment is needed via resource allocation from

major international funding institutions, such as the World

Bank/Global Environmental Fund. The relatively low levels

of anthropogenic habitat change and of human population

density in the region (CIESIN-FAO-CIAT, 2005; Ellis et al.,

2010) offer a good opportunity for protecting biodiversity

while minimizing conflicts with human activities. Biodiver-

sity conservation and adequate network of protected areas

offer potential economic inflow, via qualified ecotourism

(Hosni, 2000), and stimulation of local economy and welfare

(UNEP, 2006).

Conservation planning in extreme regions

Conservation planning is often faced with the challenge to

identify optimized priority areas for conservation with few

data available. Here, the paucity of species distribution data

and socioeconomic data in the Sahara-Sahel constrained the

accurate identification of conservation priorities and the test-

ing of alternative prioritization scenarios.

The lack of detailed species distributions forced the use of

occurrence polygons that probably inflated the rate of false

presences (Graham & Hijmans, 2006; Rondinini et al., 2006).

In contrast, it is likely that the distribution of several species

is underestimated, as areas such as the Atlantic Sahara and

the Central Sahara Mountains are under-sampled because of

their remoteness and long-term local conflicts (Brugi�ere &

Scholte, 2013; Ficetola et al., 2013). When converting these

polygons to a gridded data set, small grid sizes may provoke

overestimation of species richness (Hurlbert & Jetz, 2007)

and large grid cells may reduce efficiency in priority area

selection (Warman et al., 2004), both resulting in disconnec-

tions between the spatial scale of analyses and the scale at

which conservation actions take place. A coarse spatial reso-

lution was needed here as a compromise between the large

extent of the study area, computational power and data

availability.

Our aim was to identify priority areas for conservation

based on species and climatic distributions, but we

attempted to account for high economic value and human

population density of some areas by excluding those areas in

the limited scenarios. It is debatable whether these areas

should be considered as of high priority for conservation

given that they are highly threatened (Spring et al., 2007).

However, we did not consider the direct costs of preserving

priority areas, such as management, acquisition and oppor-

tunity costs of protected areas (Adams et al., 2010).

Accounting for such factors in the Sahara-Sahel is impracti-

cal as a result of paucity of spatial data on economic activi-

ties and their income in the region, including pastoralism,

hunting or land value (ECOWAS & SWAC-OCDE, 2006;

Durant et al., 2014; Rabeil et al., 2014). Additionally, con-

flicts and social unrest are also frequent, spatially and tem-

porally highly dynamic (Brito et al., 2014), and are known

to impact on protected areas management (Hanson et al.,

2009).

CONCLUSIONS

The identification of distinct climate regions and biogeo-

graphical groups presented here allows developing a first

assessment of conservation priorities in the Sahara-Sahel.

Regional analyses at finer scales will likely reveal additional

or alternative areas where conservation efforts can be direc-

ted at (e.g. Sow et al., 2014), but biodiversity assessments are

needed beforehand to fill out current knowledge gaps in

remote and hard-to-sample mountain areas. Even if the spa-

tial resolution used constraints in real conservation measures,

this study offers hints to direct future local research efforts

and frameworks for regional conservation planning and uses

integrative approaches that can be applied at finer-scale reso-

lutions or in other extreme regions of the world with

reduced data availability and subjected to marked environ-

mental gradients.
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