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Using multivariate statistics to assess ecotourism potential of water-bodies: a case-1 
study in Mauritania 2 
 3 
Abstract 4 
 5 
Evaluating the ecotourism potential of sites is a key issue in tourism management. Multiple 6 
methodologies have been developed to assess the ecotourism potential of sites. However, there 7 
are many constraints affecting their quality. Methodologies independent of subjective criteria 8 
and weights are lacking, compromising following interpretations on where to allocate efforts for 9 
ecotourism development. We propose a new approach to circumvent these issues that combines 10 
independent statistical procedures to assess ecotourism potential. By combining multi-criteria 11 
with ordination and clustering algorithms, this two-stage statistical approach allowed identifying 12 
suitable water-bodies for ecotourism development in Mauritania and independently assessed 13 
which features are related with ecotourism potential. The method was able to group sites for 14 
different ecotourist demands, which has implications for policy makers and tourism planners 15 
trying to optimize investments while protecting biodiversity and supporting communities. We 16 
provide a framework that is scalable and applicable by stakeholders operating in ecotourism 17 
planning and management worldwide. 18 
 19 
Keywords: tourism planning; deserts; multi-criteria approach; ordination methods; clustering 20 
algorithms; low-income countries; wetlands.21 



2 

 22 
1. Introduction 23 
 24 
Ecotourism is considered an efficient tool for biodiversity conservation (Fennell, 2015; 25 
Lindsey, Alexander, du Toit, & Mills, 2005; Mossaz, Buckley, & Castley, 2015; 26 
Penteriani et al., 2017). It helps building environmental awareness among ecotourists 27 
and local communities (Honey, 2008; Reimer & Walter, 2013) and can fund effectively 28 
conservation initiatives (Kirkby et al., 2010, 2011), resulting in several positive net-29 
effects of environmental outcomes (see Bricker & Kerstetter, 2017; Buckley, 2009; 30 
Weaver, 2002). Ecotourism may be a potential tool for the reduction of poverty in low-31 
income countries (Goal 1 of the United Nations Sustainable Development Goals) and 32 
the sustainable economic development of poor communities with decent employment 33 
for all (Goal 8; http://www.un.org/sustainabledevelopment/sustainable-development-34 
goals/;  see Reimer & Walter, 2013; Saarinen & Rogerson, 2013; Scheyvens, 1999). 35 
Despite potential negative impacts, such as marginalization of local communities and 36 
species habituation to human presence (see Penteriani et al., 2017; Weaver, 2002), 37 
ecotourism is widely being promoted as a strategy that fosters beneficial relationships 38 
between tourism, the environment and local communities living in low-income 39 
countries, especially in Africa (Lindsey et al., 2005; United Nations, 2017). 40 
The potential of ecotourism in contributing to poverty alleviation and threatened species 41 
preservation has been claimed for African deserts (Santarém & Paiva, 2015; Weaver, 42 
2001), particularly for the Sahara-Sahel ecoregions (Brito et al., 2014, 2016). All 43 
countries in the region are low-income nations, most of them exhibiting low human 44 
development index (UNDP, 2016). Historically, they have been underfunded for 45 
poverty alleviation and biodiversity loss retention schemes (Durant et al., 2012; 46 
Waldron et al., 2013). Mauritania is one of these African arid countries, where around 47 
40% of people live in rural areas, lacking both infrastructural and health conditions 48 
(FAO, 2013). The country displays multiple cultural, biological and landscape values 49 
that may be suitable for sustaining ecotourism projects (Vale, Pimm, & Brito, 2015). 50 
Mauritanian water-bodies are of particularly relevance, as they are rich in human 51 
heritage and biodiversity. On the one hand, they may be surrounded by well-preserved 52 
villages where traditional livelihoods and secular ceremonies still occur. There are 53 
ancient wells for cattle watering, evidences of intense intellectual activity propagated by 54 
caravans crossing the ksours (Mauritanian towns) since the Middle Ages, and 55 
archaeological remains in the form of rock-paintings (Hosni, 2000; UNESCO, 2003). 56 
On the other hand, water-bodies may hold up to 78% of the endemic fishes, amphibians, 57 
reptiles and mammals of Mauritania (Vale et al. 2015). They gather large concentrations 58 
of water-birds(Cooper, Shine, McCann, & Tidane, 2006), that provide bird-watching 59 
opportunities. The surrounding habitats, where dunes intersect with unique desert-60 
adapted agricultural patches (oasis), and the presence of geological formations 61 
(waterfalls) on rock canyons are of great interest for ecotourism. In addition, several 62 
water-bodies contain relict West African crocodile populations (Brito, Martínez-Freiría, 63 
Sierra, Sillero, & Tarroso, 2011) that have been considered as a national flagship 64 
species (Telleria, Ghaillani, Fernandez-Palacios, Bartolome, & Montiano, 2008), which 65 
help marketing the species and its habitats to conservation and ecotourism programmes 66 
(Veríssimo et al., 2013, 2014). 67 
Based on these, the potential for ecotourism development in the desert water-bodies of 68 
Mauritania is promising, but requires urgent assessment and research-informed 69 
planning, given the local societal development and biodiversity conservation needs. One 70 
potential caveat to developing such assessments in these regions is related to the lack of 71 



3 

a systematic approach to evaluate the ecotourism potential of sites with knowledge-72 
based and well-informed criteria for ecotourism planning. 73 
This paper proposes a new method that aims to go beyond subjective criteria and 74 
weights in ecotourism site planning by combining independent statistical procedures to 75 
assess ecotourism potential. By combining multi-criteria with ordination and clustering 76 
algorithms, this two-stage statistical approach is used here for identifying suitable 77 
water-bodies for ecotourism development and for assessing independently which 78 
features are related with ecotourism potential. 79 
The follows this organization: Approaches to evaluate ecotourism potential, where we 80 
introduce methods that have been used in ecotourism potential assessments, their 81 
caveats and theoretical methodological solutions; Methods, where we characterize the 82 
study area, detail how we combine two independently-used statistical methods how to 83 
analyse the data; Results, where we present the contribution of the variables for the 84 
ecotourism potential of the water-bodies under study, their grouping according to 85 
different ecotourist demands, and their suitability for developing ecotourism activities; 86 
Discussion, where we establish the improvements of this method towards previous ones, 87 
the methodological aspects in need of further research, factors that are relevant to 88 
consider for developing ecotourism in water-bodies, and traits of suitable water-bodies 89 
for different ecotourist demands; and Conclusion, where we present a summary of the 90 
improvements and potentials of using the method here purposed.  91 
 92 
2. Approaches to evaluate ecotourism potential  93 
 94 
Ecotourism is a relatively new concept in tourism planning but its basic elements and 95 
dimensions have been discussed for decades in studies on tourism and natural resource 96 
management (Fennell, 2015; Honey, 2008; Stronza, 2007; Weaver, 2001). There are 97 
numerous definitions for ecotourism (see Donohoe & Needham, 2006). In general, it 98 
refers to responsible travel to natural areas with an aim to use tourism demand for 99 
conservation goals, environmental education and local communities benefits 100 
(Diamantis, 1999; Fennell, 2001; Weaver, 2001). There is a strong focus on sustainable 101 
tourism development with an emphasis on ecologically sound and driven practices 102 
(Saarinen, 2006). Therefore, comprehensive biodiversity evaluations and assessments 103 
are often included to ecotourism planning. In this context, multi-criteria approaches 104 
combining ecological and social data, and spatial analyses conducted in Geographical 105 
Information System (GIS) environments have been integrated to assess the ecotourism 106 
potential of many sites around the globe. 107 
The multi-spatial layers and the continuous analyses allowed by GIS tools increase the 108 
spatial accuracy of predictions and the information handled, thus assisting in the 109 
decision-making process (Dhami, Deng, Burns, & Pierskalla, 2014; Dhami, Deng, 110 
Strager, & Conley, 2017). For instance, GIS and participatory methods (Delphi and 111 
Analytic Hierarchy Process, AHP) were used to map ecotourism as a cultural service 112 
(Nahuelhual et al., 2013), high resolution IKONOS images and GIS were used for 113 
planning useful resources to ecotourism (Fung & Wong, 2007), and visitor’s 114 
preferences were assessed for mapping weighted and unweighted potential sites for 115 
forest-based ecotourism development (Dhami et al., 2014). 116 
Despite the plethora of methods being proposed for assessing cultural ecosystem 117 
services (where ecotourism is included), there are still constraints affecting the quality 118 
of those assessments. Most studies rely on a priori controlled approaches that require 119 
weighting of variables, either via inquiries or expert-knowledge scoring. While they are 120 
often practical, such approaches have also been criticized (Kliskey, 2000), and methods 121 
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that are independent of subjective criteria and weights are still lacking (Milcu, 122 
Hanspach, Abson, & Fischer, 2013). 123 
Circumventing a priori classification approaches requires independent methods that 124 
assess the contribution of variables without necessarily weighting them, such as 125 
ordination methods and clustering algorithms. Principal Component Analysis (PCA) is a 126 
statistical procedure that uses orthogonal transformations to convert observations of 127 
possible correlated variables into linearly uncorrelated variables, which emphasizes 128 
variation and brings out relevant patterns in a dataset (Hotelling, 1933). PCA produces a 129 
series of orthogonal uncorrelated axes, where the first component accounts the largest 130 
possible variability in the data and the following components account for decreasing 131 
proportions of the variability. Cluster analysis is an unsupervised learning task in data 132 
mining that consists in grouping a set of objects in a way that objects in the same group 133 
(called a cluster) are more similar to each other than to those in other groups (Tryon, 134 
1939). Both statistical approaches have been applied independently in tourism research. 135 
For instance, PCA was used to assess social preferences for recreation demands in a 136 
three-stage procedure for mapping recreation potential (Peña et al. 2015) and to identify 137 
suitable variables associated to the implementation of recreation activities (Kliskey 138 
2000), while cluster analysis was used to identify distinct groups of adventure travellers 139 
(Sung 2004). 140 
The advantage of using PCA is that it allows the empirical quantification of the 141 
influence of biological, ecological and human-related variables in the suitability of a site 142 
for ecotourism development. Cluster analysis allows to group sites sharing similar 143 
characteristics, which can help managing distinct groups of ecotourists with particular 144 
demands. When used jointly with ordination methods, the two-stage multivariate 145 
statistics approach improves interpretations in tourism studies (Arimond & Elfessi, 146 
2001; Pina & Delfa, 2005). The application of multivariate statistics to assess suitable 147 
sites for recreation development has been emphasised by some authors (e.g. Kliskey 148 
2000), but the use of ordination methods and clustering algorithms for pairwise 149 
grouping remains unexplored in ecotourism research (Weaver, 2001). This combination 150 
of statistical methods might help elucidating where to allocate efforts to meet different 151 
ecotourists demands, especially in regions offering conditions to attend both ‘hard’ 152 
(environmentally specialized, physically challenging, minimally commodities serviced, 153 
strongly biocentric) and ‘soft’ (shallow interaction with nature, physically passive, 154 
comfort demanding, heavily commodities serviced, shallow interaction with nature) 155 
ecotourist profile needs (Fennell & Weaver, 2005; Weaver, 2001, 2002). 156 
Here, we combine for the first time a PCA with a clustering algorithm to identify 157 
suitable locations for ecotourism development. We explore approaches based in multi-158 
criteria coupled with ordination and clustering algorithms that are independent from a 159 
priori weighting. Specifically, we want to address the following questions: 1) Which 160 
variables contribute the most to explain the variability of water-bodies to ecotourism 161 
development?; 2) How many groups of water-bodies can be distinguished according to 162 
their characteristics for ecotourism potential?; and 3) Which groups of water-bodies 163 
display characteristics associated with potential for ecotourism development? We aim to 164 
demonstrate that the methodological process is suitable to characterize the ecotourism 165 
potential of regions with recreation appeal that lack conservation and development 166 
funding, and that it can be scalable and replicable worldwide. 167 
 168 
3. Methods  169 
 170 
3.1. Study area 171 



5 

 172 
Mauritania is located between 15.8°N and 20.6°N and west of 9.5°W. Climate is 173 
characterized by a dry, cool season approximately from November to February and a 174 
dry, hot season approximately from March to June. Annual rains are scarce and 175 
seasonal, with most precipitation occurring between August and September (Cooper et 176 
al., 2006). The country has a poor road system and key infrastructures are almost only 177 
available in main cities (WEF, 2017). 178 
The methodological process was applied to a set of 30 water-bodies dispersed 179 
throughout the southern mountains of Tagant, Assaba and Afollé (Figure 1). These 180 
water-bodies display distinct characteristics in topography, altitude, landscapes, and 181 
other environmental and anthropogenic features, comprising gueltas (rock-pools in 182 
mountainous canyons), tâmoûrts (seasonal floodplains located on the foothills of the 183 
mountains), sources, lakes, and oueds (rivers; see details about water-bodies definitions 184 
in Brito et al., 2011). The water-bodies were visited by four researchers during 22 days 185 
in January 2016. The coordinates of water-bodies were gathered from a Global 186 
Positioning System (GPS) and were displayed in ArcGIS 10.1 (WGS84 datum). 187 

 188 
Figure 1. Location of the 30 water-bodies studied (and code number), main settlements with 189 
supporting infrastructures (and their names), paved roads, rivers, and mountains. The location of 190 
the capital (Nouakchott) is depicted in the small inset. 191 
 192 
3.2. The multi-criteria approach 193 
 194 
A total of 16 variables were selected for analyses, including two variables related to the 195 
biological interest of water-bodies, nine variables describing their environmental traits, 196 
and four variables depicting human activities and infra-structures associated to them 197 
(Table 1).198 
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Table 1. Types of variables used to assess the ecotourism potential of water-bodies, their codes, description, interest for ecotourism (Min-minimum and Max-199 
maximum), units, and source. 200 

Type Code Description Interest Units Source 
Biological CR Maximum number of 

crocodiles reported 
Max Number Brito et al. 2011; Campos et al. 2016 

BI Bird species richness 
index 

Max Number Fieldwork 

Environmental AREA Surface area Max m2 Fieldwork 
SL Topographic heterogeneity Max Degrees SRTM 90m Digital Elevation Database v4.1 (http://www.cgiar-

csi.org) 
WA Water availability Max Adimensional Campos et al. 2012 
NDVI Vegetation Productivity Max Adimensional LP DAAC (http://lpdaac.usgs.gov) 
NWB Euclidian distance to the 

nearest water-body 
Min Meters Fieldwork and GIS analysis 

WBH Habitat heterogeneity Max Number PostelMedias: GLOBCOVER 2006 (http://postel.obs-mip.fr) 
RH Habitat heterogeneity from 

the nearest paved road 
Max Number PostelMedias: GLOBCOVER 2006 (http://postel.obs-mip.fr) 

DA Area covered by dunes Max m2 PostelMedias: GLOBCOVER 2006 (http://postel.obs-mip.fr) 
AA Area covered by 

agricultural land 
Max m2 PostelMedias: GLOBCOVER 2006 (http://postel.obs-mip.fr) 

MTW
M 

Maximum temperature of 
the warmest month 

Min ◦C Worldclim (http://www.worldclim.org) 

Anthropogenic DR Distance to the nearest 
paved road 

Min Meters Fieldwork and GIS analysis 

DI Distance to the nearest 
settlement with supporting 
infrastructures 

Min Meters Fieldwork and GIS analysis 

IUCN Number of IUCN threat 
factors categories 

Min Number Campos et al. 2016 

HII Human influence index Min Adimensional SEDAC (http://sedac.ciesin.columbia.edu) 
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The 16 variables were selected based on established relationships with the ecotourism 201 
potential of the water-bodies to attract international tourists (Table 1). Flagship species 202 
are considered key for ecotourism development (Veríssimo, Fraser, Groombridge, 203 
Bristol, & MacMillan, 2009; Walpole & Leader-Williams, 2002). Thus, we selected 204 
widely accepted flagship species, such as crocodiles (Telleria et al., 2008) and birds 205 
(Veríssimo et al., 2009). The 30 water-bodies were sampled to record the maximum 206 
number of individual West African crocodiles (Crocodylus suchus) and the number of 207 
different bird species. The sampling effort was on average 0.273 man/hours in each 208 
water-body. Estimations of crocodile numbers followed standard sampling protocols 209 
(Brito et al., 2011; Campos, Martínez-Freiría, Sousa, Santarém, & Brito, 2016). In 210 
water-bodies where crocodiles were not detected in January 2016, but were known to 211 
occur, the number of estimates were based in previous reports (Brito et al., 2011). The 212 
number of bird species in each water-body was accessed by point sampling, using 213 
binoculars and telescopes. Species identification was based in field-guides (Borrow & 214 
Demey, 2001). The number of observed species was weighted by the sampling effort in 215 
each water-body (in minutes) to obtain an index of bird species richness that considers 216 
temporal biases in sampling efforts and allows sites to be compared. 217 
Environmental features, such as high slopes may influence ecotourism potential of a site 218 
(Dhami et al., 2014, 2017), and we measured it by calculating the standard deviation of 219 
the slope (derived from altitude at 90m resolution) in 1x1km window around each 220 
water-body, using the “Buffers” tool of ArcGIS 10.1 (ESRI, 2012). Water-bodies with 221 
large areas and permanent water availability play a crucial role in desert environments, 222 
allowing the observation of large species diversity and traditional human activities, such 223 
as water pumping from mudbrick-wells for watering cattle (Brito et al., 2014, 2016; 224 
Hosni, 2000; Vale et al., 2015). Thus, the area of each water-body was estimated in the 225 
field with a GPS and the water availability was assessed using the Normalized 226 
Difference Water Index (NDWI) at 1 arc second resolution in a 1x1km window around 227 
water-bodies. Vegetation heterogeneity is well appreciated by tourists (Chhetri & 228 
Arrowsmith, 2008; Dhami et al., 2014, 2017) and thus, we used the Normalized 229 
Difference Vegetation Index (NDVI) time-series from the period between 2000 and 230 
2016, at 250m resolution to extract it in a 1x1km window around water-bodies. Short 231 
geographic distances between visiting sites are best acknowledged because tourists and 232 
ecotourism enterprises tend to maximize, in general, the return on time/money invested 233 
to visit a region (Kienast, Degenhardt, Weilenmann, Wäger, & Buchecker, 2012). Thus, 234 
we calculated the Euclidean distances between water-bodies. High habitat heterogeneity 235 
influences a site appraisal for ecotourism (Nahuelhual et al., 2013; Santarém, Silva, & 236 
Santos, 2015). Thus, we recorded the habitat heterogeneity around water-bodies and 237 
from the nearest paved road to the water-bodies, using a 1x1km window around water-238 
bodies. In desert environments, the observation of dunes adds an increased experience 239 
to the observer (Cooper et al., 2006; Hosni, 2000). We calculated the area covered by 240 
dunes in a 1x1km window surrounding the water-bodies based on land-cover 241 
classification by remote sensing. Local agriculture is mostly based in ancient practices 242 
that may add value to the aesthetic visit of water-bodies (Chan, Shaw, Cameron, 243 
Underwood, & Daily, 2006). Thus, we calculated the area covered by agricultural 244 
patches in a 1x1km window surrounding water-bodies. Weather conditions can 245 
influence recreation opportunities and in remote regions they are of great concern for 246 
the well-being of tourists (Kienast et al., 2012). Thus, we extracted the maximum 247 
temperature of the warmest month in a 1x1km window surrounding the water-bodies. 248 
Anthropogenic factors, such as the time to access a touristic point or a settlement with 249 
supporting infrastructures, may be crucial for tourism activities (Castro, Souza, & 250 
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Thapa, 2015; Kienast et al., 2012). Time to get to a visiting site is greatly influenced by 251 
the distance and the road type (Chan et al., 2006; Paracchini et al., 2014; Wong & Fung, 252 
2015). Thus, we measured the distance from the water-bodies to the nearest settlement 253 
with supporting infrastructures (hospitals, restaurants or accommodation resources; 254 
Chhetri & Arrowsmith, 2008). As most of the water-bodies are far from the main paved 255 
roads (see Figure 1), we also measured the distance from the water-bodies to the nearest 256 
paved road (Dhami et al., 2014). Both distances were recorded using a GPS. 257 
Anthropogenic impacts on environment are global drivers of ecological processes that 258 
influence biodiversity as a whole (Sanderson et al., 2002) and affect biodiversity 259 
availability for tourism experiences in the field. The number of threats affecting the 260 
water-bodies was quantified following the IUCN Threats Classification Scheme Version 261 
3.2 (www.iucnredlist.org/technicaldocuments/classification-schemes/threats-262 
classificationscheme) and was available from Campos et al. (2016). The Human 263 
Influence Index (HII) was extracted in a 1x1km window around each water-body. 264 
 265 
3.3. Data analysis 266 
 267 
We used a PCA to identify which variables contribute the most to explain the variability 268 
of water-bodies for ecotourism development. To do so, we scaled data by subtracting 269 
each variable value by its mean and then dividing by its standard deviation. This process 270 
converted each raw datum score into a standardized value with mean 0 and standard 271 
deviation 1. We then plotted water-bodies along the two first principal components to 272 
identify main patterns of clustering of water-bodies. 273 
Groups of water-bodies sharing similar biological, environmental and anthropogenic 274 
characteristics for ecotourism were identified using a model-based clustering approach. 275 
Ten multivariate normal mixture models with different parameterizations concerning 276 
the distribution, volume, shape and orientation of the covariance structure of the 277 
multivariate data of the water-bodies were estimated by maximum likelihood using an 278 
expectation-maximization algorithm. The best model and the most likely number of 279 
clusters were chosen using the Bayesian Information Criterion (BIC). Analyses were 280 
performed using the three first, most explaining, principal components to assess the 281 
number of optimum clusters. Finally, we contrasted the distribution of the groups 282 
identified by the clustering algorithm with the variables represented in the first and 283 
second principal component (PC1 and PC2, respectively) axes. This process allowed 284 
identifying groups of water-bodies suitable for different sets of ecotourists, ‘hard’ and 285 
‘soft’ (Fennell & Weaver, 2005; Weaver, 2001, 2002). Both the PCA and the clustering 286 
analysis were performed in R environment (R Core Team, 2016) with the mclust 287 
package (Fraley & Raftery, 2002; Fraley, Raftery, Murphy, & Scrucca, 2012). 288 
 289 
4. Results 290 
 291 
4.1. Contribution of variables to the variability of water-bodies for ecotourism 292 
development 293 
 294 
The variables with the highest influence in the first, second and third axes of the PCA 295 
were: water availability (WA) and maximum temperature of the warmest month 296 
(MTWM) in the first axis; vegetation productivity (NDVI) and distance the nearest 297 
settlement with supporting infrastructures (DI) in the second axis; and distance to the 298 
nearest paved road (DR) and habitat heterogeneity from the nearest paved road to water-299 
bodies (RH) in the third axis (Table 2). The two first axes accounted for 38% of the 300 
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variability. The representation of water-bodies along the two first axes allowed 301 
identifying three groups of water-bodies for ecotourism development (Figure 2). 302 
 303 
4.2. Grouping of water-bodies according to ecotourism potential 304 
 305 
We used the model with the highest BIC (spherical, equal volume with seven 306 
components, “EII”; Figure S1) to group water-bodies according to their most similar 307 
characteristics for ecotourism. The BIC increased with the number of clusters and most 308 
of the increase occurred with less than seven clusters, which were chosen as the 309 
optimum number of clusters defining the groups for ecotourism development. These 310 
seven subgroups of water-bodies fall inside the three main groups of water-bodies 311 
identified by the PCA (Figure 2). 312 
 313 
4.3. Suitability of water-bodies for ecotourism development 314 
 315 
The green group defined by the PCA contained three subgroups of water-bodies defined 316 
by the clustering algorithm (Figure 2) that, in comparison to other groups, tended to 317 
display more flagship species (larger crocodile populations, more bird species), higher 318 
habitat heterogeneity around the water-body, higher water availability, larger flat 319 
surface areas, shorter distances between each other, wider agriculture areas in the 320 
surroundings, and the highest human impacts (Table S1; Figures 3-S2). The blue PCA 321 
group gathered water-bodies that tended to exhibit the highest topographic 322 
heterogeneity and habitat heterogeneity along the roads to reach water-bodies, the 323 
highest temperatures in the warmest month, the largest distances to paved roads and 324 
cities with supporting infra-structures, the lowest productivity, and the fewer number of 325 
IUCN threats (Table S1; Figures 3-S2). The red PCA group contained three BIC 326 
subgroups of water-bodies that tended to display the highest topographic heterogeneity, 327 
the fewer number of flagship species, and the smallest areas and water availability. 328 
Within this group, there is a subgroup (dark red squares) of water-bodies that recorded 329 
numerous IUCN threat factors and are far from paved roads and infrastructures (Table 330 
S1; Figures 3-S2). 331 
Overall, there is a trend for lack of geographic structure in the distribution of the groups, 332 
but the main blue group (Figure 2) is restricted to the northernmost water-bodies of the 333 
Tagant mountain and subgroup A2 is restricted to the eastern Afollé mountain (Figure 334 
3). 335 
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Table 2. Eigenvalues of each variable in each principal component, and the standard deviation (SD) and cumulative variance (CUM) of the principal 336 
components. 337 
Variable PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12 PC13 PC14 PC15 PC16 

CR -0.166 -0.061 0.039 0.631 -0.227 -0.043 0.129 -0.043 -0.279 -0.052 0.502 -0.231 -0.246 0.144 -0.160 0.059 

BI -0.314 -0.184 -0.013 -0.115 -0.250 -0.116 0.398 -0.604 0.158 -0.250 -0.059 0.310 -0.020 -0.198 -0.122 0.118 

AREA -0.291 -0.073 0.193 -0.295 -0.184 -0.377 0.177 0.562 -0.139 -0.025 0.068 0.108 0.144 -0.010 -0.418 -0.176 

SL 0.254 0.215 0.124 0.011 0.508 -0.283 0.331 -0.207 0.184 -0.076 -0.088 -0.245 -0.130 0.282 -0.406 -0.120 

WA -0.458 0.093 -0.060 -0.210 0.142 0.059 0.146 -0.157 -0.016 0.177 0.150 -0.634 0.273 -0.225 0.201 -0.208 

NDVI 0.050 -0.493 0.200 -0.137 -0.088 -0.029 0.033 0.098 0.004 0.133 -0.346 -0.416 -0.526 -0.168 -0.004 0.248 

NWB -0.312 -0.057 0.224 -0.249 0.193 0.350 -0.433 -0.061 0.101 -0.429 0.206 0.026 -0.328 0.143 -0.154 -0.218 

WBH -0.190 -0.211 -0.048 0.111 0.500 0.304 0.383 0.232 -0.369 -0.283 -0.166 0.131 0.129 0.058 0.132 0.250 

RH -0.136 0.204 -0.484 0.121 -0.115 -0.079 -0.193 -0.072 -0.388 -0.204 -0.524 -0.110 -0.150 -0.078 -0.212 -0.277 

AA -0.354 -0.137 0.201 0.295 0.095 0.233 -0.120 -0.119 0.100 0.587 -0.308 0.183 0.134 0.192 -0.294 -0.104 

DA -0.176 -0.082 -0.432 0.035 0.422 -0.259 -0.044 0.110 0.144 0.283 0.264 0.284 -0.396 -0.323 0.032 -0.045 

MTWM -0.411 0.272 -0.139 -0.083 -0.108 -0.228 0.006 0.111 0.211 0.009 -0.138 -0.028 -0.182 0.581 0.316 0.346 

DR 0.043 -0.320 -0.498 -0.060 -0.003 0.083 -0.203 0.036 0.254 -0.090 0.125 -0.223 0.334 0.123 -0.434 0.377 

DI 0.134 -0.456 -0.291 -0.054 -0.140 0.100 0.273 0.039 0.118 0.020 0.029 0.017 -0.051 0.413 0.219 -0.587 

IUCN 0.033 -0.329 0.092 -0.178 0.187 -0.456 -0.337 -0.348 -0.496 0.088 0.092 0.053 0.161 0.248 0.136 0.053 

HII -0.121 -0.228 0.169 0.465 0.113 -0.372 -0.212 0.121 0.383 -0.364 -0.193 -0.082 0.236 -0.159 0.225 -0.153 

SD 1.771 1.670 1.468 1.250 1.143 1.028 0.876 0.833 0.741 0.648 0.590 0.495 0.423 0.395 0.267 0.166 

CUM 0.203 0.383 0.523 0.624 0.708 0.776 0.826 0.871 0.906 0.934 0.956 0.972 0.984 0.994 0.998 1.000 
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 338 
Figure 2. Water-bodies grouped according to the three first components of the Principal 339 
Component Analysis (PCA) and Bayesian Information Criterion (BIC). The seven subgroups 340 
(blue triangles; dark green, green and light green circles; dark red, red and orange squares) 341 
identified by the BIC clustering are within the three groups (blue, green and red hulls) identified 342 
by the PCA. 343 
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 344 
Figure 3. Distribution of the three groups identified by the Principal Component Analysis (PCA; 345 
squares, circles and triangles) and of the seven subgroups identified by the Bayesian 346 
Information Criterion (BIC) models (different colours of squares, circles and triangles). See 347 
Table S1 for grouping details and Figure S2 for grouping examples. 348 
 349 
5. Discussion 350 
 351 
By combining ordination and clustering algorithms, we could identify sites for 352 
ecotourism development in a systematic way, by emphasizing strong patterns across 353 
different groups of water-bodies. The method allowed evaluating independently which 354 
variables contributed the most for the definition of ecotourism potential of each site. To 355 
our knowledge, this is the first study doing that. The methodology here presented has 356 
important implications for decision-making in ecotourism planning and can help 357 
stakeholders identifying the best sites for local investment. This two-step approach can 358 
be scalable and replicable to other regions where ecotourism interest is growing, and 359 
where proper consultation and management are needed to avoid further impacts. We 360 
propose a set of improvements to be considered if this methodology is to be applied in 361 
the future. 362 
 363 
5.1. Methodological improvements from previous approaches 364 
 365 
The methodology proposed herein improved the identification of suitable sites for 366 
ecotourism. The main advantage of this method in detriment to previous approaches is 367 
the combination of ordination (PCA) and clustering algorithms (BIC) in a non-heuristic 368 
way. The ordination method allowed assessing the contribution of variables without 369 
requiring expert knowledge, which otherwise could compromise following 370 
interpretations due to subjectivity of people’s choices (Milcu et al., 2013). The cluster 371 
analysis allowed grouping sites sharing similar characteristics for ecotourism, which can 372 
help managing distinct groups of ecotourists with particular demands. Also, by 373 
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estimating the parameters of the mixture models with empirical data, the choice of 374 
optimum number of clusters was a statistical decision, rather than an intuitive judgment. 375 
This approach avoided choosing the optimum number of clusters heuristically, as in 376 
non-model-based approaches (Fraley & Raftery, 2002). 377 
This approach assessed the contribution of variables without necessarily weighting them 378 
before further analyses, thus circumventing a priori classification schemes. To our 379 
knowledge, this was the first study combining ordination methods and clustering 380 
algorithms for pairwise grouping in ecotourism research, which addresses previous 381 
criticisms on dependent methods relying on subjective criteria and expert-knowledge 382 
scoring (Kliskey, 2000). This process avoids misleading interpretations, thus 383 
maximizing the investment planning towards the places suitable for ecotourism 384 
development. 385 
The multi-criteria approach here used constitutes further strength of the methodology. It 386 
relied on key biological, environmental and anthropogenic features to assess the 387 
ecotourism potential of water-bodies. This approach considers both the ecotourism 388 
attraction capacity, i.e. the natural features of the territory, and the demand side, i.e. the 389 
conditions that influence the tourism attraction capacity of the sites. The combination of 390 
both sets of attributes is crucial for ecotourism assessments and remained under-391 
explored to date (Nahuelhual et al., 2013). 392 
 393 
5.2. Methodological aspects needing further research 394 
 395 
Despite this two-stage multivariate statistics approach allowed circumventing previous 396 
caveats in tourism studies, some methodological improvements shall be considered to 397 
refine its application. In this study, only continuous variables were considered for the 398 
PCA input. However, assessments of ecotourism potential often compile categorical 399 
variables, which may be beneficial to characterise the suitability of sites. Statistics such 400 
as Principal Coordinates Analysis (PCoA), allow exploring data dissimilarities and can 401 
analyse jointly categorical and continuous variables. This multidimensional scaling 402 
method starts with a dissimilarity matrix (distance matrix) and assigns for each entry in 403 
the matrix a location in a low-dimensional space. PCoA tries to find the main axes 404 
through a matrix and calculates a series of eigenvalues and eigenvectors, in a similar 405 
way as PCA does (Pavoine, Dufour, & Chessel, 2004). For instance, PCoA has been 406 
explored for pairwise grouping of Sahara-Sahel endemic species (Vale & Brito, 2015). 407 
Its potential for tourism studies remains unexplored. 408 
The multi-criteria approach here used considered an array of distinct variables related to 409 
ecotourism potential of the water-bodies. They were suitable for the scale of the sites 410 
under analysis (isolated points in space), but ecotourism potential assessments can 411 
consider other variables that are dependent on continuous scales. For instance, other 412 
animal groups could also be included in the analyses, after evaluating which flagship 413 
species may appeal to broader audiences (Veríssimo et al., 2009; Veríssimo, 414 
MacMillan, & Smith, 2011). When performing analysis at broader scales, other 415 
biological groups may also be considered (Santarém et al., 2015). For instance, southern 416 
Mauritania concentrates the largest proportion of species richness of the country (Brito 417 
et al., 2016), and thus water-bodies located in these regions might be of special interest 418 
for ecotourists. The economic welfare of water-bodies nearest villages and the local 419 
willingness of villagers for ecotourism investments should be also considered in 420 
assessments (Castro et al., 2015), as investment priority should be given to those 421 
communities with fewer resources. Furthermore, increasing the representativeness of 422 
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sampling may result in better performance of the model-based clustering algorithm, 423 
which may elucidate where to allocate efforts for ecotourism implementation. 424 
 425 
5.3. Factors relevant for assessing suitability of desert water-bodies for ecotourism 426 
 427 
The multi-statistics approach here used allowed the identification of key variables to 428 
assess ecotourism potential of desert water-bodies, such as water availability. Duration 429 
of standing water was previously found to be key for wildlife in desert contexts (Cooper 430 
et al., 2006), and greater areas with permanent water usually concentrate more species 431 
that appeal to the ecotourist, especially endemic species with high flagship potential 432 
(Vale et al., 2015). Particularly, they aggregate flocks of birds, highly appreciated by 433 
ecotourists and birdwatchers worldwide (Veríssimo et al., 2009; Veríssimo et al., 2014) 434 
that are frequently willing to spend considerable amounts of money to spot these 435 
flagship species (Steven, Castley, & Buckley, 2013). Thus, water availability should be 436 
considered in future assessments of ecotourism potential of water-bodies. 437 
Maximum temperature of the warmest month and vegetation were also identified as 438 
being  associated with suitability of water-bodies to ecotourism. Despite high 439 
temperatures in the peak of the hot season were not found to be relevant for recreation 440 
in temperate environments (Switzerland; Kienast et al., 2012), they may be considered 441 
in ecotourism activities in desert environments (e.g. in Mauritania). Likewise, 442 
vegetation is known to be an influencing factor for ecotourism development in non-443 
desert biomes (Dhami et al., 2014, 2017) and a key predictor of scenic attractiveness in 444 
an Australian region with savannahs and shrub lands (Chhetri & Arrowsmith, 2008), 445 
supporting its consideration in recreation and ecotourism potential assessments in all 446 
biomes. 447 
The potential observation of multiple habitats along the roads leading to the recreational 448 
sites was identified as influencing the ecotourism potential of water-bodies. This 449 
observation is supported by previous studies that found the number of different habitats 450 
in a line-transect influencing landscape appeal (Santarém et al., 2015). Particularly, 451 
agricultural patches around desert water-bodies add an increased value to the ecotourist. 452 
As ancient practices of agriculture in arid environments are reflected around these 453 
water-bodies (Cooper et al., 2006), agricultural land should be considered when 454 
assessing the potential of desert water-bodies for ecotourism development. 455 
The methodology explored herein found both distance-related variables (to roads and 456 
infra-structures) to be associated to the ecotourism potential of a site, which is 457 
particularly relevant for desert contexts (Weaver, 2001). Remoteness was recently found 458 
to be one of the most important criteria for ecotourism development for both visitors 459 
and ecotourism-experts (Dhami et al., 2017). Though Paracchini et al. (2014) found a 460 
positive correlation between remoteness level and recreation opportunity in Europe, in 461 
desert contexts, such as the Sahara-Sahel, characterised by poor road systems and 462 
hostile weather/environments (WEF, 2017), planners may wish to consider distance as a 463 
pivotal constrain to ecotourism development. Intermediate levels of distances to roads 464 
and supporting infrastructures can be considered, depending on ecotourists demands and 465 
territorial contexts (Nahuelhual et al., 2013). 466 
 467 
5.4 Traits of suitable water-bodies for ecotourism development 468 
 469 
The PCA discriminated three core groups of water-bodies with distinct traits that may 470 
be suitable for ecotourists with different demands. This has implications for ecotourism 471 
planners that want to maximize return-on-investment and that need to consider the 472 
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demands of distinct hard- and soft-types of ecotourists (Weaver, 2001, 2005). One 473 
group of water-bodies (green hull; Figures 2-3) exhibits several characteristics that may 474 
be ideal for the soft-ecotourist, which usually demands short trips with physical comfort 475 
and nearby services, and has moderate environmental commitment (Weaver, 2001, 476 
2005). These water-bodies are in proximity to cities with supporting infrastructures and 477 
display large water-surface areas with high water availability, where flagship species 478 
concentrate. 479 
The northernmost group of water-bodies (blue hull; Figures 2-3) recorded the highest 480 
air temperatures and topographic variations, and thus may be challenging to visit by the 481 
most common ecotourist. These water-bodies are apparently suitable for “hard-desert” 482 
ecotourists trying to obtain the highest return from the desert natural landscapes visited. 483 
Hard-ecotourists are usually looking for physical challenging environments, travel in 484 
small and specialized groups to regions with few if any services available, and have 485 
strong environmental commitment (Weaver, 2001, 2005). 486 
The third group of water-bodies (red hull; Figures 2-3) displays characteristics that are 487 
apparently less suitable for ecotourism development. These include low water-488 
availability, low agricultural and dunes-covered lands, and low number of flagship 489 
species, alongside the long distances from roads and supporting infrastructures. These 490 
water-bodies exhibit numerous IUCN threats, which may have implications for both 491 
biodiversity and ecotourists pursuing natural experiences in deserts. From the ten water-492 
bodies identified as biodiversity hotspots by Vale et al. (2015), we have here accessed 493 
half of them, and four out of these five water-bodies were identified to be less suitable 494 
for ecotourism development. The water-bodies within this group should be prioritized 495 
for reducing current threat levels before considering them for ecotourism development. 496 
 497 
6. Conclusions 498 
 499 
In addition to local support and benefit creation, ecotourism is highly dependent on 500 
natural areas, their biodiversity and the Human communities depending on their natural 501 
resources. Therefore, sophisticated approaches in the assessment and mapping of 502 
ecological environment are constantly needed in ecotourism planning. Here, a two-stage 503 
multivariate statistic was developed, which allowed grouping water-bodies according to 504 
their different characteristics for ecotourism development. Such grouping has 505 
implications for ecotourism planners and academics that need to tailor tourist visits 506 
according to the profiles of different ecotourists. As ecotourism planners may face 507 
different demands from distinct ecotourist types, this methodology helps maximizing 508 
return-on-investments and enhancing local economies. However, as these biodiversity 509 
rich sites often involve intrinsic cultural heritage values and local livelihoods there 510 
needs to be also careful ethical considerations involved with ecotourism developments 511 
and related research. The developed and proposed approach does not indicate where we 512 
should but where we could place tourism activities in an optimal situation.  513 
 514 
Thus, any approach to develop ecotourism in these water-bodies needs to be further 515 
contextualized and underline their specificities, as emphasised in this paper, to not 516 
deteriorate these fragile socio-ecological systems in touristic uses. By adding ecological 517 
and anthropogenic variables to biological data of water-bodies, the methodology 518 
presented here can provide a basic information where to optimally allocate investments 519 
for wildlife conservation and local development, while meeting different ecotourist 520 
demands. This is especially relevant in low-income countries and poor peripheral 521 
regions with high tourism potential that lack economic resources and conservation and 522 
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ecotourism investments. In this respect, policy makers might use the framework here 523 
provided to achieve the United Nations Sustainable Goals, particularly in what respect 524 
combating poverty while protecting biodiversity and key ecosystem services.525 
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