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Abstract
Ecological nichemodelling (ENM) is a powerful analytical approach for predicting species
distribution by elucidating their environmental requirements. The present study used theMaxEnt
approach, integrating high-resolution environmental data and extensive in situ observations, to
create habitat suitabilitymaps for 19 scorpion species in centralMorocco and assess the influence of
environmental variables on their distribution. Themodels demonstrate excellent predictive ability,
highlighted by area under the curve (AUC) values systematically greater than 0.9. Soil type emerged
as themost influential environmental variable for 74%of species, while the remaining taxawere
mainly affected by temperature annual range and annualmean temperature.Habitat suitabilitymaps
revealed distinct habitat preferences between species.H. gentili is a habitat generalist, showing a
broad predicted distribution covering 62%of the study area, whileA. bourdoni (0.14%),B. parroti
(0.13%),O. innesi (0.62%) andB. atlantis (0.55%) showed a very restricted prediction of suitable
habitats. This species-specific information on habitat conditions is essential not only to improve our
understanding of their ecology, but also to formulatemore effective public health strategies aimed at
reducing the frequency of scorpion envenomings inMorocco.

1. Introduction

Scorpions are considered to be among the oldest Chelicerate taxa, having evolved over 450million years ago.
Over 2,880 extant species are recognised so far,mainly from tropical and subtropical areas worldwide
(Rein 2025). A synapomorphy of scorpions is the presence of a venomapparatus on the postanal segment of the
abdomen,with some species capable of deliveringmedically significant stings. Envenomings bymedically
significant species of scorpions present a serious risk to life and are amajor cause ofmorbidity where they
occur, particularly for vulnerable victims, including children and the elderly (Santos et al 2016).

Morocco is home to one of the richest andmost diverse scorpion faunas inNorthAfrica and theMediterra-
nean region, characterised by a high degree of endemism and the presence of several species of significantmedi-
cal importance. To date, 68 species and subspecies of scorpions have been recorded inMorocco, divided into 12
genera and two families (Buthidae and Scorpionidae) (Touloun et al 2024). As a result of their abundance and
diversity, scorpion-led envenomings represent themain cause of incidents reported by theMoroccan Poison
andPharmacovigilance Centre (CAPM), with 15,527 cases documented across 37 provinces in 2022 (El
Oufir 2022).
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Four central regions ofMorocco aremost significantly impacted by scorpionismwithin the country. In
2022, 6,663 cases were reported from theMarrakech-Safi region (140 cases per 100,000 inhabitants), followed
by the Souss-Massa regionwith 3,711 cases (130 cases per 100,000 inhabitants), the BéniMellal-Khenifra region
with 2,282 (88 cases per 100,000 inhabitants), and theDrâa-Tafilalet regionwith 1,446 cases (86 cases per
100,000 inhabitants) (ElOufir 2022).

These epidemiological data underline the severity of scorpionism in centralMorocco.However, efforts to
effectively address thismajor health issue facemultiple obstacles. First,Morocco’s rich and diverse scorpion
fauna remains poorly studied in terms of geographical, toxicological and pathophysiological data (Elmourid
et al 2023). As a result, the development of a clear, spatially targeted prevention program remains problematic.
Second, the populationmost at risk from scorpionism consistsmainly of poor rural communities living far
fromhealthcare facilities (Chippaux 2020), thus leading victims to rely on traditional, often non-effective,miti-
gation practices (Touloun et al 2012, ElHidan et al 2015). Incidence of scorpionism in these communities is
likely to be substantially under-reported, thusmasking the true epidemiological incidence and severity of scor-
pion stings, and ultimately hampering the allocation ofmedical equipment and personnel resources. Third,
healthcare providers often lack training and resources to accurately identifymedically significant species, limit-
ing the development of standardized, species-specific clinicalmanagement protocols for sting victims (Ala-
hyane et al 2024). All these factors often result in delayed and inappropriatemedical care, increasingmorbidity
andmortality in envenomated patients, especially children (Chippaux andGoyffon 2008, Elmourid et al 2023).

The geographic distribution of scorpions is strongly influenced by their limited dispersal abilities (Pre-
ndini 2001, Sissom andHendrixson 2005, Bryson et al 2013). Indeed, the extent of a species’ range results from
the interaction between itsmobility and environmental factors that act as filters against this dispersal (Clobert
et al 2009). Due to their generally lowdispersal capacity, scorpionsmay face considerable challenges in coloniz-
ing new areas, struggling to expand their range beyond significant natural barriers or into areaswith unsuitable
environmental conditions (Lester et al 2007). As a result,many scorpion species have narrow, often endemic
ranges,making themhighly vulnerable to climate change. Ureta et al (2020) analysed the potential ranges of 24
widely distributed scorpion species inMexico, themost diverse country in terms of scorpion species, based on
current and future climate scenarios. Nine species showed clear positive changes in their distribution, including
three belonging to the genusCentruroides, known for theirmedical importance, which could expand their
distribution to densely populated areas, raising health concerns. Barroso et al (2025) concluded that climate
changewill significantly alter the distribution of scorpions belonging to themedically important genusTityus
in Brazil, leading to increased public health risks, particularly in urban environments. According to Lira et al
(2020), climate changewill have a significant impact on the distribution and composition of scorpion assem-
blages in northeastern Brazil, leading to a substantial reduction in potential distribution areas for specialized
and generalist species. These changes have important implications for potential interactions between humans
and scorpions, especially formedically important species. Kafash et al (2023) showed that climate changemay
expand the distribution range ofMesobuthus phillipsii, passing from20,839 to 79,212 km2 by 2070, nearly
quadrupling in size. In turn, this will increase the risk of envenoming by this scorpion in Iran.

To accurately predict and understand these complex patterns, particularly in the face of environmental
change, researchers are increasingly relying on sophisticatedmodelling approaches. Ecological nichemodels
(ENMs) can be used to elucidate correlations between environmental variables and the georeferenced presence
of species (Phillips et al 2006). Their predictive potential is greatly enhanced by their integration into geo-
graphic information systems (GIS) allowing for the in-depth spatial analysis of habitat suitability of various
organisms, including scorpions (Amado et al 2021, Kazemi et al 2021). This is proving particularly valuable to
understand their ecological preferences and to assess the suitability of different environments. This is essential
not only to guide future research efforts and informfield survey priorities, but also to provide decisive informa-
tion in the development ofmore targeted and effective strategies to address scorpionism. The relevance and
capacity of Ecological NicheModels (ENMs) to shed light on the ecology and distribution of scorpions have
beenwidely demonstrated, with themaximumentropy principle (MaxEnt) standing out as a suitable approach
to reveal the distinct environmental factors that critically appraise the habitat suitability, ecological patterns,
and geographic distribution of various scorpion species across different landscapes. Ghassemi-Khademi et al
(2022)predicted the ecological niche of Scorpio kruglovi in Iran by analysing eight uncorrelated bioclimatic
variables and scorpion occurrence data. The study concluded that precipitation seasonality, theminimum
temperature of the coldestmonth and precipitation of the coldest quarterwere themain contributors to the
model (24.2%, 20.1%, and 19% respectively). Hanafi-Bojd et al (2020) showed that themaximum temperature
of the hottestmonth is themost important factor for the distribution ofHemiscorpius lepturus in thewestern
localities of the ZagrosMountains in Iran, with a contribution of 43%. Brites-Neto andDuarte (2015) found
that the distribution ofTityus serrulatus inmainly constrained by precipitation (28.9%) and tree cover (28.2%)
while the range ofTityus bahiensis ismainly influenced by temperature (45.8%) and thermal amplitude
(12.6%). TheMaxEntmodel is an effective tool for predicting the habitat use and distribution of target species
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over awide range of geographical areas, evenwith sparse sampling data,mainly because it uses only presence
data that lackmost of the analyticalmethods of presence-absencemodels. This featuremakesMaxEnt particu-
larly suitable for nocturnal and elusive species such as scorpions, for which reliable absence data are regularly
inaccessible, inadequate or unreliable (Elith et al 2006, Phillips et al 2006, Baldwin 2009,Merow et al 2013, Xu
et al 2015).

This study presents habitat suitabilitymaps for 19 species ofMoroccan scorpions belonging to five genera
(Androctonus, Buthus, Hottentotta, Scorpio, and Orthochirus) and across five administrative regions of central
Morocco, based on a set of environmental variables, field data andGIS tools. Using high-resolution layers of
environmental predictors combinedwith a collection of georeferenced occurrence records obtained during
in situ observations, we applymaximumentropymodelling (MaxEnt) to develop ecological nichemodels
(ENMs) and explore how environmental variables influence the spatial distribution of speciesmodels and
determine the relative importance of these variables on their spatial distribution.

2.Material andmethods

2.1. Study area
The study area (from26°57′10.0″N, 11°46′57.1″W [southwest corner] to 33°28′46.8″N, 3°06′43.0″W
[northeast corner]; figure 1) comprises five distinct administrative regions in centralMorocco:Marrakech-Safi
(39,167 km2), Souss-Massa (53,789 km2), Guelmim-OuedNoun (46,108 km2), BeniMellal-Khenifra
(28,374 km2) andDrâa-Tafilalet (88,836 km2), for a total land surface of 256,274 km2 (36%of the country’s
total area) (ARM2015), with a humanpopulation estimated at 12,542,933 individuals, including 6,255,815
urban dwellers and 6,287,118 individuals inhabiting rural areas (HCP2024). This zone provides a habitat for
about 40% (n= 27) of theMoroccan scorpion fauna, including 18 endemic species (ElHidan et al 2016,
Touloun andMoudden 2021, Elmourid et al 2022).

The study area encompasses a complex bioclimatic gradient, covering all six bioclimatic zones found in
Morocco: Saharan, arid, semi-arid, sub-humid, humid and highmountain bioclimatic stages.However, sig-
nificant variations occur due to topographic diversity, ranging from the Tadla Plain (west of theMiddle Atlas),
theHaouz Plain (north of theHighAtlas), and the plains of Souss-Massa (situated between theHigh andAnti-
AtlasMountains), to the pre-Saharan desert fringes in the south (ONEM2020). The study area experiences a
range of annualmean temperatures, from approximately 2 °C (at the peaks of theHighAtlasMountains) to

Figure 1.Mapof the study area highlighting the five selected regions: BéniMellal-Khénifra,Marrakesh-Safi, Souss-Massa, Drâa-
Tafilalet, andGuelmim-OuedNoun.
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24 °C (in theDrâa-Tafilalet andGuelmim-OuedNoun regions).While averageminimum temperatures fluc-
tuate between−10 °Con theHighAtlasMountains peaks and 11 °C inGuelmim-OuedNoun, the average
maximum temperatures typically range fromunder 20 °C (peaks of theHighAtlasMountains) to over 44 °C
(Drâa-Tafilalet). Annual precipitations vary from less than 40mm (Guelmim-OuedNoun) to 770mm (Beni
Mellal-Khenifra), decreasing in particular from the north to the south (WorldClim.org 2024). CentralMorocco
has a remarkable diversity of ecosystems formed by the complex interaction between altitude (ranging from sea
level to 4,167mabove sea level), precipitation gradients, and geological substrates. This ecological diversity is
reflected in the diversity of the native flora. Among themost significant species,Holmoaks (Quercus rotundifo-
lia) are present in semi-arid and sub-humidmountainous areas, while argan trees (Sideroxylon spinosa) and
Barbary thuja (Tetraclinis articulata) occupy arid and semi-arid areas. Phoenician junipers (Juniperus phoeni-
cea) can be found on sand dunes in semi-arid environments and Spanish junipers (Juniperus thurifera) occupy
mountainous areas in semi-arid and arid bioclimates. Cade junipers (Juniperus oxycedrus) occur in the north-
west part of theHighAtlas, avoiding the arid and continental southwestern slopes of themountain chain.
Finally,Vachellia gummifera trees are found in arid and desert bioclimates (Benabid 1985, Rivas-Martínez et al
1986, Benabid and Fennane 1994, Benabid 2000).

2.2. Species occurrence data
Species occurrence informationwas collected over a three-year period in Souss-Massa andGuelmim-Oued
Noun (from June 2020 to June 2023) and over a one-year period inMarrakech-Safi andBeniMellal-Khenifra
(fromOctober 2021 toOctober 2022), plus oneweek inDrâa-Tafilalet (May 2024). Unverified recordswere
deleted.

As described in Salhi et al (2024), samplingwas conducted in situusing 16 cm stainless steel forceps. Suitable
areaswere searched by lifting stones, rocks, tree bark and litter. Burrows suspected of being occupied by scor-
pionswere dugwith a shovel to dislodge them.Nocturnal searches were conducted using ultraviolet lamps.
Surveyswere conducted in synanthropic habitats, abandoned dwellings and their surroundings, coastal zones,
dunes, steppes, forests and agricultural environments. Specimenswere identified using published identifica-
tion keys (Vachon 1952, Lourenço 2003, 2005, Lourenço andQi 2006).

In order to solve the issue of the limited number of observations for certain species (N< 5 forAndroctonus
bourdoni, Buthus draa, Buthus malhommei, Buthus parroti, Orthochirus innesi and Scorpio weidholzi), we have
integrated data from theGlobal Biodiversity Information Facility database (GBIF 2024) and iNaturalist (2024)
to supplement our specimen collection. Thismulti-source approach, combinedwith data extracted from the
scientific literature that could be geo-referenced, enabled us to increase the number of datapoints, thus improv-
ing the accuracy and the reliability of the habitat suitabilitymodel. All recordswere thoroughly checked for
taxonomicmisidentifications, inconsistencies in geographic location data or duplication. The final dataset
comprised 454 individual records across 19 species (table 1).

2.3. Environmental variables
Initially, a set of 27 environmental predictor variables was compiled for potential inclusion in the habitat
suitabilitymodel. These variables included: 19 bioclimatic variables, four topographic variables (elevation,
slope, aspect and roughness), LandUse / LandCover (LULC), NormalizedDifferenceVegetation Index
(NDVI), NormalizedDifferenceMoisture Index (NDMI) and soil type (table 2).

The 19 bioclimatic variables used as environmental predictors in this studywere retrieved from theWorld-
Climonline database, Version 2 (WorldClim.org 2024) (Hijmans et al 2005, Fick andHijmans 2017). These
continuous environmental layers were obtained at a spatial resolution of 30 s (∼1 km2). Concerning topo-
graphic variables, the elevation data (continuous variable)was derived from the Shuttle Radar Topography
Mission (SRTM) (Farr et al 2007), which provides global topographic data with a spatial resolution of 30
meters. The remaining topographic variables, aspect (continuous), roughness (continuous) and slope (catego-
rical), were calculated from the elevation data using raster terrain analysis inQGIS 3.16.15. The slope raster was
categorized into five distinct classes, as inUNEP (1997). The categorical variables, soil type and LULC,were
obtained from the Food andAgricultureOrganization of theUnitedNations (FAO/UNESCO1979,
FAO2024). Finally, theNDVI and theNDMIwere calculated using Sentinel-2 satellite imagery (ESA 2024)
with the following formula:

( ) ( )/= +NDVI NIR Red NIR Red

( ) ( )/= +NDMI NIR SWIR NIR SWIR

Where:
NIR=Near-Infrared band
Red=Red band
SWIR= Short-Wave Infrared band
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The data sources for all the above-mentioned environmental variables are provided in appendix 1.
Environmental predictors, such as bioclimatic variables, rely on temperature and rainfall data, which can

lead to high correlations between specific variables (Hijmans et al 2005).When these environmental variables
exhibit strong correlations andmulticollinearity, it can causemodel overinflation, thereby reducing the

Table 1.Occurrence record counts for the 19
scorpion species selected for the ecological niche
modellingwithin centralMoroccan region.

Species Number of records

Androctonus bourdoni 9

Androctonus mauritanicus 55

Androctonus Sergenti 7

Androctonus amoreuxi 39

Androctonus liouvillei 15

Buthus atlantis 29

Buthus draa 20

Buthus elmoutaouakili 38

Buthus lienhardi 32

Buthus malhommei 7

Buthus mardochei 26

Buthus paris 20

Buthus parroti 7

Buthus boumalenii 14

Buthus mariefranceae 11

Hottentotta gentili 57

Orthochirus innesi 9

Scorpio mogadorensis 47

Scorpio weidholzi 12

Total 454

Table 2.Environmental variables initially considered for habitat suitabilitymodelling. The ten variables retained for the
models after themulticollinearity analysis are underlined.

Code Category Variable name Resolution Period

BIO1 Bioclimatic AnnualMeanTemperature ∼1 km 1970–2000

BIO2 MeanDiurnal Range ∼1 km 1970–2000

BIO3 Isothermality ∼1 km 1970–2000

BIO4 Temperature Seasonality ∼1 km 1970–2000

BIO5 MaxTemperature ofWarmestMonth ∼1 km 1970–2000

BIO6 MinTemperature of ColdestMonth ∼1 km 1970–2000

BIO7 Temperature Annual Range ∼1 km 1970–2000

BIO8 MeanTemperature ofWettestQuarter ∼1 km 1970–2000

BIO9 MeanTemperature ofDriestQuarter ∼1 km 1970–2000

BIO10 MeanTemperature ofWarmestQuarter ∼1 km 1970–2000

BIO11 MeanTemperature of ColdestQuarter ∼1 km 1970–2000

BIO12 Annual Precipitation ∼1 km 1970–2000

BIO13 Precipitation ofWettestMonth ∼1 km 1970–2000

BIO14 Precipitation ofDriestMonth ∼1 km 1970–2000

BIO15 Precipitation Seasonality ∼1 km 1970–2000

BIO16 Precipitation ofWettestQuarter ∼1 km 1970–2000

BIO17 Precipitation ofDriestQuarter ∼1 km 1970–2000

BIO18 Precipitation ofWarmestQuarter ∼1 km 1970–2000

BIO19 Precipitation of ColdestQuarter ∼1 km 1970–2000

— Topographic Elevation 30m 2000

— Aspect 30m 2000

— Roughness 30m 2000

— Slope 30m 2000

— Pedological Soil Type Resolution-independent 1978

LULC Land surface land use / land cover Resolution-independent 2005

NDVI Spectral indices NormalizedDifferenceVegetation Index 10m 2023

NDMI NormalizedDifferenceMoisture Index 10m 2023

5

Environ. Res. Commun. 8 (2026) 025008 F Salhi et al



accuracy of habitat suitabilitymodels (Dormann et al 2007). To reduce the negative impact onmodel accuracy,
a correlationmatrix was created for the 27 selected environmental raster layers using the r.covarGRASSmod-
ule inQGIS 3.16.15.During this process, variables exhibiting high correlationwere assessed (|r| > 0.7) (Dor-
mann et al 2013), and only one variable from each highly correlated pair was retained, ensuring that no
remaining variables in the dataset were highly correlated.Ultimately, 10 environmental variables were selected
for the construction of the habitat suitabilitymodels: BIO1, BIO7, BIO12, BIO15, aspect, slope, soil type,
LULC,NDVI andNDMI (underlined in table 2).

All rasters of environmental variables were resampled to a common spatial resolution of approximately
1 kmand clipped to the same spatial extent to ensure uniformity. These layers were then converted to theASCII
format. Resampling, clipping, and raster conversionwere carried out usingQGIS.

2.3.1. Modelling approach and evaluation of model performance
MaxEnt version 3.4.4 (Phillips et al 2006, Phillips andDudík 2008)was used based on 454 single records from
19 species of scorpions and the 10 aforementioned environmental variables. The predictive accuracy ofMaxEnt
is highly influenced by the choice of feature types and the tuning of regularisation parameters (Phillips et al
2006, Phillips andDudík 2008). Duringmodel construction,MaxEnt provides several possible feature classes,
including linear (L), quadratic (Q), product (P), threshold (T), and hinge (H) features. Here, we used the ‘auto
features’ setting, which automatically determines the appropriate feature set according to the number of species
occurrence records, following empirically based guidelines (Phillips et al 2006, Phillips andDudík 2008). This
approach limits the range of feature types appliedwhen dealingwith smaller datasets. Specifically, all feature
classes are enabledwhen there are 80 ormore training records. For datasets containing 15–79 records, the
model employs linear, quadratic, and hinge features; for 10–14 records, only linear and quadratic features are
included; andwhen fewer than 10 presence points are available, themodel uses only linear features (Phillips
et al 2006, Phillips andDudík 2008). The default regularization parameters ofMaxEntwere chosen, as they have
been shown to be effective andwell-suited for awide range of presence-only datasets (Phillips et al 2006, Phillips
andDudík 2008). These default settingswere established based on evaluations of a diverse dataset comprising
226 species from six regions of theworld including birds,mammals, plants, reptiles and amphibians (Phillips
andDudík 2008).

TheMaxEntmodel was configuredwith 20 replicates, and the (Elith et al 2011)methodwas selected as the
replicated run type, using amaximumof 500 iterations and 10,000 background points. Seventy percent of the
occurrence points were allocated for training themodel, while the remaining 30%were reserved for testing.
This partitioning approachwas consistently applied across allmodel runs. The random seed optionwas cho-
sen, and all other parameters in the settings panel weremaintained at their default values (Phillips and
Dudík 2008). The cloglog output format (Phillips et al 2017)was used for allMaxEnt runs, producing a con-
tinuousmapwhere grid cell values (ranging from0 to 1) indicate the probability of suitable environmental
conditions for the target species. The final outputwas calculated as the average of all 20 runs.

The habitat suitabilitymapswere generated individually for each species using species-specific ecological
nichemodels. Thesemaps illustrate the spatial distribution of suitable habitats across the study area, with suit-
ability values represented by a colour gradient ranging from low (blue) to high (red). Geographic landmarks,
including theHighAtlas,Middle Atlas andAnti-Atlasmountain ranges, were used as spatial reference points.
Areaswithwarmer colours indicate environmental conditions favourable to the species’ ecological require-
ments, while cooler colours denote less suitable or unsuitable conditions.

To estimate the surface area of suitable habitats for each species and to generate a species richnessmap for
the study area, continuous habitat suitabilitymapswere converted into binary presence–absencemaps using
theminimum training presence threshold.

Percent contribution tables generated byMaxEntwere used to assess the relative contributions of each
environmental variable to the species distributionmodels (Phillips 2005, Phillips et al 2006). Additionally, a
jackknife test was conducted to further evaluate the influence andweight of each predictor variable (Phillips
et al 2006). In this test, each variablewas first excluded and then used in isolation to create separatemodels.
These jackknifemodels were then compared to amodel incorporating all predictor variables to identify the
variablewith the highest gainwhen used alone and the variable whose omission resulted in the greatest decrease
in gain.

TheAreaUnder theCurve (AUC) of theReceiverOperatorCharacteristic (ROC) plot was used to evaluate
the discriminatory power and performance of themodels (Fielding andBell 1997, Pearce and Ferrier 2000,
Phillips andDudík 2008). TheAUCvalues range from0 to 1, where a value of 0.5 indicatesmodel performance
no better than random, and a value of 1 represents perfect discrimination (Swets 1988, Fielding andBell 1997,
Phillips et al 2006). To assessmodel performance, the following criteria were applied: AUC> 0.9 indicates
excellent performance, 0.8–0.9 very good performance, 0.7–0.8 good performance, 0.6–0.7 fair performance,
and values� 0.6 suggest poor performance (Swets 1988,Duan et al 2014,Mouafo et al 2023).
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In addition to theAUC,model performancewas evaluated using theTrue Skill Statistic (TSS), a threshold-
dependentmetric that is widely applied in species distributionmodelling (Allouche et al 2006). The True Skill
Statistic was calculated as:

= +TSS Sensitivity Specificity 1

TheTSS ranges from−1 to+1 (Allouche et al 2006), where values� 0 indicate predictive performance no
better than random, and a value of+1 reflects perfect agreement between predicted and observed presences
and absences. TheTSS accounts for both omission and commission errors (Allouche et al 2006), providing a
balanced assessment ofmodel performance.

Model performancewas evaluated separately for each species. Consequently, theAUC andTSS values
reported in the Results section represent the performance of individual species-specificmodels.

3. Results

3.1. Analysis ofmodel performance and variable contributions
The species distributionmodels built usingmaximumentropy (MaxEnt) demonstrated high predictive
performance. This is confirmed by consistently high area under the curve (AUC) values (>0.9), and low
standard deviations for both training and test datasets, in allmodels, with values very close to 1 formany
species, as in the case ofB. parroti [AUC= 0.999± 0.0028 SD]. This indicates a strong ability to distinguish
suitable fromunsuitable habitats for target species. Based on the True Skill Statistic (TSS), 17 out of the 19
scorpion species (≈89.5%) exhibited TSS values greater than 0.5, indicating generally robustmodel
performance. For these species, TSS values ranged from0.554 to 0.962, reflectingmoderate to excellent
predictive accuracy.Only two species (Buthus parroti andHottentotta gentili) recordedTSS values below 0.5,
indicating limitedmodel reliability. Overall, the results suggest that themajority of species distributionmodels
effectively discriminated between suitable and unsuitable habitats.The specific AUCandTSS values obtained
for each of the 19 scorpion species examined in this study are presented in table 3.

Figure 2 shows the relative contributions of the selected variables to theMaxEntmodels, indicating that the
soil type is themain variable influencing themodels of themajority of scorpion species studied (74%). In
contrast, temperature annual range constitutes the primary influential variable forB. atlantis,B. mardochei,B.
mariefranceae, and S. mogadorensis, and the annualmean temperature constitutes the primary influential vari-
able forO. innesi.

Jackknife tests performed onMaxEntmodels (figure 3) largely corroborated the variable contribution ana-
lyses. Soil type, whenused in isolation, exhibits the highest gain for themajority of the examined scorpion
species (n= 13). Conversely, the omission of soil type resulted in the greatest reduction inmodel gain for a
significant number of species (n= 11), highlighting its importance. For the remaining species, the variables

Table 3.Performance evaluation ofMaxentmodels for the
19 studied scorpion species usingAUCandTSS (True Skill
Statistic)metrics.

Species AUC± SD TSS

Androctonus amoreuxi 0.96± 0.0296 0.761

Androctonus bourdoni 0.9989± 0.0034 0.554

Androctonus liouvillei 0.9772± 0.0468 0.881

Androctonus mauritanicus 0.9621± 0.027 0.705

Androctonus sergenti 0.9918± 0.0097 0.690

Buthus atlantis 0.9982± 0.0017 0.962

Buthus boumalenii 0.9549± 0.0439 0.831

Buthus draa 0.9459± 0.0457 0.654

Buthus elmoutaouakili 0.9903± 0.0061 0.949

Buthus lienhardi 0.981± 0.0249 0.819

Buthus malhommei 0.9936± 0.0786 0.709

Buthus mardochei 0.9951± 0.0073 0.905

Buthus mariefranceae 0.989± 0.0146 0.874

Buthus paris 0.9931± 0.0163 0.621

Buthus parroti 0.999± 0.0028 0.373

Hottentotta gentili 0.9338± 0.0451 0.368

Orthochirus innesi 0.9821± 0.0249 0.894

Scorpio mogadorensis 0.9821± 0.0157 0.834

Scorpio weidholzi 0.9877± 0.0444 0.633
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Figure 2. For each of the 19 scorpion species, the relative contributions of selected environmental variables to theMaxEntmodels are
shown. The bars represent the proportional influence of each variable on the predictive performance of themodels.

Figure 3. Jackknife analysis of variable significance defined by regularized training gain. The plots illustrate how each environmental
variable affects the gainwhen used alone or excluded.
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with the highest gainwhen used in isolation are temperature annual range forB. atlantis,B. mariefranceae, and
S. mogadorensis, precipitation seasonality forB. parroti, annualmean temperature forO. innesi, and LULC for
S. weidholzi. Conversely, the variables that decrease the gain themostwhen omitted are temperature annual
range forB. atlantis andB. mariefranceae, NDVI forA. liouvillei,B. draa, andO. innesi, LULC forB. mardochei
andH. gentili, and precipitation seasonality forB. parroti.

3.2.Habitat suitabilitymodelling
The habitat suitabilitymodels predicted considerable interspecific differences in the spatial distribution of
suitable areas for each of the 19 species with someniche overlaps (figures 4 and 5).Hottentota gentiliwas
identified as the onlymain habitat generalist, exhibiting awide predicted distribution covering 62%of the
study area including the coastal Anti Atlas, the southern flanks of theHighAtlas, the small Jbiletsmountain
range north of theHigh-Atlas, theUpperDraa, andwithin theGuirValley of the eastern desert. Several species
showed intermediate predicted distributions [B. lienhardi (11.9%), S. mogadorensis (12.55%), B. boumalenii
(16.76%),A. amoreuxi (18.67%),B. draa (25.26%) andA. mauritanicus (25.93%)]. Among these,A.
mauritanicus, with the broadest estimated habitat suitability in this category, indicates potential presence along
theAtlantic coastline fromSafi to Essaouira, within part of theHaouz Plain and in theM’Goun valley on the
southern flank of the centralHighAtlas.B. parroti (0.13%),A. bourdoni (0.14%),B. malhommei (0.50%),B.
atlantis (0.55%),O. innesi (0.62%),B. mardochei (2.32%),A. sergenti (2.41%),B. paris (2.74%), S. weidholzi
(3.10%),B. mariefranceae (3.48%),B. elmoutaouakili (5.16%) andA. liouvillei (5.9%) showed a highly restricted
predicted suitable habitat.A. amoreuxi,A. liouvillei, B. boumalenii andB. draa displayed significant niche
overlap, suggesting a preference for the eastern regions of theAtlasMountain ranges.However, while bothA.
amoreuxi andB. draa showed a high degree of habitat suitability in the easternMiddle-Draa valley, themodel
projects thatA. amoreuxi additionally displays high suitability in the Bas-Draa and easternGuir valleys, whileB.
boumalenii andA. liouvillei are characterized by smaller,more fragmented areas of potential suitability within
the easternHighAtlas.

A comparable distribution pattern is predicted for S. weidholzi,B. malhommei, andB. paris, all clustered in
theHaouz Plain and thewestern flanks of the centralHighAtlas. Despite S. weidholzi andB. paris having a
broader area of suitable habitat (3.1% and 2.74% respectively) compared toB. malhommei (0.5%), all three
species showmodelled differences in their spatial preferences within suitable areas. Although S. weidholzi
shows a high probability of habitat suitability in thewesternMiddle Atlas,B. paris appears to favour the north-
western foothills of the centralHighAtlas, whileB. malhommei shows higher suitability to the north, towards
the Jbiletsmountain range. A parallel observationwasmadewithB. mardochei and S. mogadorensis, themodels
suggest both species find optimal conditions on the Souss plain and in the coastal area between Safi andAgadir,
except that the predicted range of S. mogadorensis extends southwards towardsOuedMaFatma (located south
of BenKhlil) and eastwards into theAnti-AtlasMountains.

A similar pattern occurs withB. elmoutaouakili,B. mariefranceae, andA. sergenti, all three exhibiting over-
lapping predicted distributionswithin the coastal Anti-Atlas, althoughB. elmoutaouakili demonstrates the
highest potential suitability (5.16%), followed byB. mariefranceae (3.48%) andA. sergenti (2.41%). Interest-
ingly,B. elmoutaouakili andA. sergenti are predicted to be largely confined to the slopes of theAnti-Atlas
Mountains, whileB. mariefranceae displays high habitat suitability in the coastal Draa andBas-Draa regions. In
contrast, other species exhibit distinct and different habitat associations. For example,O. innesi shows highest
suitability in the desert regions of easternMorocco and theMiddle-Draa, whileB. lienhardi appears associated
with to theMoroccan high-mountain fauna, inhabiting the slopes of the central and northernHighAtlas. The
model forB. atlantis is restricted to theAtlantic coastal areas, ranging fromEssaouira toAglou. A similar con-
trast of habitat segregation is suggested betweenA. mauritanicus andB. boumalenii, potentially occupying the
western and easternHighAtlas flanks, respectively.

3.3. Species richnessmap
Themapof potential species richness (figure 6), derived fromhabitat suitabilitymodels for 19 scorpion species,
indicates a significant and spatially heterogeneous distribution across centralMorocco. Themodelled
landscape is predominantly characterized by predicted low species richness (0–4 species), covering
approximately 65.79% (161,149 km2) of the area, whilemoderate richness (5–10 species) is predicted over
32.62% (79,899 km2). Notably, areas of high species richness (11–16 species) appear rare, constituting only
1.59% (3,897 km2) of the study region. These potential biodiversity hotspots appear geographically
concentrated in the Souss plains (including theChtouka andTiznit plains), the Sidi Ifni Province in thewestern
Anti-Atlas, the Atlantic coastal areas of the Essaouira Province, and the Saharan bioclimatic zones of the
Errachidia andZagora Provinces.
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4.Discussion

In this study, we compiled scorpion occurrence data and relevant environmental covariates tomodel habitat
suitability across centralMorocco, encompassing the administrative regions ofMarrakech-Safi, Souss-Massa,
Guelmim-OuedNoun, BeniMellal-Khenifra, andDrâa-Tafilalet. The analysis aimed to elucidate the ecological
determinants shaping scorpion distributions, revealing the predicted range of 19 taxa in this diverse
biogeographic zone. Understanding the key environmental variables that have the greatest influence on

Figure 4.Predicted habitat suitability for scorpion species in centralMorocco usingMaxEntmodelling (Part 1). Photographic
Credits: (b), (d), (e), (h), (j) by Fouad Salhi; (a), (f), (i) byAbderrafea Elbahi; (c) byVojtěchVíta; (g) byMax Prins.
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scorpion distribution patterns in centralMorocco is crucial, since this region exhibits the highestmortality rate
due to scorpionismwithin the country. For instance, in 2022, 93%of all scorpion-related fatalities documented
byCAPMoccurred in centralMorocco (ElOufir 2022).

4.1.Methodological challenges and ecological constraints inmodelling scorpion habitat suitability
TheMaxEntmethod has become themostwidely used approach for analyzing geographic distribution data in
recent years, primarily valued for its robust ability to utilize presence-only data (Aldana 2017), and has proved
highly effective in determining habitat use and species distribution for a variety of taxa (Baldwin 2009). Its
application to elusive taxa such as scorpions offers valuable insights into their distribution patterns and the
environmental factors that shape them, particularly in ecologically complex regions.However, despite its
advantages and growing popularity, the use ofMaxEnt to predict scorpion habitat suitability is not free from
inherent limitations, bothmethodological and ecological. Among the problems faced in thismodelling context
is the small number of occurrence records (in some cases< 10); this is a critical limitation to consider when
interpreting themodels obtained, as previous research has shown thatmodels based on small samples can be
uncertain (Pearson et al 2007,Wisz et al 2008). Here, this specific limitation applies to four of the 19 species
modelled (while nine species weremodeledwithmore than 20 records of presence). Therefore, we should
interpret the results forA. sergenti (N= 7),B. malhommei (N= 7),A. bourdoni (N= 9) andB. parroti (N= 7)
with some caution.We acknowledge that our use of bootstrap randompartitioning, rather than spatial block

Figure 5.Predicted habitat suitability for scorpion species in centralMorocco usingMaxEntmodelling (Part 2). Photographic
Credits: (a), (b), (d), (e), (g), (i), (j) by Fouad Salhi; (f), (h) byAbderrafea Elbahi; (c) byArtur Tomaszek.
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cross-validation,may theoretically result in optimistic performance estimates due to residual spatial
autocorrelation.However, the choice of evaluation strategy involved a trade-off betweenminimizing spatial
bias andmaximizingmodel stability given the data scarcity (N< 30 for 68%of species). Strict spatial
partitioning on such small datasets creates a high risk of ‘environmental truncation,’ where training folds fail to
capture the full environmental range of the species, leading to artificially high variance (Roberts et al 2017,
Chevalier et al 2021). Tomitigate the impact of sampling bias and spatially clustered data, we integrated
occurrence records fromGBIF (2024) and iNaturalist (2024) to supplement our specimen collection. This
integration improves the spatial and environmental representativeness of the training data, reducing the
likelihood of themodel learning from localized sampling artifacts (Beck et al 2014). Furthermore, we relied on
the regularization provided byMaxEnt’s ‘Auto Features’ setting. By restrictingmodel complexity to simple
feature classes (Linear/Quadratic) for small sample sizes, we prevented themodel fromfitting complex
responses to spatial clusters (Phillips andDudík 2008,Merow et al 2013). Consequently, our validationmetrics
(AUCandTSS) should be interpreted as an assessment of themodel’s internal consistency and ability to
interpolatewithin the calibrated region (Bahn andMcGill 2013).

Despite these limitations, themodels demonstrated high predictive performance and stability. The con-
sistently low standard deviations for AUCacross bootstrap replicates (e.g.,B. parrotiAUC= 0.999± 0.0028
SD) indicate that themodels are robust to perturbations in the training data, arguing against overfitting. This is
further corroborated by the Jackknife tests, which identified Soil Type as the highest gain variable for themajor-
ity of species (n= 13). The dominance of a proximal, physical predictor (soil type) over complex climatic
variables indicates that themodels are responding to direct environmental constraints rather than overfitting to
spatial climatic artifacts (Austin 2007, Elith and Leathwick 2009).

The nocturnal and cryptic nature of scorpions, often occurring in lowdensities or in very specificmicro-
habitats, and by the characteristics of the environments they occupy represent additional challenges. Some of
the species included in this study have a knowndistribution exceeding the focus study area (i.e.,A. maur-
itanicus,A. amoreuxi,A. liouvillei,B. mariefranceae). Taking their range in their entirety,might influence the
models we obtained. For example,A. amoreuxi shows false absences in parts of its known range located in the

Figure 6.Mapof scorpion species richness inCentralMorocco based onMaxEntmodelling.

12

Environ. Res. Commun. 8 (2026) 025008 F Salhi et al



southeast of the study area (Ythier and Lourenço 2022). Thismodelling approximation stems from the lack of
occurrence data fromkey areas such as AlMahbes and Labouirat, which led it tomisclassify suitable habitats as
unsuitable. This highlights the sensitivity of presence-onlymodels to spatial sampling gaps as an important
limitation.Without adequate coverage of the species’ full environmental and geographic range,modelsmay fail
to detect suitablemicrohabitats and underestimate true distribution.

Finally, one limitation of this study is the temporalmismatch between the bioclimatic variables used
(1970–2000) and the occurrence records (2005–2024). This issue is common in ecological nichemodeling, as
most high-resolution climate datasets—such asWorldClim—are based on historical climate averages due to
the lack of globally consistent, up-to-date alternatives. Despite this, these datasets remainwidely used in species
distributionmodeling, including for scorpions inMorocco (ElHidan et al 2018). Furthermore, we consider the
1970–2000 baseline ecologically appropriate because scorpions are known for their extremely low dispersal
ability and strong site fidelity (Polis 1990). Unlike highlymobile taxa, scorpions often occupy stable, relictual
ranges that have persisted over long evolutionary periods (Lourenço 2018). As such, their current distributions
are likely to reflect long-term climatic stability rather than short-termvariability,making the use of historical
climate layers justifiable.

Ultimately, themodel predictions used in our study identify areas of optimal habitat suitability for each
species, rather than guaranteeing their actual presence. Crucially, these potential distributions, while informa-
tive, aremodulated by factors not explicitly incorporated into themodel, such as biotic interactions (competi-
tion, predation), trophic resource availability, dispersal capacities and barriers, as well as localmicroclimates,
all of whichmay significantly influence actual species presence and colonization (Pulliam 2000,Hirzel and Le
Lay 2008). Consequently, the acquisition of comprehensive data relating to these ecological factors and their
incorporation into future investigationswould significantly refine our understanding of their differential influ-
ence on each species. Such an approach could also reveal additional, hitherto unidentified determinants that
modulate habitat preferences and specific distribution.

4.2. Key variables influencing scorpion ecological niches
In the context of previous scorpion-related investigations, the factors contributing to themodelling of species
distribution (SDM) appear to be species-specific, reflecting the unique ecological requirements and
physiological tolerances of each species. For instance, while precipitation seasonality was a key factor explaining
79%of the distribution ofApistobuthus susanae in southern Iran (Kazemi et al 2021), the altitude, slope, and
climatic factors weremore influential forAndroctonus species distribution inMorocco (ElHidan et al 2018).
Evenwithin the same genus, results fromMaxEntmodels highlighted contrasting patterns. For example,
Mirshamsi (2013) found thatmean temperature of thewettest quarter was important (27.9%) forMesobuthus
eupeus distribution, while precipitation of thewarmest quarter was an important distribution driver (34.8%)
forMesobuthus phillipsii in the Zagros region of Iran. These contrasts suggest that even closely related species
might have different ecological niches and sensitivity to climatic parameters. In Iran, the habitat suitability of
Odontobuthus doriaewas impacted by the soil type,mean temperature of thewettest quarter, and slope, while
the distribution of Scorpio mauruswas linked to the soil type, precipitation of the coldest quarter and slope
(Haghani et al 2020).

Our results alignwith these patterns but emphasize the dominance of substrate. Our analysis indicated that
soil type acts as the primary predictor associatedwith the distribution patterns for a substantialmajority (74%)
of the scorpion species studied. The prominence of this stable, proximal predictor (substrate) over distal cli-
matic variables reinforces the robustness of themodels, suggesting they capture fundamental physical con-
straints rather than transient climatic correlations (Prendini 2001, Austin 2002). Our findings indicate that
scorpion populations show the highest habitat suitability in four specific soil classifications: loam, sandy loam,
clay loam, and sandy clay loam.Conversely, substrates consisting of clay, heavy clay, or silt loamappear least
suitable. This can be explained by the physical characteristics of these soil types, which likely impede burrowing
andmoisture regulation, both of which are critical aspects of scorpion ecology. This underscores the critical
role of the physical environment and aligns stronglywith the foundational work of Lamoral (1978) and El
Hidan et al (2017), who proposed that the nature of the substrate is the principal factor influencing scorpion
biogeography.

While ElHidan et al (2017), classified 14 species into three distinct classes according to their favoured sub-
strate [1) sandy systems (B. occitanus, B. mardochei, B. lienhardi, B. elmoutaouakili and B. bonito); 2) loamor
sand-clay loam soils (B. paris, B. draa, B. boumalenii, B. mariefranceae andB. atlantis); 3) habitat generalists
(A. mauritanicus, A. amoreuxi, A. liouvillei andH. gentili)], our study suggests amore nuanced habitat speciali-
zation. Themodels characterize six species (A. amoreuxi, A. liouvillei, B. draa, B. lienhardi, B. boumalenii, and O.
innesi) as having a strong associationwith loam substrates. This preference is likely due to the fact that silt and
clay particles play a crucial role in conservingmoisture, a crucial aspect for the survival of these species in arid
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and semi-arid zones. Although other species are not strictly limited to loam, they nevertheless show strong
habitat suitability for substrates consisting exclusively of loamor combinations containing loam (A. sergenti:
sandy clay loam;A. bourdoni andB. atlantis: loamor sandy loam;B. malhommei,B. paris and S.weidholzi: loam
or clay loam;B. elmoutaouakili: sandy loamor sandy clay loam). Others,more generalist species show some
preferences for certain substrates (A. mauritanicus: loam, clay loam and sandy loam;B. mardochei,H. gentili,B.
mariefranceae, B. parroti, and S. mogadorensis: loam, sandy loam and sandy clay loam).

While our results (percent contribution analysis) suggest that soil type is a fundamental factor in the geo-
graphic distribution of 14 species, other variablesmay explain the distribution of five species. Specifically, cli-
matic factors, notably the annual temperature range, were identified as themain factors contributing to the
habitat suitability patterns ofB. atlantis, B. mardochei,B. mariefranceae and S. mogadorensis, whereas S. weid-
holzi appearedmainly affected by the annualmean temperature.

Lira et al (2018, 2019) found that precipitation and temperature affect the distribution of scorpions in the
neotropical forests of northeastern Brazil. In addition, Ghassemi-Khademi et al (2022) revealed that the season-
ality of precipitation and theminimum temperature of the coldestmonthwere the twomost important limit-
ing factors shaping the ecological niche of the scorpion Scorpio kruglovi in Iran. In our study, only four of the 19
species studied have a distribution strongly influenced by bioclimatic factors, all of which are distributed close
to theAtlanticOcean.B. atlantis shows strong habitat suitability in theAtlantic coastal zones betweenEssaouira
andAglou, suggesting the species’ adaptation tomilder,more humid conditions, with a lower temperature
annual range characteristic of coastal zones.B, mariefranceae thrives further south, on the edges of the Sahara
Desert, where the temperature annual range is not asmarked, withmilderwinters, low daylight hour amplitude
throughout the year (latitudinal effect) and repressed summers through the influence of the coldCanary cur-
rent. In contrast, the range of S. mogadorensis extends eastward, deep into theAnti-AtlasMountains. Thismay
be due to its ability to dig very deep burrows (Salhi et al 2024), artificially reducing the extreme temperature
annual range by creating amild and stablemicroclimate that buffersmacro-climatic extremes. The distribution
ofB. parroti showed a strong associationwith the precipitation seasonality, indicating a dependence on humid-
ity, at least for parts of the year, to overcome the environmental stresses of the high temperatures and prolonged
seasonal drought of the arid Souss plain.While the proximity of theAtlanticOcean exerts amoderating influ-
ence on the coastal plain, notably by increasing ambient humidity, the decisive behavioural adaptation for the
species’ persistence in this environment, like S. mogadorensis, seems to be its ability to build deep burrows. S.
weidholzidistinctly exhibited a strong correlationwith LULC, underscoring its pronounced sensitivity to land
use and changes in land cover.While theHaouz Plain has been identified as an area of high potential suitability
for S. weidholzi, it has recently undergone significant environmental degradation. This is evidenced by a decline
in permanent tree cover from2019 to 2022 (Ablila et al 2024) and significant soil erosion, with 19.01%of the
plain confronting severe losses (>26 tonnes /ha/year) in 2020 (Bammou et al 2024). Such soil degradation and
compactionmay critically impact the fossorial habits of S. weidholzi, likely leading to significant population
declines and rendering theHaouz Plain an increasingly challenging environment. Conversely, the less inten-
sivelymanagedwestern slopes of the centralHighAtlas represent another vital area exhibiting high, and poten-
tiallymore stable, habitat suitability for this species.

4.3.Habitat suitability
Our approach, based on ten environmental indicators, largely alignswith and extends the findings of ElHidan
et al (2018) regarding the distribution ofmembers of the genusAndroctonus. Ourmodel identifies eastern
Morocco and adds the Bas-Draa region as potentially highly suitable areas forA. amoreuxi, a species adapted to
arid and Saharan climates. Similarly, our results forA. liouvillei suggest a high suitability in eastern arid and
Saharan regions associatedwith soil type, LULC, and temperature annual range.We further observe a predicted
preference ofA. mauritanicus for semi-arid areas, including theAtlantic coast fromSafi to Essaouira, part of the
Haouz Plain, and identify theM’Goun valley on the southern flank of the centralHighAtlas as highly suitable,
where its presence appears associatedwith soil type, LULC, andNDVI.

H. gentili showed thewidest predicted distribution (62%of the study area). Sousa et al (2011) report its
presence across a broad range exceeding our study area, encompassing diverse altitudes and climates from the
High/Anti-AtlasMountains to Saharan plains. This suggests thatH. gentili exhibits significant ecological flex-
ibility across semi-arid, and Saharan climatic conditions.B. parroti,A. bourdoni,B. malhommei,B. atlantis and
O. innesi present very restricted predictions of suitable habitats representing less than 1%of the total study area.
(0.13%, 0.14%, 0.50%, 0.55%and 0.62% respectively). Such constrained distributions suggest a pronounced
adherence to specific ecological niches. B. parroti displays the smallest predicted distribution, suggesting con-
siderable habitat specialization influenced by precipitation seasonality, soil type, and LULC.Changes in LULC
may be an important limiting factor potentially leading to the contraction of the habitat of this burrowing
species in the Souss plain, where farming activities have dramatically increased in recent years (BenAttou and
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Semmoud 2014). Habitat suitabilitymodelling forA. bourdoni predicts a potential geographic distribution
consistent with its known range, primarily confined to the Souss plain and the southern flanks of thewestern
HighAtlas (Ythier and Lourenço 2022). This species exhibits a highly restricted predicted distribution, similar
toB. parroti, driven largely by associations with soil type, precipitation seasonality and temperature annual
range. A cursorial (as opposed to burrowing) scorpion,A. bourdoni is thought to rely on 1) specific soil types to
access suitable surfacemicrohabitats (e.g., under stones) to avoid thermal extremes, and 2) seasonal rainfall to
mitigate hydrological stress (either desiccation or saturation).B. malhommei is a stenotopic species, whose
ecological niche appears strongly defined by soil type. Its predicted distribution is linked to the availability of
loamand clay loam substrates.Within these favourable soil zones, its presence is further refined by LULC,
which preserve essentialmicrohabitats. TheNDVI factor plays aminor role, indicating a certain tolerance in
this respect as long as soil and LULC conditions are adequate. LikeB. malhommei,B. atlantis is also stenotopic,
with a distribution defined by the interaction of three factors: temperature annual range, precipitation season-
ality and soil type. Its cursorial habits increase its dependence on surface conditions, strictly limiting its poten-
tial habitat to this narrow coastal stripwhere oceanic climate and suitable soils create temperate and viable
microhabitats within amore hostile semi-aridmacroclimate. The restricted and scattered distribution ofO.
innesi in the desert regions of easternMorocco and theMiddleDraamay be associatedwith its high specializa-
tion in themicrohabitats offered by the vegetal litter within oases. These oases act as climatic and edaphic
refuges, buffering the extreme conditions of the surrounding Saharan climate. This phenomenonof specializa-
tion, structured by environmental constraints, is also suggested forA. sergenti (2.41%),B. elmoutaouakili
(5.12%),B. mardochei (2.32% suitable habitat),B. mariefranceae (3.48%),B. paris (2.74%) and S. weidholzi
(3.1%), as each of these species appears to depend on a narrow ecological niche. These taxa are, to varying but
significant degrees, edaphic specialists: their specific substrate requirements act as a primary and constraining
environmental filter, limiting their potential presence to only those localities where these optimal soil condi-
tions are encountered.

Analysis of habitat suitability for species withmoderate habitat suitability [B. boumalenii (16.76%), andB.
draa (25.26%),B. lienhardi (11.9%) and S. mogadorensis (12.55%)] suggests that the configuration of their eco-
logical niches results fromadistinct ecological dynamic inwhich substrate retains amajor role, despite their
distinctmacroclimatic affinities (sub-humid forB. lienhardi, semi-arid for S. mogadorensis, and Saharan forB.
boumalenii andB. draa). This primary edaphic influence is complemented and refined by sensitivities to other
environmental factors specific to each species, whichmodulate their distributionwithin pedologically and cli-
matically favourable zones. Thus,B. lienhardi, in addition to its soil preferences and sub-humid preferences,
appears also influenced by LULC. Scorpio mogadorensis (semi-arid climate) andB. boumalenii (Saharan cli-
mate), although both soil-dependent, are sensitive to temperature annual range. Finally, B. draa, also soil-
dependent in the Saharan climate, is constrained by annualmean temperature, which could reflect upper or
lower limits of thermal tolerance for itsmetabolism and life cycle. This complexity suggests that while soil type
defines an initial broad envelope of habitat suitability within each preferred climatic zone, these secondary
factors play a crucial role in the finer determination of optimal conditions and in the differentiation of ecologi-
cal niches for these species. Thismay explainwhy soil-dependent species operating in similarmacroclimates
can nonetheless exhibit distinct distribution patterns and differentiated landscape use.

Our analysis of scorpion abundance (figure 6) alignswith and expands the conclusions of ElHidan et al
(2021), highlighting the crucial importance of the Souss-Massa region and the presence of areas of high diver-
sity in easternMorocco (Errachidia, Boudenib,Merzouga), along theOuarzazate-M’hamid Elghizlane axis.
However, rather than discrete points of concentration, we identify the Souss plain as a vast continuous area
with high potential species richness. In addition, we found an important secondary corridor of richness extend-
ing along the coast betweenAgadir and Safi.

5. Conclusion

TheMaxEnt habitat suitabilitymodels presented here provide a foundational baseline and a necessary first step
in understanding the potential large-scale distribution of scorpions in centralMorocco, alongwith the
environmental factors that govern this distribution.Our findings suggest that substrate characteristics (soil
type) act as stable, proximal predictors for themajority of species.However, the predicted optimal habitat areas
should be interpreted as hypotheses of prospective occurrences rather than definitive evidence of presence.
Nevertheless, uncertainties related to data constraints, including small sample sizes for rare species, temporal
mismatches in climate data, the extension of generalist species distribution outside the study area, and the
recognized sensitivity of themodel to spatial sampling gaps. Consequently, thesemaps represent the realized
niche based on available data and suggest cautionwhen translating potential distribution into definitive
presence. To better understand the factors that govern the distribution of scorpions across various habitats,
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future studieswould benefit from the integration of smaller-scale data, specifically biotic interactions
(competition, predation), dispersalmechanisms and localmicroclimates. In turn, this informationmay play a
crucial role in formulatingmore effective public health strategies to reduce the frequency of scorpion
envenoming inMorocco and further afield.
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Appendix 1.Data sources for all environmental variables considered in the current
habitat suitabilitymodelling

Number Variables Data source

1 AnnualMeanTemperature https://www.worldclim.org/

2 MeanDiurnal Range https://www.worldclim.org/

3 Isothermality https://www.worldclim.org/

4 Temperature Seasonality https://www.worldclim.org/

5 MaxTemperature ofWarmestMonth https://www.worldclim.org/

6 MinTemperature of ColdestMonth https://www.worldclim.org/

7 TemperatureAnnual Range https://www.worldclim.org/

8 MeanTemperature ofWettest Quarter https://www.worldclim.org/

9 MeanTemperature ofDriestQuarter https://www.worldclim.org/

10 MeanTemperature ofWarmest

Quarter

https://www.worldclim.org/

11 MeanTemperature of ColdestQuarter https://www.worldclim.org/

12 Annual Precipitation https://www.worldclim.org/

13 Precipitation ofWettestMonth https://www.worldclim.org/

14 Precipitation ofDriestMonth https://www.worldclim.org/

15 Precipitation Seasonality https://www.worldclim.org/

16 Precipitation ofWettest Quarter https://www.worldclim.org/

17 Precipitation ofDriest Quarter https://www.worldclim.org/

18 Precipitation ofWarmestQuarter https://www.worldclim.org/

19 Precipitation ofColdestQuarter https://www.worldclim.org/

20 Elevation (Digital Elevation

Model [DEM])
https://opentopography.org/

21 Aspect Derived from theDEM

22 Roughness Derived from theDEM

23 Slope Derived from theDEM

24 Soil Type https://www.fao.org/soils-portal/
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(Continued.)
Number Variables Data source

25 land use / land cover https://data.apps.fao.org/

26 NormalizedDifferenceVegetation

Index

The rawdata used to derive theNDVIwere obtained fromhttps://dataspace.

copernicus.eu/

27 NormalizedDifferenceMoisture Index The rawdata used to derive theNDWIwere obtained fromhttps://dataspace.

copernicus.eu/
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