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The El Harhoura 2 cave (Morocco) presents a high density of white-toothed shrew (Crocidurinae) remains in the
eight studied archaeological levels, ranging from around108,000 to 5800BP. A detailed understanding of the spe-
cies contained in these assemblages is important for palaeoecological studies, yet often difficult to achieve be-
cause the remains are systematically broken. Here we apply geometric morphometric methods that use sliding
landmarks allowing us to assign broken mandibles to five potential species present in Morocco today. Four spe-
cies were detected, with a distinct distribution in the different levels. Surprisingly, Crocidura russula, a species
typically associated with relatively humid habitats, was found to be more abundant in periods characterized
by dry conditions. Moreover, the abundance of the Saharan species Crocidura tarfayensis and Crocidura lusitania
followed an inverse pattern. Both groups appear to affect each other's abundance throughout the studied period.
We suggest that the coastal position of El Harhoura 2 as well as the inter-specific competition between C. russula
and other species may explain this pattern.

© 2015 Published by Elsevier B.V.
1. Introduction

1.1. Background

North Africa constitutes a transition zone between the arid Sahara
and the more humid Mediterranean regions. The Quaternary fossil
record in this region is ratherwell documented and allows one to follow
the last climatic fluctuations and to document their effects upon the
different fossil communities (Stoetzel, 2013). Among these, small
mammals are considered as good palaeoenvironmental indicators
(Valenzuela et al., 2009; Escudé et al., 2013), and they enable one to
refine the palaeoecological interpretations when they are studied in a
well-established chronological context and with appropriate tapho-
nomic and taxonomic methods.
e Naturelle (MNHN), Institut de
CNRS/MNHN/UPMC/EPHE, 45
El Harhoura 2 cave is situated in the region of Témara, few
kilometres to the south of Rabat on the Northern-Atlantic coast of
Morocco (Fig. 1). Caves in this region were formed by marine erosion
of the sandstone cliff, probably during the MIS 6 to MIS 5 transition
(Nespoulet et al., 2008a, 2008b). The region of Témara has an important
role with respect to the understanding of the origin and dispersal of an-
atomically modern humans in and out of North Africa. The caves of
Témara offer a unique succession of different human occupations rang-
ing from the Middle and Upper Palaeolithic to the Middle Neolithic. At
present, the El Harhoura 2 cave presents an archaeo-stratigraphy divid-
ed into eleven levels (Fig. 2): level 1 = Neolithic; level 2 = upper
Palaeolithic (Iberomaurusian); levels 3 to 11 = middle Palaeolithic
(Aterian). However, the bedrock has not yet been attained and addition-
al levels will probably be discovered in future excavations. New 14C, TL,
OSL and U-Th/ESR datings are currently in progress and some are
already available (Jacobs et al., 2012; Janati Idrissi et al., 2012) and
provide a more detailed temporal framework for this study. This cave
has yielded both lithic and bone industries, ceramics, several human re-
mains and burials, and numerous faunal remains (Campmas et al., 2008,
in press; Nespoulet et al., 2008a, 2008b; Michel et al., 2009, 2010; El
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Fig. 1. Distribution of the five extant white-toothed shrews present in Morocco (data from www.iucnredlist.org) and the localisation of the El Harhoura 2 cave.
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Hajraoui et al., 2012; Stoetzel et al., 2014). Moreover, a high concentra-
tion of small vertebrate remains has been discovered, which has
allowed for rather complete faunistic and palaeoecological studies of
the region (Stoetzel et al., 2007, 2008, 2010, 2011, 2012, 2013;
Stoetzel, 2009).
Fig. 2. Stratigraphy of the El Harhoura 2 cavewith average 14C (Nespoulet and El Hajraoui, 2002–
study.
This site is unique as it involves studies focusing on different verte-
brates including small mammals, amphibians, and reptiles. Indeed, a
systematic, taphonomic, and palaeoecological approach was undertak-
en for this North-African site. The study of the micro vertebrates from
El Harhoura 2 provided important information on the evolution of
2003) andOSL ages (Jacobs et al., 2012). Levels 1 to 8 are the levels included in the present
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biodiversity and palaeoenvironments of this region during the Late
Quaternary, particularly in the absence of palynological data. However,
some North-African small vertebrates remain poorly understood with
respect to their systematic position, ecology or bone morphology.
Moreover, as only limited reference collections exist, this makes identi-
fications difficult for a considerable part of the fossil material, which is,
in addition, often highly fragmented. Thus, it is necessary to develop
new methods for taxonomic identification and discrimination to allow
an improved identification of the fossil remains (e.g. Cornette et al.,
2015a).

1.2. Model

Small mammals (Escudé et al., 2013), and especially shrews
(Stoetzel et al., 2007; Valenzuela et al., 2009), are considered very useful
in the context of palaeoclimatic variation interpretation. Indeed, some
species such as Crocidura russula are ecologically specialized and, in
Morocco, are tied to Mediterranean climates, contrary to Crocidura
lusitania or Crocidura tarfayensis that are more related to drier environ-
ments. Moreover, they allow the investigation of ancient human pres-
ence and displacements. Indeed, despite the fact that crocidurine
shrews are not considered to be strictly commensal, some species, like
C. russula, are anthropophilic (Churchfield, 1990). Finally, shrews are
known to interact with each other and with other small mammals
(Kirkland, 1991; Liesenjohann et al., 2011; McDevitt et al., 2014;
Cornette et al., 2015b). As a consequence, precisely discriminating the
Crocidura species at the site, their relative frequency, and their relations
with other vertebrates is a primordial step for further studies on
palaeobiodiversity, palaeoecology, or archaeology in this area.

Five species of Crocidura are currently recognized in Morocco
(Fig. 1): Greater White-toothed shrew, C. russula; Whitaker's shrew,
Crocidura whitakeri; Saharan shrew, C. tarfayensis; Mauritanian shrew,
C. lusitania and Savannah path shrew, Crocidura viaria (Hutterer, 1986;
Aulagnier et al., 2008). Only the first two species (C. russula and
C. whitakeri) are currently present in the region of Témara (Aulagnier
and Thévenot, 1986; Aulagnier, 1987; Aulagnier et al., 2008). The
first occurrence of Crocidura in Morocco is identified from the Early
Pleistocene sites of Irhoud Ocre (Crocidura jaegeri; Jaeger, 1975;
Rzebik-Kowalska, 1988), Thomas 1—Unit L (Crocidura darelbeidae;
Raynal et al., 2001; Geraads, 2010; Geraads et al., 2010), and Sidi
Abdallah (Crocidura abdallahi; note that the validity of C. jaegeri and
C. darelbeidae is debated, (M. Vergilino, pers. com.)). The first represen-
tatives close to modern C. cf. russula also date from this period
(Jebel Ressas, Tunisia; Mein and Pickford, 1992). During the Middle
Pleistocene, the North African Crocidurinae were highly diversified
(Stoetzel, 2013), with several fossil taxa (Crocidura thomasi, Crocidura
maghrebiana, Crocidura marocana, Crocidura tadjerensis), as well as
modern ones occurring for the first time during this period
(C. whitakeri and C. tarfayensis, while C. russula was already present)
and probably originating from the local C. marocana or C. maghrebiana
(Hutterer, 1991; Kowalski and Rzebik-Kowalska, 1991; Aulagnier,
1992; Vogel et al., 2006; Stoetzel, 2013). The Middle to Late Pleistocene
boundary is characterized by the extinction of numerous smallmammal
taxa, including all the fossil shrew species (Stoetzel, 2013). During the
Late Pleistocene, most of the present Moroccan species were recorded
from several Late Pleistocene and Holocene sites, such as Irhoud Nean-
derthal (Jaeger, 1970, 1975; Amani and Geraads, 1998), Oulad Hamida
2 (Felids cave; Raynal et al., 2008; Geraads et al., 2010), Chrafate
(Ouabhi et al., 2003), Ez Zarka (Ouabhi et al., 2003), Guenfouda
(Aouraghe et al., 2010; Lopez-García et al., 2013), and El Harhoura 2
(Stoetzel, 2009; Stoetzel et al., 2010, 2011). In Morocco, the presence
of crocidurines concerns mostly C. russula, C. whitakeri and to a lesser
extent also C. tarfayensis. Moreover, a few fossils have been attributed
to C. viaria in Morocco and Tunisia (Jebel Ressas 4; Mein and Pickford,
1992). To date, C. lusitania has never been described from Maghrebian
fossil sites. Recent genetic studies of the widespread species C. russula,
suggest a North African origin with a recent expansion into Spain,
France and nearby countries of theMaghreb during the Late Pleistocene
(Cosson et al., 2005; Nicolas et al., in press). Moreover, it has been sug-
gested that the dispersal across the Strait of Gibraltar may have been
human-mediated (Cosson et al., 2005; Nicolas et al., in press).

In general, the identification to species level is difficult in Crocidura.
Indeed, the genus Crocidura presents a conserved phenotype and for
several species, both the skull and mandible or the teeth need to be
carefully studied to correctly discriminate species or populations
(Leroy et al., 2004; Cornette et al., 2012; Cornette et al., 2015a, 2015b).
Consequently, misidentifications are common (Vogel et al., 2006). Cur-
rently, genetic or cytogenetic studies are often used to correctly assign
specimens. But palaeogenetic analyses on fossil small mammals are
very difficult, mainly because of their small size and high degree of frag-
mentation. Although the russula and the whitakeri morphotypes have
been identified in the El Harhoura 2 material, some “intermediate”
forms and some other morphotypes were detected. But the similarity
in morphology between these taxa, as well as the high fragmentation
of the material, renders precise identification difficult. Small mammals
represent the bulk of the small vertebrate material from El Harhoura 2
(87.5% of the total number of remains), and Crocidura represents 5.8%
(number of remains) and 17% (minimum number of individuals) of
the small mammal remains (Stoetzel, 2009). Nevertheless, recent
studies have suggested that small fragments may offer a relevant way
to assign archaeological specimens to extant species using geometric
morphometrics (Cornette et al., 2015a).

1.3. Aims of the study

The identification of fossil small mammal material of El Harhoura
2 is often limited by the conservation state of the remains, especially
for shrews that are difficult to identify to species level. However,
this genus with its different species is a key to understand
palaeoenvironments. The present study proposes to take into account
broken mandibles and assign them to extant species using fragmented
material fromall levels using recently described geometricmorphomet-
ric methods (Cornette et al., 2015a). Observations of the presence and
relative abundance of different species in the context of the eight stud-
ied levels of the site are discussed and provide new information on
paleoenvironmental evolution (climate and landscape) in North Africa.

2. Material and methods

2.1. Archaeological material

The archaeo-stratigraphy of the cave is composed of eleven levels.
For this study levels 1 to 8, for which the fossil material was available
for study were considered. Remains of Crocidurinae were retrieved
from every level. Fragments were previously identified to genus level,
Crocidura spp., and at least two morphotypes were immediately ob-
served (C. russula and C. whitakeri). Although a few skull fragments
have been found, they will not be used here given the low number
and bad state of preservation. Consequently, only mandibles are used
in the current paper. The typology (Fig. 3) of fragmentation established
by Cornette et al. (2015a) based on the study of 609 broken specimens
from El Harhoura 2was followed here. Four hundred and seventy-three
fragments were classified into six groups (Table 1) and concern 78 % of
the total number of Crocidura remains. The first fragment (COMP) is the
most complete one including the ascending branch and themain part of
the body of themandible except the region situated near the incisor. The
latter part is systematically virtually absent. The second fragment
(CMM) comprises the articular condyle (but not the coronoid process)
and the body of the mandible up to the first molar. The third fragment
(MM) is the body of the mandible from the third molar up to the first
one. The fourth one (ABC) is the ascending branch with the articular
condyle. The fifth (AB) is the ascending branch without the articular



Fig. 3. Examples and abbreviations for the sixmandible fragments of white-toothed shrews representing the six patterns of fragmentation. Anatomical location of landmarks (in red) and
sliding semi-landmarks (in blue) used in the studyof these six fragments. (For interpretation of the references to colour in thisfigure legend, the reader is referred to theweb version of this
article.)
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condyle. The sixth (M) is the part of the body situated under the second
and third molar. The other pieces were too small and irregularly
fragmented to be used in this analysis. The teeth were not included in
our analysis because they are not uniformly present on the mandible
fragments, and also present other limitations related to wear. With re-
spect to the eight archaeological levels, all fragments were manually
classified in six groups following the established pattern of fragmenta-
tion and then, each archaeological groupwas added to its corresponding
modern divided referential for analyses (Cornette et al., 2015a).
Landmarks and sliding semi-landmarks were digitized using TPSdig2
(Rohlf, 2013) as illustrated in Fig. 3.

2.2. Reference sample

Asmentioned higher, five species of the genus Crocidura occur today
in Morocco. For this study, 136 mandibles were used, 64 belonging to
C. russula, 9 to C. tarfayensis, 5 to C. whitakeri, 26 to C. lusitania and 32
to C. viaria (see Cornette et al., 2015a for all details regarding this refer-
ence sample). This ‘actualistic approach’ is particularly relevant in the
case of El Harhoura 2, as all the Late Pleistocene and Holocene North
African shrew species still exist today, despite changes in their geo-
graphic distribution (Stoetzel, 2013). Nowadays, C. russula is the most
abundant and C. whitakeri is rare but also present in the Témara region.
In the archaeological site, the potential presence of other species, absent
today in this region, could be linked to climate changes during the last
130,000 years. Indeed, two taxa (the Common Toad Bufo bufo, and the
Jerboa Jaculus cf. orientalis) were found in the cave, yet are completely
absent from the Témara region today (Stoetzel et al., 2010). In addition,
a sub-Saharan rodent (Arvicanthis sp.) is also represented in the nearby
cave ElMnasra (Stoetzel et al., 2014). Thus, even if rare today in the con-
sidered area, all extant species of the genus Crocidurawere used in the
reference sample (Cornette et al., 2015a). Some taxa like C. tarfayensis
Table 1
Number of fragments studied for each level.

COMP CMM MM M ABC AB Total

Level 1 2 2 9 7 0 1 21
Level 2 2 2 18 14 1 4 41
Level 3 3 1 15 17 1 1 38
Level 4 2 1 14 13 0 1 31
Level 5 10 3 21 22 2 0 58
Level 6 10 9 34 29 4 2 88
Level 7 9 10 51 10 13 7 100
Level 8 18 11 43 8 10 6 96
Total 56 39 205 120 31 22 473
or C. whitakeri are represented by only a few specimens in the reference
data set because they are rare and often even absent in natural history
collections.

2.3. Morphometrics analyses

To assign the fossil remains of mandibles to different species, geo-
metric morphometric methods based on sliding semi-landmarks were
used (Zelditch et al., 2012; Gunz and Mitteroecker, 2013). Combining
anatomical landmarks and sliding semi-landmarks has been successful-
ly performed for other archaeological studies (Evin et al., 2013; Cucchi
et al., 2014). This approach allowed the description of the form of the
broken mandibles where few anatomical landmarks are present, thus
increasing the level of specific discrimination as described previously
(Cornette et al., 2015a).

In order to classify the archaeological specimens, Discriminant
Analyses were performed using modern species found in Morocco
today as a reference sample, and a posteriori specific assignations for
fossil specimens were performed (Baylac and Friess, 2005; Evin et al.,
2013; Stoetzel et al., 2013). Size (logarithm of the centroid size), playing
an important role to discriminate white-toothed shrews was included
in the analyses in order to optimize the specific classification
(Cornette et al., 2015a). To reduce dimensionality, especially in case of
sliding semi-landmarks, 90% of the total shape variation was kept for
analyses after a PCA had been performed (Baylac and Friess, 2005).

Results of the specific a posteriori assignation were accepted for
each fragment considering the highest probability. Subsequently, in
order to compare the specific composition of different levels, specific
reassignments for all fragments were pooled by species for each level.
In order to summarize and visualize the relationships between different
levels and their specific composition a Correspondence Analysis
(Benzécri and Coll, 1973; Greenacre, 1984) was performed on the
percentage of these pooled results for each level.

To relate these faunistic results with palaeobiodiversity a regression
with the same pooled results and the Shannon's diversity index
(Spellerberg and Fedor, 2003) of this region for this period following
Stoetzel et al. (2013) was performed. Shannon's diversity index permits
to evaluate the palaeobiodiversity of small vertebrate (small mammals,
reptiles and amphibians). The calculated Shannon index is 1.14, 0.78,
0.88, 0.91, 0.82, 0.73, 0.69, and 0.61 from level 1 to level 8 respectively
(Stoetzel, 2009). Its relationships with data concerning the diversity of
Crocidura in the different levels could highlight a potential interspecific
effect.

Statistical analyses were performed using R (R Development Core
Team, 2013), with the specialized morphometrics library R-morph,



Table 3
Pooled results by species for each level.

C. lusitania C. russula C. tarfayensis C. viaria C. whitakeri

Level 1 4 10 2 0 5
Level 2 4 23 9 0 5
Level 3 6 14 11 0 7
Level 4 7 10 8 0 6
Level 5 4 28 13 0 13
Level 6 8 46 20 0 14
Level 7 4 63 16 0 17
Level 8 8 51 22 0 15
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(Baylac, 2012) and the statistical libraries MASS (Venables and Ripley,
2002) and ade4 (Dray and Dufour, 2007).

3. Results

Results of specific assignations (Table 2) were pooled by level
(Table 3) and the proportions of the presence of species in each level
were plotted (Fig. 4). Specimens attributed to C. russula are the most
abundant in each level. They represent more than 60% of the sample
in level 7 and nearly 30% for level 4, which is lowest number recorded
for C. russula. In contrast, no specimens were attributed to C. viaria.
Specimens attributed to C. whitakeri are most abundant in level 1 and
least abundant in level 2, yet generally present a relatively stable
proportion f the total community. It must be noticed that level 1 is the
most recent and specimens attributed to C. whitakeri represent the
secondmost abundant species. Proportionally rare in level 1, specimens
attributed to C. tarfayensis are more common in level 4 and very abun-
dant in level 3, being the secondmost common species after specimens
attributed to C. russula in levels 2, 3, 4, 6 and 8. Specimens attributed to
C. lusitania present their peaks of abundance in levels 1 and 4 and their
peak of scarcity in level 7. Overall, specimens attributed to C. lusitania
are proportionally less abundant from level 5 to 8.

Considering reciprocal abundance or scarcity of species, specimens
attributed to C. tarfayensis are the most abundant when specimens at-
tributed to C. russula are the least abundant (levels 3 and 4). Another
clear opposite pattern of proportional abundance concerns specimens
attributed to C. russula that follow the inverse pattern of specimens at-
tributed to C. lusitania. This opposition is systematically observed from
levels 8 to 1. It is particularly clear in level 7where specimens attributed
to C. russula reach their maximum of abundance and specimens attrib-
uted to C. lusitania are proportionally least abundant. Moreover in
level 4, where specimens attributed to C. russula show their lowest
abundance, specimens attributed to C. lusitania obtain their peak of
abundance. The same kind of opposite pattern of abundance is also ob-
served in level 2.

The overall results of the correspondence analysis (Fig. 5) highlight
two main specific patterns of opposition and show their affinities with
the respective levels. The first one, between C. russula and C. lusitania,
especially in levels 7 and 4. The second one concerns C. tarfayensis and
C. whitakeri, especially in levels 1 and 3. The regression performed on
species composition by level and the Shannon index is significant
(adjusted R2 = 0.74; P = 0.03).
Table 2
Results of the specific assignments for each level and for each fragment. Abbreviations are “lus” f
for C. whitakeri.

COMP CMM

lus rus tar via whi lus rus

Level 1 0 1 1 0 0 0 0
Level 2 0 0 1 0 1 0 0
Level 3 0 0 0 0 3 0 0
Level 4 0 0 1 0 1 0 0
Level 5 0 3 1 0 6 0 0
Level 6 0 2 4 0 4 0 1
Level 7 0 5 1 0 3 0 5
Level 8 0 7 6 0 5 0 6

M AB

lus rus tar via whi lus rus

Level 1 3 3 0 0 1 0 0
Level 2 1 9 3 0 1 0 2
Level 3 3 7 4 0 3 0 0
Level 4 3 4 3 0 3 0 0
Level 5 3 12 5 0 2 0 0
Level 6 6 18 3 0 2 0 1
Level 7 0 7 2 0 1 0 5
Level 8 1 5 2 0 0 0 5
4. Discussion

4.1. Methodological limitations

The results have to be considered as a global faunistic list for
Crocidurinae at the site based on the phenotypic proximity of fossil re-
mains relative to the extant reference sample. Discriminant analyses
allowed us to assign broken mandibles from the site to extant species
assumed to be potentially present in the different archaeological levels.
This approach necessarily imposes a current-day context comparing
fragments to modern fauna (Stoetzel et al., 2010, 2013; Cornette et al.,
2015a). However, like most studies based on inferences, the results
are significantly dependent on the reference sample used to allow as-
signments. An unknown species, or a species not included in the refer-
ence sample (e.g. currently not occurring in the country of reference),
will not be detected and by necessity will be attributed to one of the
species of the reference sample. Although based on a small sample for
some rare species like C. whitakeri, the reference samplewas established
to take into account the presence of taxa currently not present near the
site. Indeed, currently only two species are known in this area, C. russula
and C. whitakeri (Aulagnier, 1987). Moreover, all fragments were tested
for a possible attribution to Suncus etruscus, another Crocidurinae shrew
fromMorocco. None of the fragments were, however, attributed to this
species (data not shown). Nevertheless, the assignment of specimens to
C. whitakeri and C. tarfayensis has to be interpreted with care, as sample
sizes of the reference sample are small and as both are morphologically
very similar (Vogel et al., 2006). However, the reference sample and the
use of a geometric morphometric approach correctly discriminated
these two species and previously allowed the detection of them at the
El Harhoura 2 site (Cornette et al., 2015a). Although ideally additional
or Crocidura Lusitania, “rus” for C. russula, “tar” forC. tarfayensis, “via” for C. viaria, and “whi”

MM

tar via whi lus rus tar via whi

0 0 2 1 6 0 0 2
1 0 1 3 12 1 0 2
1 0 0 3 7 4 0 1
0 0 1 4 6 3 0 1
2 0 1 1 13 4 0 3
8 0 0 2 20 4 0 8
2 0 3 4 35 5 0 7
0 0 5 7 23 8 0 5

ABC

tar via whi lus rus tar via whi

1 0 0 0 0 0 0 0
2 0 0 0 0 1 0 0
1 0 0 0 0 1 0 0
1 0 0 0 0 0 0 0
0 0 0 0 0 1 0 1
1 0 0 0 4 0 0 0
2 0 0 0 6 4 0 3
1 0 0 0 5 5 0 0



Fig. 4. Relative proportions of species present in the eight different stratigraphic levels.
Arid levels (2, 5 and 7) are indicated inwhite, more humid ones (1, 3, 4, 6 and 8) are shad-
ed in grey.
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specimens of these species are needed, the data nonetheless allow us to
detect the presence of others species of white toothed shrews where
only two taxa were previously identified or expected.

4.2. Source of accumulation

The different levels clearly present a different species composition.
These differences could represent changes in the palaeofauna for each
level, but have to be interpreted given potential sources of bias. The ac-
cumulations in caves may originate from different processes (Andrews,
1990; Denys, 2002; Stoetzel, 2009). In the context of the present study,
the small vertebrate assemblages are suspected to be the result of accu-
mulations of pellets/scats of different predators (Stoetzel et al., 2011,
2012). Thus, differences in prey preferences of predators could explain
some of the results. According to the taphonomic analysis, small verte-
brates of levels 1, 7 and 8 seem to have been accumulated by a predator
Fig. 5. Correspondence analysis performed on the pooled specific assignments for each
studied level showing relationships between species and archaeological levels.
of category 2 to 3 of the Andrew's classification (owl, such as Bubo
ascalaphus), by a predator of category 3 to 4 for levels 2, 3 and 6 (diurnal
raptor, such as Falco tinnunculus, or small mammalian carnivore), while
levels 4 and 5 present an intermediate pattern (unknown predator or
mix of predators). All of the identified potential predators are supposed
to be opportunistic and thus inducing few biases of faunal representa-
tion. The most common prey (i.e. the most abundant species in the ac-
cumulations) are small ones in levels 1 (Mus spretus and white-
toothed shrews), while they are larger in levels 3 to 8 (Meriones shawii).
As there is no relationship between the type of predator, the most
hunted species and the palaeoecological signal of each level, differences
in species abundances are likely due to environmental changes rather
than to biases of predation (Stoetzel, 2009; Stoetzel et al., 2011). Never-
theless, the present study cannot respond directly to these origins of ac-
cumulation. But in every case, independently from the predator
responsible for the accumulation of remains, the species identified
were present in the area. Here again, the results highlight the availabil-
ity of prey in their relative abundance in the environment, especially in
case of generalist predators consuming broad prey spectra (Stoetzel
et al., 2011).

4.3. Palaeoecological results

The small vertebrate associations of El Harhoura 2 indicate that the
Late Pleistocene was characterized by a succession of relatively humid
(levels 3, 4, 6, and 8) and arid (levels 2, 5, and especially 7) periods
(Stoetzel, 2009; Stoetzel et al., 2011). Landscapeswere always ofmosaic
type, mostly open (steppes/meadows), but with more bushy/woody
areas and fresh water places during more humid phases. The Middle
Holocene (level 1) was characterized by a Mediterranean climate
close to, but a little more humid and warmer than the present one
(Stoetzel et al., 2007, 2008, 2011; Stoetzel, 2009).

Putting these results in this palaeoclimatic context highlights a sin-
gular particularity compared to similar studies on other taxa (Stoetzel
et al., 2008, 2011). Indeed, in contrast to what was expected, specimens
attributed to C. russula reach their maximal relative abundance in levels
2 and 7. According to the faunal associations and palaeoecological indi-
ces, these two periods correspond tomore arid palaeoclimate compared
to other levels (Stoetzel, 2009; Stoetzel et al., 2011). C. russula is a small
mammal typically associated to Mediterranean climatic zones as sug-
gested by its current distribution in Africa (Fig. 1). Moreover, it seems
to prefer more humid and more vegetated areas than C. whitakeri, al-
though the ecology of the latter remains poorly known (Aulagnier and
Thévenot, 1986; Aulagnier et al., 2008). Although the relative abun-
dance in some levels may be the result of a predation bias as discussed
above, it follows exactly the inverse pattern of the a priori prediction.
Moreover, a scarcity or abundance of specimens attributed to
C. russula is always associated with an inverse pattern of abundance or
scarcity of C. lusitania and C. tarfayensis, two dry climate adapted
species. These two species are expected to be found during more arid
periods given their desert habits, as suggested by their current distribu-
tion (Fig. 1). Note, however, that C. lusitania originated in Sub-Saharan
Africa and may have arrived in the area of study during more humid
periods or by following the coast, allowing it to traverse the Sahara.

This unexpected result may potentially be explained by the geo-
graphical position of El Harhoura 2 cave. Indeed, situated on the coast
(Fig. 1), the oceanic influence could maintain a micro-climate that
acted to buffer global climatic tendencies. This situation could have
created particular inter-specific competition between different shrew
species. C. russula is always more abundant, even in arid periods, and
as such appears dominant in the context of potential interspecific
competition. Indeed, C. russula has completely eliminated the native
C. suaveolens from numerous Atlantic islands suggesting its competitive
superiority (Cosson et al., 1996). A second example of its competitive
superiority is found in Switzerland where it outcompetes C. leucodon
(Vogel et al., 2002). Moreover, C. russula seems to be the only species
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currently present in the area of El Harhoura 2 as the other species
C. whitakeri has neither been captured in the Témara region, nor in the
rest of Morocco despite numerous trapping sessions. This is of interest
given that specimens attributed to C. whitakeri were still present in
the most recent level (Middle Holocene). Moreover, C. russula shows
no, or only a weak current overlap with the three others species of
white-toothed shrews (Fig. 1) which may suggest climatic constraints
but also inter-specific competition. Indeed, the northern distribution
of these three species finishes where the southern one of C. russula be-
gins. Previous studies (Cornette et al., 2015b) have demonstrated that
a high bite force in C. russula could explain a part of this competitive su-
periority. Moreover, the results clearly show that the proportion of dif-
ferent species of white-toothed shrews at El Harhoura 2 is correlated to
the biodiversity of vertebrates found in the site as indicated by the cal-
culated Shannon index further suggestion a role for competition in the
observed patterns of abundance.

These data also show that white-toothed shrews respond in a differ-
ent way to known climatic variations in comparison to other verte-
brates. The El Harhoura 2 palaeoenvironmental reconstructions were
based on the macro- and micro-faunal composition of the different
levels, and the calculation of palaeoecological indices (Stoetzel et al.,
2007, 2011, 2014). Among the most noteworthy evidences, the pres-
ence of some desert-adapted rodents (Jaculus cf. orientalis) during arid
periods (Stoetzel et al., 2011), and more aquatic and humid-adapted
amphibians and reptiles during more humid periods (Stoetzel et al.,
2008, 2012) can be mentioned.

A quite similar unexpected pattern was, however, found in a geo-
metric morphometric study of molar shape of the mice of El Harhoura
2 (Stoetzel et al., 2013). This study showed an overall morphological
stability of M. spretus throughout the Late Pleistocene despite several
environmental changes. However, a slight shift in molar shape was ob-
served duringMiddle Holocene, and the size of the fossilM. spretusmo-
lars of El Harhoura 2 is significantly larger than that in the modern
populations of the same species. The impact of human activities and
inter-specific competition were likely involved (othermurid species ar-
riving in Morocco during Holocene, especially the house mouse around
3000 BP) and seem to have had a stronger influence than climatic
changes on the morphological evolution of Mus. It is interesting to
note here that despite a clear morphological stability throughout the
El Harhoura 2 stratigraphy (no statistical difference between the 8 stud-
ied levels), Stoetzel et al. (2013) demonstrated a significant relationship
between tooth shape (m1 andM1 first DFA axis) and the diversity indi-
ces (Shannon and Simpson). This may reflect changes in morphology
related to biotic or abiotic environmental changes (e.g. global changes
in primary productivity and temperature through time), or this might
also be the consequence of concomitant trends through time of tooth
shape and faunal diversity.

5. Conclusion

Four species ofwhite-toothed shrewswere recovered at El Harhoura
2 based on an analysis of the phenotypic proximity of the form of man-
dible fragments. Their relative abundance in different stratigraphic
levels reveals an original pattern inverse to the predicted pattern
of abundance for humid and arid periods. White-toothed shrews
present an important contribution to the palaeobiodiversity and
palaeoclimatology of the studied area and the observed patterns may
be caused by the coastal position of the El Harhoura 2 cave, or rather
the ancient inter-specific competitions among shrews.
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