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a b s t r a c t

This article examines the role of the Late Pleistocene climatic changes in the disappearance of the
European populations of spotted hyenas. A species distribution model was built using both current and
past environmental requirements of the species. Model projections were made with climatic scenarios
provided by the GENESIS 2.0 General Circulation Model (126 ka, 42 ka, 30 ka and 21 ka). Those projec-
tions indicate (1) that during the Late Pleistocene warm scenarios spotted hyenas should have been
widespread in Europe, and (2) that during the last glacial maximum their potential climatically suitable
geographic distribution diminished in size. The decrease in the potential climatic distribution was strictly
restricted to Northern Europe. Climatic conditions in Southern Europe during the Late Pleistocene
remained within the spotted hyena climatic tolerance. Hence, climate changes could have directly
affected the Northern distribution of the species during the last glaciations. However, climate change
alone is not sufficient to have caused the disappearance of the spotted hyena populations in Southern
Europe. That is, other factors, such as prey abundance or human ecological impacts, in addition to
climatic change, are needed to completely account for extinction of the European spotted hyena.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

At the end of the Pleistocene (approximately 50e10 ka),
a worldwide extinction, called the megafauna extinction, affected
many of the larger species of mammals (Beck, 1996; Alroy, 1999;
MacPhee et al., 2002; Forster, 2003; Barnosky et al., 2004; Louys
et al., 2007). In the western Palaearctic region, more than one
third of mammalian megafauna genera went extinct (Barnosky
et al., 2004), and several widespread and charismatic species dis-
appeared at that time, including Mammuthus primigenius (the
woolly mammoth), Homo neanderthalensis (the Neanderthals),
Megaloceros giganteus (the Irish Elk), Coelodonta antiquitatis (the
woolly rhinoceros) and Crocuta crocuta (the spotted hyena) (Stuart
and Lister, 2007). The Pleistocene was characterised by an unstable
climate with frequent oscillations between ice ages and warmer
interglacial climates (Jackson and Overpeck, 2000). The megafauna
extinction coincided temporally with two major events: (1) the last
34 915645078.
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glacial period and the climatic amelioration of the beginning of the
Holocene, and (2) Homo sapiens’ expansion out of Africa (dated
from 45 to 50 ka (Mellars, 2006)). Therefore, the late Pleistocene
extinction is generally considered a regionally contingent event
generated by the combined effect of climate changes and human
impacts (Barnosky et al., 2004). In the case of Eurasia, climate
change would have caused range shifts (Huntley, 1991) that,
together with the increase in human populations, could have
negatively and severely impacted large mammal populations (see
Nogués-Bravo et al., 2008).

C. crocuta (the spotted hyena) is one of the large mammals that
became extinct in Europe at the end of the late Pleistocene. Prior to
their extinction, spotted hyenas were present in Europe for at least
1 million years (Garcia and Arsuaga, 1999; Carrión et al., 2001).
Fossil remains of the species suggest that during the Pleistocene
they were present all over the continent from the Iberian Peninsula
to the Urals (Testu, 2006). Some authors have assigned the Euro-
pean spotted hyena fossil remains to a subspecies of the African
spotted hyenas (Crocuta crocuta spelaea, Crocuta crocuta intermedia;
see Kurtén, 1957, 1968; Werdelin and Solounias, 1991), while others
consider them a distinct species (C. spelaea; Soergel, 1937; Musil,
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1962; Markova et al., 1995). Recently, the taxonomic status of the
Pleistocene European spotted hyenas was revised using ancient
DNA. That analysis confirmed the existence of genetic flowbetween
the African and Eurasian populations during the Pleistocene
(Rohland et al., 2005). Thus, similar to the situation for plants, it
appears that the dominant response of mammal species during
Quaternary climatic oscillations was extinction or range shift, not
evolutionary change (Willis and Niklas, 2004). In this paper, we
considered the European spotted hyena fossil remains as belonging
to C. crocuta following Rohland et al. (2005). First, we estimate the
climatic niche of this species from distributional data (the set of
a priori favourable climatic conditions for the species) using the
climatic information generated by the GENESIS 2.0 General Circu-
lation Model (Pollard and Thompson, 1997). Second, we
geographically projected this estimated niche in Europe for five
temporal scenarios (126 ka, 42 ka, 30 ka, 21 ka and present) to
ascertain the possible role of Pleistocene climatic changes on the
potential distribution of European spotted hyenas. Climate is
frequently considered a key factor in explaining the geographical
distribution of species at large spatial and temporal scales (Bowyer
et al., 1998; Geffen et al., 2004). Macroecological and biogeo-
graphical studies based on current data support the hypothesis that
climate controls or at least strongly contributes to explaining the
distributions of species (Currie, 1991), and many paleontological
analyses also highlight the relevance of climate. For example, the
Plio-Pleistocene crisis (Kostopoulus et al., 2007) or species
replacements during the Pleistocene are usually related to climatic
changes (Cardoso, 1996; Barry et al., 2002; Coard and Chamberlain,
1999; Sommer and Benecke, 2005). In this article, we address the
question of whether climatic change alonewas sufficient to account
for the extinction of spotted hyenas in Europe. We test whether
extinction of the spotted hyena in Europe was related to a decrease
in climatically favourable area during the Pleistocene. Finally, we
discuss methodological influences on model predictions when
using paleontological data.

2. Materials and methods

2.1. Spotted hyena data

Spotted hyenas show high morphological plasticity (Klein and
Scott, 1989; Mills and Hofer, 1998). The magnitude or morpholog-
ical differences among extant populations (Mills and Hofer, 1998;
Reynolds, 2007) and across Pleistocene periods is similar
(Dockner, 2006). In addition, analysis of DNA from extant pop-
ulations and from Pleistocene samples (i.e., ancient DNA) indicate
that European and African spotted hyenas are the same species
(Rohland et al., 2005). Hence, following Rohland et al. (2005) we
treat the extinct European populations and the extant African
populations as different populations of the same species. Location
data on the current occurrence of C. crocuta in Africa came from
different sources, including the “IUCN Hyena Status Survey and
Conservation Action Plan” (Mills and Hofer, 1998) and the African
National Parks fauna lists, which collectively constitute 655 pres-
ence records (Fig. 1a). European Pleistocene fossil sites were chosen
from a database that comprises published records of the species
during the Late Pleistocene in Eurasia (see Varela et al., 2009). We
used two criteria for including location data for the Pleistocene.
First, fossil localities had to be adequately dated (radiocarbon dates
were calibrated into calendar years using the CalPal 2005 SFCP
application including 95% confidence intervals). Second, these fossil
localities with adequate dating and GENESIS 2.0 scenarios had to
overlap (a temporal error of �3 ky was arbitrarily stipulated
following Nogués-Bravo et al. (2008) and Banks et al. (2008a)).
After applying these two criteria, more than 400 spotted hyena
fossil sites were discarded. The number of selected locations was as
follows: 9 points for the 126 ka scenario, 33 points for the 42 ka
scenario, 27 points for the 30 ka scenario and 10 fossil sites for the
21 ka scenario (Fig. 1b). See Varela et al. (2009) for more informa-
tion on the sources used.

2.2. Climatic data

The climatic conditions at each location were estimated using
variables from the General Circulation Model (GCM) GENESIS 2.0.
GENESIS 2.0 combines an atmospheric model derived from the
NCAR CCM1, a surface model, multilayer models of soil, snow and
sea-ice, a slab mixed layer ocean model, and vegetation models
(Thompson and Pollard, 1995a, b; Pollard and Thompson, 1997;
Cosgrove et al., 2002). There are other climatic simulations
restricted to Europe (Banks et al., 2008a, b), but GENESIS 2.0 GCM
was used because it has different simulations for the global climate
of the late Pleistocene, including the last interglacial (126 ka). The
GENESIS 2 model has beenwidely used in paleoclimate studies (e.g.
Levis et al., 1999; Doherty et al., 2000; Barron and Pollard, 2002).
When simulating past climates it performs in the middle of a range
of a paleoclimate models (Kohfeld and Harrison, 2000), and it
reproduces past climates reasonably well (Harrison et al., 1998;
Harrison and Prentice, 2003). Five different scenarios were used:
a simulation for a warm climatic event, dated 126 ka, which
corresponds to the Marine Isotope Stage 5 (MIS 5); two different
scenarios for the MIS 3, dated 42 ka and 30 ka, representing two
different periods of cold and dry conditions (Geraga et al., 2005);
the last glacial maximum scenario, dated 21 ka, corresponding to
an extremely cold period during which the northern ice sheet
reached middle Europe (MIS 2) (Bowen, 1995), and a climatic
simulation of the present climate. The present-day GCM simulation
was used to estimate the current climatic conditions in Africa that
correspond with where the species is found. Carbon dioxide levels
were specified at 200 ppm for MIS 2 and MIS 3, within the range of
what was found in the Byrd and Vostok ice cores (Raynaud et al.,
1993). For MIS 5, 345 ppm was used (Vavrus, 2001), somewhat
higher than the top Vostok value of 300 ppm. For MIS 2, we used
ICE-4 G paleotopography (Peltier, 1994). For MIS 3, ice sheet and
topographic boundary conditions were the same as those detailed
in Barron and Pollard (2002). The Last Interglacial reconstruction
uses prescribed vegetation, andMIS3 andMIS 2 simulations use the
BIOME4 vegetation model. Simulated paleoclimates in Eurasia
show reasonable agreement with paleoclimates inferred from
pollen and plant macrofossils (Batra, 2003; Kaspar et al., 2005). All
climatic information was available at a resolution of 2� � 2� grid
cells. Downscaling methodologies were discarded. As different
vegetation or ice-core geographic distribution may modify the
atmosphere circulation at global and local scales (Gornitz, 1995)
and the atmospheric circulation of the Pleistocene scenarios could
be different from the current one (Bowen, 1995), we prefer not to
use current local atmospheric circulation anomalies to downscale
the coarse output of the past GCM simulations.

2.3. Species distribution modelling

The set of environmental conditions associated with those
localities in which the species may have a positive intrinsic growth
rate constitutes a partial representation of the fundamental niche
(Soberón, 2007). But the fundamental niche can only be completely
determined by experimental or physiological studies (Kearney,
2006). Hence, the environmental conditions associated with the
occupied area (the geographic distribution of the species) would be
a subset of those constituting the fundamental niche due to the
effects of biotic interactions or dispersal limitations, as well as the



Fig. 1. (a) Current presence records of the spotted hyena, and (b) location of the Pleistocene presence sites included in the analysis, dated from 126,000 yr BP (black circles),
42,000 yr BP (black triangles), 30,000 yr BP (white triangles) and 21,000 yr BP (white circles).
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available environmental space (Jackson and Overpeck, 2000). Thus,
if we aim to generate an appropriate geographical representation of
the species’ niche using distribution data, we must use simple
techniques and the most complete set of data (see Peterson et al.,
2007; Jiménez-Valverde and Lobo, 2008). We use a simple
climatic envelope (Busby, 1986) to estimate the potential climatic
distribution of the species in the different temporal scenarios,
basing our model in the climatic requirements of a multitemporal
presence data set. The climatic envelope model represents the
minimal rectilinear envelope for the sampled multidimensional
climatic requirements of the species, according to the available
distributional information for the different Pleistocene periods and



Fig. 2. Mean temperature and precipitation of the spotted hyena presence sites for the
different temporal data sets: 126 ka (black circles), 42 ka (grey triangles), 30 ka (white
triangles), 21 ka (white circles) and present (grey rhomboids).
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the present (Guisan and Zimmermann, 2000; Beaumont et al.,
2005). Thus, binary presence-absence maps were created based
on the multidimensional envelope that includes the range of
climatic conditions in which the species was observed. We also
built a continuous geographic representation, using the Mahala-
nobis distance (Farber and Kadmon, 2003) as a measure of climatic
favourability. This measure differs from the Euclidean distance in
that it takes into account the dependence among variables and is
scale-invariant (i.e., the variables have the same weight indepen-
dently of their variance). To emphasise the role of environmental
limits (Huston, 2002) as well as to avoid the effect of bias in current
and past fossil distribution data, we used amplitude ([max-
imum�minimum]/2þminimum) to calculate the central point of
the n-dimensional climatic values for all past and present known
presence cells. Thus, optimum climatic niche conditions would be
equidistant from the extremes of the climatic values present in all
known Pleistocene and current localities. This method avoids the
bias generated by the use of central tendency measures (mean,
mode or median) when estimated on a biased set of data (in this
case, there are over 10 times more distributional localities of the
spotted hyena in present climatic conditions than there are for all
considered past times).

Niche climatic envelopes also depend on the type and number
of predictor variables used in their estimation (Beaumont et al.,
2005). Due to this, a necessary first step should be the selection
of the predictor variables with a higher likelihood of being relevant
to the distribution of species. We used ecological-niche factor
analysis (ENFA) to identify the major climatic requirements of the
spotted hyena (Hirzel et al., 2002; Basille et al., 2008; Calenge and
Basille, 2008; Calenge et al., 2008). This exploratory analysis (see
Hirzel et al., 2002 for a detailed explanation of the method) allows
the identification of those variables that explain both marginality
(the difference between the conditions inhabited by the species
and the regional average conditions) and the specialisation of the
species (i.e., the tolerance of the species to the climatic gradient in
the study area). Five separate ENFA analyses were carried out: four
in Europe for past time simulations and one in Africa using present-
day climatic simulations. Those variables with factor loadings
>0.33 for the marginality or specialisation axes in any one of the
ENFA analyses were selected. In total, seven climatic variables from
the complete set of GENESIS variables were retained and used in
modelling procedures: actual evapotranspiration, annual precipi-
tation, maximum monthly precipitation, minimum monthly
precipitation, annual mean temperature, mean temperature of the
warmest month, and mean temperature of the coldest month.

3. Results

Spotted hyenas inhabit a wide range of annual precipitation and
mean temperature conditions, although Pleistocene European
localities appeared to have lower temperatures and, to a lesser
extent, lower precipitation than current African localities (Fig 2).
Presence data for Europe during the warm/wet conditions of the
Pleistocene 126 ka scenario had different climatic conditions than
those from the cold/dry conditions of the last glaciation.

The geographical projections of the climatic niche derived from
all fossil and current data indicated that C. crocuta had suitable
climatic conditions in Europe during the last 126 ka (Fig. 3). The
potential climatic distribution of the species covered Europe in the
last interglacial age (Fig. 3a), when the climatic conditions were
similar to current ones. Model predictions suggested geographic
range was reduced by 8% for the MIS3 for both the 42 ka and 30 ka
simulations and by more than 30% for the last glacial maximum
(Fig. 3d). The present-day simulation (Fig. 3e) predicted an increase
in the potential climatic distribution of the species similar to the
MIS3 estimates, although the species went extinct during the
Pleistocene-Holocene transition (Carrión et al., 2001).

Continuous Mahalanobis predictions indicated that C. crocuta
had suitable climatic conditions in Europe during all of the Late
Pleistocene. Most of European territory is located at short distances
from the estimated central climatic niche conditions (Fig. 4),
although these distances differed significantly among periods, both
in the case of all European cells (Kruskal-Wallis test: H¼ 2755.64,
p< 0.0001, df¼ 4, N¼ 4427) and in the case of cells with C. crocuta
presences (H¼ 77.25, p< 0.0001, df¼ 4, N¼ 338). Thus, although
the climatic suitability distances of the spotted hyena presences
during the last glaciation overlap with the estimated values in all
other periods (Fig. 4), our analyses suggested a significant decrease
in the area with very favourable conditions. Interestingly, Africa
generally harboured more unstable and less suitable average
climatic conditions than Europe in all periods. Furthermore, during
the last glaciation, the geographical separation between the
favourable areas inAfrica andEurope increased substantially (Fig. 4).
4. Discussion

The geographical representations of the climatic envelopemodel
indicate that the European extinction of the spotted hyena
populations could not be related directly to the Pleistocene climatic
changes. Our results suggest that the extreme cold conditions
prevailing during the Last Glacial Maximum (LGM) would have
diminished theextentof the climatically suitable European territory,
but even under this apparently extreme climatic scenario, a high
proportion of southern and central Europe would remain habitable
forC. crocuta. Otherevidencealso supports theviewthat climatewas
probably not the most crucial and decisive factor in explaining the
extinction of C. crocuta in Europe. First, many cold periods occurred
during the Pleistocene (Allen et al., 1999) and they did not cause
extinction in Europe. Considerable fossil evidence demonstrates
that the spotted hyena was present in Europe during Pleistocene
glacial conditions. During these time the spotted hyena, coexisted
with species such as the woolly rhinoceros and the woolly
mammoth (Werdelin and Solounias, 1991; Testu, 2006). Further-
more, our results showthat thedistances fromtheestimated climate
optimum are even higher on the continent in which C. crocuta still
survives (Africa) than in Europe during the last 126,000 years.

Late Pleistocene climatic changes could not be linked directly to
the final extinction of the spotted hyena. European Pleistocene



Fig. 3. The projection of the entire climatic envelope model for the different temporal scenarios considered: a (126 ka), b (42 ka), c (30 ka), d (21 ka) and e (present). Only during the
Last Glacial Maximum (d) did the predicted distribution of Crocuta crocuta species appear to be climatically restricted to southern and central Europe.
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fossil records of C. crocuta are characterised by their location near
the cold extreme of the full temperature range. Thus, assuming that
our methodological procedure correctly approximated the climatic
optimum of the species, our results also suggest that most of the
southern European territory possessed low suitability values
during the LGM.More importantly, the existence of wide areas with
low suitability values separated the climatically favourable areas of
Africa and Europe. However, the relevance of the climatic variables
highly depends on our methodological procedures. In particular,
the selection of the climatic optimum is a key step in this process
that may greatly affect the results. For example, in the case of the
woolly mammoth, this optimum was estimated using a central
tendency measure over the entire set of available climatic data, and
the results suggested that climate was the main factor driving both
the extinction and the decrease in distribution (Nogués-Bravo et al.,
2008).

According to our results, during the LGM the spotted hyena
could have suffered climatic stress and fragmentation of their
potential distributional area in both Europe and Africa, although
the consequences of these possible range contractions may have
been different in each continent. If the complete geographic range
and the probability of recolonization diminished during this cold
period, other factors, such as the number of available prey or the
competitive interaction with humans could have acted synergisti-
cally to precipitate the Holocene extinction of European spotted
hyenas. In addition, the plant fossil records of the Palaearctic
indicate that there were several short-term vegetation changes,
supposedly linked to sharp climatic shifts that affected the general
glacial cycles (Li et al., 2006; Wagner et al., 2009). These short-term
climatic waves could have played an important role in the disap-
pearance of the European spotted hyena populations.

Three aspects of our methodology could have substantially
influenced our results and hence our biological interpretations.
They are: (i) the temporal and spatial extent of the data used, (ii)
the selection of the relevant climatic variables and (iii) the previ-
ously mentioned estimation of the species climatic optimum.
Some studies on Quaternary mammalian faunas relate species
changes to the glacial/interglacial cycles and assume that there
were cold-adapted and warm-adapted species. In these analyses,
cold-adapted species expand their ranges during glacial periods,
while warm-adapted species migrate or disappear (Martínez-
Meyer et al., 2004). The spotted hyena is considered to be
a warm-adapted species because it is currently living in Africa, and
consequently, LGM climatic conditions have been interpreted to be
a threat for the species (Jacobi et al., 2006). However, we think that
the general framework of classifying organisms as warm or cold
adapted based on their current realised climatic niche is an over-
simplification of the potential climatic requirements. In addition,
this assumption could lead to incorrect conclusions about the
biological response to the environmental changes. As with other
European mammals (Stewart et al., 2003), the past and present
geographic distribution of the spotted hyena reflects different parts
of their potential climatic niche. In our opinion, the species niche
should be determined using both past and present species occur-
rences because the estimated climatic niche depends critically on
the temporal and geographic scope of the data that are analyzed
(Varela et al., 2009). It can be inaccurate to estimate the complete
potentially suitable climatic requirements of a species using only
a single temporal or spatial scenario. Each partially realised
distribution does not cover the entire potential climatic tolerance of
the species. Therefore, only when the most complete set of distri-
bution data (from more than one different temporal scenario) is
used will we best estimate the climatic niche of the species. This
apparently simple factor has profound consequences for the
discussion on the comparative roles of niche stability factors and
niche evolution factors (Holt, 1996). Using distributional informa-
tion of species, some authors suggest the existence of niche
stability because climatic data on species presence sites remain
unaltered (Martínez-Meyer et al., 2004; Martínez-Meyer and
Peterson, 2006; Peterson and Nyári, 2008; Pearman et al., 2008a).
In contrast, niche shift is frequently assumed when climate
conditions derived from data coming from different periods or



Fig. 4. Mahalanobis distance maps representing the climatic distance of each 2� � 2� European and African grid cell from the central point ([maximum�minimum]/2þminimum)
of the n-dimensional climatic values considering all past and present known presence cells of C. crocuta for the five different temporal scenarios considered. The grey scale goes from
the minimum distance (black), which indicates suitable conditions for the spotted hyena, to the 90th percentile of the data set (white), which indicates extremely unfavourable
climatic conditions for the species (Mahalanobis distance¼ 50). The middle graph represents the dispersion of the Mahalanobis distances. Median, 25%e75% quartiles (black bars)
and minimumemaximum values (lines) were plotted both for all of the African (Af) and European (Eu) grid cells, as well as for those grid cells in which C. crocuta fossil or current
presence data were available (Sp). A temperature curve is also provided (modified from Petit et al., 1999).
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regions do not coincide (Broennimann et al., 2007; Fitzpatrick et al.,
2007; Urban et al., 2007; Pearman et al., 2008b; Steiner et al., 2008).
The climatic conditions prevailing in presence localities cannot
provide a reliable picture of the species niche due to the contingent
effect of some factors preventing the colonisation of climatically
favourable areas. Thus, we advocate the use of as much distribu-
tional data as possible. We also suggest caution when deriving
niche measures from distribution data, mainly when these data do
not completely cover the temporal and spatial spectrum of condi-
tions inhabited by the species.
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Other important technical decisions that can greatly change the
conclusions of these kind of studies are the selection of explanatory
variables and the method used to determine the most probable
location of the species optimum. Niche modelling results are highly
dependent on the quantity and type of variables used (Beaumont
et al., 2005). A large number of variables result in more restricted
potential distributions and niche estimations. Thus, we recommend
the use of an exploratory analysis, such as ENFA, to identify
a minimum set of relevant variables that explain to the greatest
extent possible the climatic tolerance and marginality of species
(Basille et al., 2008; Calenge and Basille, 2008; Calenge et al., 2008).
On the other hand, the correct estimation of the environmental
niche is hindered by the frequent biases and scarceness of distri-
butional information (Hortal et al., 2008). In the case of paleonto-
logical data, these biases are not only generated by the uneven
distribution of the collection effort, but also by the patchiness of the
locations of places capable of producing fossils. Although the esti-
mation of the environmental limits may be affected by these biases,
they may principally influence the calculation of the climatic
optimum. That is, central tendency measures, such as mean, mode
or median, might yield optimum values close to the climatic
conditions prevailing in the most surveyed locations or in those
where the occurrence of fossils is more frequent. To minimize this
effect, we suggest that the calculation of continuous suitability
measures, such as those provided by the use of the Mahalanobis
distance, be based on an optimum derived from the amplitude of
the climatic values for all presence data. As these central climatic
niche conditions would be located in an equidistant position from
the observed climatic extremes, such a procedure assumes that the
distribution of climatic values is symmetrical (that is unskewed).

Apart from the previously described methodological questions,
a few other caveats should be mentioned with respect to the
interpretation of our results. In recent African spotted hyena pop-
ulations, two separate clades with limited geographic overlap near
the equator are recognised. These two clades are probably
a consequence of colonisation from Pleistocene glacial refugees
(Rohland et al., 2005). In contrast, analysis of ancient DNA analysis
indicates that European fossil records from the Pleistocene and
current African populations could be part of the same species
(Nagel et al., 2004; Rohland et al., 2005). In addition, the high
morphological plasticity detected by Klein and Scott (1989) and
Mills and Hofer (1998), might reflect their capacity to inhabit awide
range of climatic conditions. Plasticity is an inherent property of
species, and changes in phenotype through space and time should
Fig. 5. General picture of the location of Pleistocene fossil sites for C. crocuta. There is
a geographic pattern in the spotted hyena fossil record, and although there are
Pleistocene fossil sites located in northern Europe (white), spotted hyena fossil remains
have been recorded only in the South (black).
be expected (Holt, 2003; Shai and Tamar, 2003; Kurtén,1973; Smith
et al., 1995, 1998). In this paper, we assumed that both present and
ancient morphological or genetic variability did not substantially
affect their potential response of C. crocuta to climatic conditions.

When estimating the factors that determine a species distribu-
tion, the variables should be measured at the scale they interact
with the target species. To do this, a species’ home range could be
used as an indicator of the ideal spatial resolution of the climatic
variables used to build the model. Spotted hyena territories can
reach 1000 km2, and the mean distance away hyenas will go
outside or their territory in search of prey their territory is 40 km,
although that distance can be as large as 80 km (Mills and Hofer,
1998). Therefore, the maximum species geographic home range
may cover around 10,000 km2. However, the available climatic
scenarios for the Pleistocene have a coarse resolution, and we had
to use a 2� � 2� degree grid cell to build the model (Pollard and
Thompson, 1997). Furthermore, the areas of these cells vary with
the latitude. The northern species presence cells are 28,300 km2

while those cells located near the equator are 39,500 km2. These
rough calculations indicate that the grid cells for climate modelling
could be two, three or even four times larger than the spotted
hyena home range. Species distribution models based on low-
resolution variables tend to predict larger areas than those con-
structed using high-resolution grid cells (Seo et al., 2009). There-
fore, because there were no high-resolution world climatic
scenarios available for the Pleistocene, this was the most accurate
approach we could take to estimate the range size and shift of the
spotted hyena during the Pleistocene.

Finally, the potential distribution that we estimated covers the
northern areas of Eurasia both for the 126 ka warm scenario and
42 ka or 30 ka cold events of the MIS3. This result is interesting,
because all the spotted hyena European fossil sites were located
south of 55�N (Markova et al., 1995) (Fig. 5). This pattern could be
explained by a geographic bias in the data sample or because the
model is missing some relevant non-climatic factor(s) related to the
dispersal/survival capabilities of the species in northern latitudes.
Because there are many fossil sites located in northern latitudes
without C. crocuta remains (Fig. 5), we believe that a taphonomic
bias is highly improbable. We recommend that future in niche
modelling studies include other non-climatic factors to explain the
species’ lack of ability to colonize northern Europe. One non-
climatic factor that warrants further analysis is prey diversity and
abundance during the Pleistocene because prey diversity and
abundance is apparently fundamental to explaining the current
distribution of large carnivores (Hayward et al., 2007). Another
factor that should be included is the possibility of direct competi-
tion between humans and European spotted hyenas, both in their
trophic preferences and in their shelter requirements. Similarly, as
spotted hyenas use caves to den, we hypothesise that the absence of
karstic systems in northern Europe could have been a species-
specific ethological factor that constrained the northern distribu-
tion of this species during the Pleistocene. These hypotheses will be
deeply discussed in future papers.

5. Conclusions

First, our analysis indicates that past climatic changes could
have isolated Late Pleistocene C. crocuta populations in two
different areas: Africa and Europe. The model suggests that the
extinction of the European spotted hyena and the prevalence of the
African populations cannot be explained solely as a function of
climate. Consequently, future research should explore the impor-
tance of factors, such as human impacts or herbivore abundance, to
test whether these factors may help explain the disappearance of
the spotted hyenas from Europe. Second, our model predicts that
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the spotted hyena European distribution should cover Northern
Europe during the warm periods of the Late Pleistocene. The
absence of C. crocuta fossil records from these areas could be related
to the limited number of Northern European interglacial fossil sites.
New fossil records in this zone would give further opportunities for
model evaluation.

Acknowledgements

We specially thank Jack Hayes and Alana Dapena for their advice
with the English and Pedro Aragón for his helpful suggestions. The
first author (S. Varela) was supported by a doctoral fellowship from
the Fundación Atapuerca. J. Rodríguez was supported by the
Spanish MEC project (CGL2009-12703-C03-01) and by the JCyL-
Grupos de Excelencia program (GR249/2008).

References

Allen, J.R.M., Brandt, U., Brauer, A., Hubberten, H.W., Huntley, B., Keller, J., Kraml, M.,
Mackensen, A., Mingram, J., Negendank, J.F.W., Nowaczyk, N.R., Oberhänsli, H.,
Watts, W.A., Wulf, S., Zolitschka, B., 1999. Rapid environmental changes in
southern Europe during the last glacial period. Nature 400, 740e743.

Alroy, J., 1999. Putting North America’s end-Pleistocene megafaunal extinction in
context. In: MacPhee, R.D.E. (Ed.), Extinctions in Near Time. Kluwer Academic/
Plenum Publishers, New York, pp. 105e143.

Banks, W.E., d’Errico, F., Peterson, A.T., Kageyama, M., Colombeau, G., 2008a.
Reconstructing ecological niches and geographical distributions of caribou
(Rangifer tarandus) and red deer (Cervus elaphus) during the Last Glacial
Maximum. Quaternary Science Reviews 27, 2568e2575.

Banks, W.E., d’Errico, F., Peterson, A.T., Kageyama, M., Sima, A., Sanchez-Goni, M.-F.,
2008b. Neanderthal extinction by competitive exclusion. PLoS ONE 3 (e3972),
1e8.

Barnosky, A.D., Koch, P.L., Feranec, R.S., Wing, S.L., Shabel, A.B., 2004. Assesing the
causes of late Pleistocene extinctions on the continents. Science 306, 70e75.

Barry, J.C., Morgan, M.E., Flynn, L.J., Pilbeam, D., Behrensmeyer, A.K., Raza, S.,
Khan, M., Badgley, I.A., Hicks, C., Kelley, J., 2002. Faunal and environmental
change in the late Miocene Siwaliks of northern Pakistan. Paleobiology 28 (2),
1e71.

Basille, M., Calenge, C., Marboutin, E., Andersen, R., Gaillard, J.-M., 2008. Assessing
habitat selection using multivariate statistics: some refinements of the
ecological-niche factors analysis. Ecological Modelling 211, 233e240.

Batra, P.O., 2003. An assessment of interactively coupled paleoclimate-vegetation
models. Ph.D. Thesis, The Pennsylvania State University, University Park, PA,
USA.

Barron, E.J., Pollard, D., 2002. High-resolution climate simulations of Oxygen Isotope
Stage 3 in Europe. Quaternary Research 58, 296e309.

Beaumont, L.J., Hughes, L., Poulsen, M., 2005. Predicting species distributions: use of
climatic parameters in BIOCLIM and its impact on predictions of species’
current and future distributions. Ecological Modelling 186, 250e269.

Beck, M.W., 1996. On discerning the cause of Late Pleistocene megafaunal extinc-
tions. Paleobiology 22 (1), 91e103.

Bowen, D.Q., 1995. Last glacial maximum. In: Gornitz, V. (Ed.), Encyclopedia of
Paleoclimatology and Ancient Environments. Springer, Dordrecht.

Bowyer, R.T., Van Ballenberghe, V., Kie, J.G., 1998. Timing and synchrony of partu-
rition in Alaskan moose: long-term versus proximal effects of climate. Journal of
Mammalogy 79, 1332e1344.

Broennimann, O., Treier, U.A., Müller-Schärer, H., Thuiller, W., Peterson, A.T.,
Guisan, A., 2007. Evidence of climatic niche shift during biological invasion.
Ecology Letters 10, 701e709.

Busby, J.R., 1986. A biogeographical analysis of Notophagus cunninghamii (Hook.) in
south-eastern Australia. Australian Journal of Ecology 11, 1e7.

Calenge, C., Basille, M., 2008. A general framework for the statistical exploration of
the ecological niche. Journal of Theoretical Biology 252, 674e685.

Calenge, C., Darmon, G., Basille, M., Loison, A., Jullien, J.M., 2008. The factorial
decomposition of the Mahalanobis distances in habitat selection studies.
Ecology 89, 555e566.

Cardoso, J.L., 1996. The large Upper-Pleistocene mammals in Portugal. A synthetic
approach. Geobios 29, 235e250.

Carrión, J.S., Riquelme, J.A., Navarro, C., Munuera, M., 2001. Pollen in hyaena
coprolites reflects late glacial landscape in southern Spain. Palaeogeography,
Palaeoclimatology, Palaeoecology 176, 193e205.

Coard, R., Chamberlain, A.T., 1999. The nature and timing of faunal change in the
British Isles across the Pleistocene/Holocene transition. Holocene 9, 372e376.

Cosgrove, B.A., Barron, E.J., Pollard, D., 2002. A simple interactive vegetation model
coupled to the GENESIS GCM. Global and Planetary Change 32, 253e278.

Currie, D., 1991. Energy and large scale patterns of animal and plant species rich-
ness. The American Naturalist 137 (1), 26e49.

Dockner, M., 2006. Comparison of Crocuta crocuta crocuta and Crocuta crocuta
spelaea through computer tomography. Ph.D. Thesis, Univ. Vienna, Austria.
Doherty, R., Kutzbach, J.E., Foley, J.A., Pollard, D., 2000. Fully coupled climate/
dynamical vegetation model simulations over Northern Africa during the mid-
Holocene. Climate Dynamics 16 (8), 561e573.

Farber, O., Kadmon, R., 2003. Assessment of alternative approaches for bioclimatic
modelling with special emphasis on the Mahalanobis distance. Ecological
Modelling 160, 115e130.

Fitzpatrick, M., Weltzin, J., Sanders, N., Dunn, R., 2007. The biogeography of
prediction error: why does the introduced range of the fire ant over-predict its
native range? Global Ecology and Biogeography 16, 24e33.

Forster, M.A., 2003. Self-organised instability and megafaunal extinctions in
Australia. Oikos 103 (1), 235e239.

Garcia, N., Arsuaga, J.L., 1999. Carnivores from the Early Pleistocene hominid-
bearing Trinchera Dolina 6 (Sierra de Atapuerca, Spain). Journal of Human
Evolution 37, 415e430.

Geffen, E., Anderson, M.J., Wayne, R.K., 2004. Climate and habitat barriers to
dispersal in the highly mobile grey wolf. Molecular Ecology 13, 2481e2490.

Geraga, M., Tsaila-Monopolis, S., Ioakim, C., Papatheodorou, G., Ferentinos, G., 2005.
Short-term climate changes in the southern Aegean Sea over the last 48,000
years. Palaeogeography, Palaeoclimatology, Palaeoecology 220, 311e332.

Gornitz, V., 1995. Encyclopedia of Paleoclimatology and Ancient Environments.
Springer, Dordrecht.

Guisan, A., Zimmermann, N.E., 2000. Predictive habitat distribution models in
ecology. Ecological Modelling 135, 147e186.

Harrison, S.P., Prentice, C.I., 2003. Climate and CO2 controls on global vegetation
distribution at the last glacial maximum: analysis based on palaeovegetation
data, biome modeling and palaeoclimate simulations. Global Change Biology 9,
983e1004.

Harrison, S.P., Jolly, D., Laarif, F., Abe-Ouchi, A., Dong, B., Herterich, K., Hewitt, C.,
Joussaume, S., Kutzbach, J.E., Mitchell, J., de Noblet, N., Valdes, P., 1998. Inter-
comparison of simulated global vegetation distributions in response to 6 kyr BP
orbital forcing. Journal of Climate 11, 2721e2742.

Hayward, M., O’Brien, J., Hormeyr, M., Kerley, G.H., 2007. Testing predictions of the
prey of lion derived from modeled prey preferences. Journal of Wildlife
Management 71 (5), 1567e1575.

Hirzel, A.H., Hausser, J., Chessel, D., Perrin, N., 2002. Ecological-niche factors anal-
ysis: how to compute habitat-suitability maps without absence data? Ecology
83, 2027e2036.

Holt, D.R., 1996. Demographic constraints in evolution: towards unifying the
evolutionary theories of senescence and niche conservatism. Evolutionary
Ecology 10, 1e11.

Holt, R.D., 2003. On the evolutionary ecology of species’ ranges. Evolutionary
Ecology Research 5, 159e178.

Hortal, J., Jiménez-Valverde, A., Gómez, J.F., Lobo, J.M., Baselga, A., 2008. Historical
bias in biodiversity inventories affects the observed realized niche of the
species. Oikos 117, 847e858.

Huntley, B., 1991. How plants respond to climate change: migration rates, individ-
ualism and the consequences for plant communities. Annals of Botany 67
(Supl.1), 15e22.

Huston, M.A., 2002. Introductory essay: critical issues for improving predictions. In:
Scott, J.M., Heglund, P.J., Morrison, M.L., Haufler, J.B., Raphael, M.G., Wall, W.A.,
Samson, F.B. (Eds.), Predicting Species Occurrences: Issues of Accuracy and
Scale. Island Press, Covelo, CA, pp. 7e21.

Jackson, S.T., Overpeck, J.T., 2000. Responses of plant populations and communities
to environmental changes of the late Quaternary. Paleobiology 26S, 94e220.

Jacobi, R.M., Higham, T.F.G., Bronk Ramsey, C., 2006. AMS radiocarbon dating of
Middle and Upper Palaeolithic bone in the British Isles: improved reliability
using ultrafiltration. Journal of Quaternary Science 21 (5), 557e573.

Jiménez-Valverde, A., Lobo, J.M., 2008. Not as good as they seem: the importance in
concepts in species distribution modelling. Diversity and Distributions 14,
885e890.

Kaspar, F., Kühl, N., Cubasch, U., Litt, T., 2005. A model-data comparison of European
temperatures in the Eemian interglacial. Geophysical Research Letters 32,
L11703.1. doi:10.1029/2005GL022456.

Kearney, M., 2006. Habitat, environment and niche: what are we modelling? Oikos
115, 186e191.

Klein, R.G., Scott, K., 1989. Glacial/interglacial size variation in fossil spotted hyenas
(Crocuta crocuta) from Britain. Quaternary Research 32, 88e95.

Kohfeld, K.E., Harrison, S.P., 2000. How well can we simulate past climates? Eval-
uating the models using global palaeoenvironmental datasets. Quaternary
Science Reviews 19, 321e346.

Kostopoulus, D., Palombo, M.R., Alberdi, M.T., Valli, A.M.F., 2007. Pliocene to Pleis-
tocene large mammal diversity and turnover in North Mediterranean region:
the Greek Peninsula with respect to the Iberian and Italian ones. Geodiversitas
29 (3), 401e419.

Kurtén, B., 1957. The bears and hyenas of the interglacials. Quaternaria 4, 69e81.
Kurtén, B., 1968. Pleistocene Mammals of Europe. Weidenfeld, Nicolson, London.
Kurtén, B., 1973. Geographic variation in the size of the puma (Felis concolor).

Commentaciones biologicae 63, 3e8.
Levis, S., Foley, J.A., Brovkin, V., Pollard, D., 1999. On the stability of the high-latitude

climate-vegetation system in a coupled atmosphere-biosphere model. Global
Ecology and Biogeography 8, 489e500.

Li, C.H., Tang, L.Y., Feng, Z.D., Zhang, H.C., Wang, W.G., An, C.B., 2006. A high-
resolution late Pleistocene record of pollen vegetation and climate change
from Jingning, NW China. Science in China Series D e Earth Sciences 49,
154e162.



S. Varela et al. / Quaternary Science Reviews 29 (2010) 2027e2035 2035
Louys, J., Curnoe, D., Tong, H., 2007. Characteristics of Pleistocene megafauna
extinctions in Southeast Asia. Palaeogeography, Palaeoclimatology, Palae-
oecology 243 (1, 2), 152e173.

MacPhee, R.D.E., Tikhonov, A.N., Mol, D., Marliave, de C., Plitch, van der, H.,
Greenwood,A.D., Flemming,C., Agenbroad, L., 2002.Radiocarbonchronologies and
extinction dynamics of the late Quaternary mammalian megafauna of the Taimyr
Peninsula, Russian Federation. Journal of Archaeological Science 29, 1017e1042.

Markova, A., Smirnov, N.G., Kozharinov, A.V., Kazantseva, N.E., Simakova, A.N.,
Kitaev, L.M., 1995. Late Pleistocene distribution and diversity of mammals in
Northern Eurasia. Paleontologia i Evolució 28, 29, 5e143.

Martínez-Meyer, E., Peterson, A.T., Hargrove, W., 2004. Ecological niches as stable
distributional constraints on mammal species, with implications for Pleistocene
extinctions and climate projections for biodiversity. Global Ecology and
Biogeography 13, 305e314.

Martínez-Meyer, E., Peterson, A., 2006. Conservatism of ecological niche charac-
teristics in North American plant species over the Pleistocene-to-recent tran-
sition. Journal of Biogeography 33, 1779e1789.

Mellars, P., 2006. A new radiocarbon revolution and the dispersal of modern
humans in Eurasia. Nature 439, 931e935.

Mills, G., Hofer, H., 1998. Status Survey and Conservation Action Plan. Hyaenas.
IUCN/SSC Hyaena Specialist Group. IUCN, Gland, Switzerland and Cambridge.

Musil, R., 1962. Die Höhle Sveduv stul. Ein typischer Hyänenhorst. Anthropos 13,
97e260.

Nagel, D., Rohland, N., Hofreiter, M., 2004. Phylogeography of the cave hyena
(Crocuta crocuta spelaea)-morphology versus genetics. In: International
Senckenberg Conference, Weimar, Norway.

Nogués-Bravo, D., Rodríguez, J., Hortal, J., Batra, P., Araújo, M.B., 2008. Climate
change, humans, and the extinction of the woolly mammoth. PLoS Biology 6 (4),
685e692.

Pearman, P., Randin, C., Broennimann, O., Vittoz, P., van der Knaap, W., Engler, R., Le
Lay, G., Zimmermann, N.E., Guisan, A., 2008a. Prediction of plant species
distributions across six millennia. Ecology Letters 11, 357e369.

Pearman, P., Guisan, A., Broennimann, O., Randin, C., 2008b. Niche dynamics in
space and time. Trends in Ecology & Evolution 23 (3), 149e158.

Peltier, W.R., 1994. Ice age paleotopography. Science 265, 195e201.
Peterson, A.T., Papes, M., Eaton, M., 2007. Transferability and model evaluation in

ecological niche modelling: a comparison of GARP and Maxent. Ecography 30,
550e560.

Peterson, A.T., Nyári, Á, 2008. Ecological niche conservatism and Pleistocene refugia in
the thrush-like mourner, Schiffornis sp., in the Neotropics. Evolution 62, 173e183.

Petit, J.R., Jouzel, J., Raynaud, D., Barkov, N.I., Barnola, J.-M., Basile, I., Bender, M.,
Chappellaz, J., Davis, M., Delaygue, G., Delmotte, M., Kotlyakov, V.M.,
Legrand, M., Lipenkov, V.Y., Lorius, C., PÉpin, L., Ritz, C., Saltzman, E.,
Stievenard, M., 1999. Climate and atmospheric history of the past 420,000 years
from the Vostok ice core, Antarctica. Nature 399, 429e436.

Pollard, D., Thompson, S.L., 1997. Climate and ice-sheet mass balance at the last
glacial maximum from the GENESIS version 2 Global Climate Model. Quater-
nary Science Reviews 16, 841e863.

Raynaud, D., Jouzel, J., Barnola, J.M., Chappellaz, J., Delmas, R.J., Lorius, C., 1993. The
ice record of greenhouse gases. Science 259, 926e934.

Reynolds, S.C., 2007. Mammalian body size changes and Plio-Pleistocene environ-
mental shifts: implications for understanding hominin evolution in eastern and
southern Africa. Journal of Human Evolution 53, 528e548.

Rohland, N., Pollack, J.L., Nagel, D., Beauval, C., Airvaux, J., Pääbo, S., Hofreiter, M.,
2005. The population history of extant and extinct hyaenas. Molecular Biology
and Evolution 22 (12), 2435e2443.
Seo, C., Thorne, J.H., Hannah, L., Thullier, W., 2009. Scale effects in species distri-
bution models: implications for conservation planning under climate change.
Biology Letters 5, 39e43.

Shai, M., Tamar, D., 2003. On the validity of Bergmann’s rule. Journal of Biogeog-
raphy 30 (3), 331e351.

Smith, F.A., Betancourt, J.L., Brown, J.H., 1995. Evolution of body size in the woodrat
over the past 25,000 years of climate change. Science 270, 2012e2014.

Smith, F.A., Browning, H., Shepherd, U.L., 1998. The influence of climate change on
the body mass of the woodrats Neotoma in an arid region of New Mexico, USA.
Ecography 21, 140e148.

Soberón, J., 2007. Grinnellian and Eltonian niches and geographic distributions of
species. Ecology Letters 10, 1115e1123.

Soergel, W., 1937. Die Stellung der Hyaena spelaea GOLDF. aus der Lindentaler
Hyänenhöhle bei Gera. Beiträge zur Geologie von Thüringen 4, 171e189.

Sommer, R., Benecke, N., 2005. Late-Pleistocene and early Holocene history of the
canid fauna of Europe (Canidae). Mammalian Biology 70, 227e241.

Steiner, F.M., Schlick-Steiner, B.C., Van DerWal, J., Reuther, K.D., Christian, E.,
Stauffer, C., Suarez, A.V., Williams, S.E., Crozier, R.H., 2008. Combined modelling
of distribution and niche in invasion biology: a case study of two invasive
Tetramorium ant species. Diversity and Distributions 14, 538e545.

Stewart, J.R., van Kolfschoten, M., Markova, A., Musil, R., 2003. The mammalian
faunas of Europe during oxygen isotope stage three. In: Van Andel, T.H.,
Davies, W. (Eds.), Neanderthals and Modern Humans in the European Land-
scape during the Last Glaciation, 60,000 to 20,000 years ago: Archaeological
Results of the Stage 3. McDonald Institute Monograph Series, Cambridge, pp.
103e129.

Stuart, A.J., Lister, A.M., 2007. Patterns of Late Quaternary megafaunal extinctions in
Europe and northern Asia. Cour. Forsch.-Inst. Senckenberg 259, 287e297.

Testu, A., 2006. Etude paléontologique et biostratigraphique des Felidae et Hyae-
nidae pléistocènes de l’Europe méditerranéenne. Ph.D. Thesis, Centre Europeen
de Recherches Prehistoriques de Teutavel, Univ. Perpignan, France.

Thompson, S.L., Pollard, D., 1995a. A Global Climate Model (GENESIS) with a land-
surface transfer scheme (LSX). Part I: present climate simulation. Journal of
Climate 8, 732e761.

Thompson, S.L., Pollard, D., 1995b. A Global Climate Model (GENESIS) with a land-
surface transfer scheme (LSX).Part II: CO2 sensitivity. Journal of Climate 8,
1104e1121.

Urban, M., Philips, B., Skelly, D., Shine, R., 2007. The cane toad’s (Chaunus [Bufo]
marinus) increasing ability to invade Australia is revealed by a dynamically
updated range model. Proceedings of the Royal Society B: Biological Sciences
274, 1413e1419.

Varela, S., Rodríguez, J., Lobo, J.M., 2009. Is current climatic equilibrium a guarantee
for the transferability of distribution model predictions? A case study of the
spotted hyena. Journal of Biogeography 36, 1645e1655.

Vavrus, S., 2001. A comparison of feedback processes in the Arctic during past and
future warm climates. Preprints, Sixth Conference on Polar Meteorology and
Oceanography. American Meteorological Society, San Diego, pp. 5e8.

Wagner, B., Lotter, A.F., Nowaczyk, N., Reed, J.M., Schwalb, A., Sulpizio, R.,
Valsecchi, V., Wessels, M., Zanchetta, G., 2009. A 40,000-year record of envi-
ronmental change from ancient Lake Ohrid (Albania and Macedonia). Journal of
Paleolimnology 41, 407e430.

Werdelin, L., Solounias, N., 1991. The hyaenidae: taxonomy, systematics and
evolution. In: Fossils and Strata 30. Universitetsforlaget, Oslo.

Willis, K.J., Niklas, K.J., 2004. The role of Quaternary environmental change in plant
macroevolution: the exception or the rule? Philosophical Transactions of the
Royal Society 359, 159e172.


	Were the Late Pleistocene climatic changes responsible for the disappearance of the European spotted hyena populations? Hin ...
	Introduction
	Materials and methods
	Spotted hyena data
	Climatic data
	Species distribution modelling

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


