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Abstract: 1. This study utilizes a unique data set covering over 19 000 georeferenced records of
species presence collected between 1993 and 2008, to explore the distribution and habitat
selectivity of an assemblage of 26 carnivore species in the Serengeti-Ngorongoro landscape in
northern Tanzania.

2. Two species, the large-spotted genet and the bushy-tailed mongoose, were documented for
the first time within this landscape. Ecological Niche Factor Analysis (ENFA) was used to
examine habitat selectivity for 18 of the 26 carnivore species for which there is sufficient data.
Eleven ecogeographical variables (EGVSs), such as altitude and habitat type, were used for these
analyses.

3. The ENFA demonstrated that species differed in their habitat selectivity, and supported the
limited ecological information already available for these species, such as the golden jackals'
preference for grassland and the leopards' preference for river valleys.

4. Two aggregate scores, marginality and tolerance, are generated by the ENFA, and describe
each species' habitat selectivity in relation to the suite of EGVs. These scores were used to test
the hypothesis that smaller species are expected to be more selective than larger species
[Science, 1989, 243, 1145]. Two predictions were tested: Marginality should decrease with body
mass; and tolerance should increase with body mass. Our study provided no evidence for either
prediction.

5. Our results not only support previous analyses of carnivore diet breadth, but also represent a
novel approach to the investigation of habitat selection across species assemblages. Our method
provides a powerful tool to explore similar questions in other systems and for other taxa.
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Summary

1. This study utilizes a unique data set covering over 19 000 georeferenced records of species pres-
ence collected between 1993 and 2008, to explore the distribution and habitat selectivity of an
assemblage of 26 carnivore species in the Serengeti—-Ngorongoro landscape in northern Tanzania.
2. Two species, the large-spotted genet and the bushy-tailed mongoose, were documented for the
first time within this landscape. Ecological Niche Factor Analysis (ENFA) was used to examine
habitat selectivity for 18 of the 26 carnivore species for which there is sufficient data. Eleven eco-
geographical variables (EGVs), such as altitude and habitat type, were used for these analyses.

3. The ENFA demonstrated that species differed in their habitat selectivity, and supported the
limited ecological information already available for these species, such as the golden jackals’ pref-
erence for grassland and the leopards’ preference for river valleys.

4. Two aggregate scores, marginality and tolerance, are generated by the ENFA, and describe
each species’ habitat selectivity in relation to the suite of EGVs. These scores were used to test the
hypothesis that smaller species are expected to be more selective than larger species [Science, 1989,
243, 1145]. Two predictions were tested: Marginality should decrease with body mass; and
tolerance should increase with body mass. Our study provided no evidence for either prediction.

5. Our results not only support previous analyses of carnivore diet breadth, but also represent a
novel approach to the investigation of habitat selection across species assemblages. Our method
provides a powerful tool to explore similar questions in other systems and for other taxa.
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the power of body mass (Glazier 2010), thus metabolic
demand per unit mass is expected to decrease with body mass

Introduction

Understanding the mechanisms for coexistence in species (Banavar et al. 2002), and animals are expected to become
assemblages is key to understanding how communities are more efficient in energy acquisition as they decrease in size
structured, and hence the fundamental drivers of evolution- (Brown & Maurer 1989). In addition, smaller species are also
ary processes. Niche partitioning between different species in expected to be more selective than larger species, because the
a community is a key driver of the evolution and structure of ability to cover ground and acquire different types of food
species assemblages (Begon, Harper & Townsend 1990; scales with body mass, allowing larger species access to a
Mayhew 2006). In particular, body size is expected to be a broader range of habitats and diet than smaller species
major factor driving niche separation between different spe- (Schoener 1968; Peters 1983). Moreover, in predator guilds,
cies, whereby species with larger body sizes utilize different large predators are expected to be able to capture both large

habitats and diet than species with smaller body sizes (Peters and small prey, whilst small predators are usually only able
1983). Energy requirements of mammals scale with 2/3—1 of to handle small prey (Barclay & Brigham 1991; Costa 2009).

There is some evidence to support this hypothesis, for
*Correspondence author. E-mail: sdurant@wecs.org example, there are positive relationships between geographic
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range and body size in some fish taxa (Pyron 1999) and
between prey range and body size in carnivores (Radloff &
Du Toit 2004). However, other studies are more ambiguous.
Thus, body size in passerine birds shows no relationship with
diet breadth, but beak size has a positive correlation (Brand],
Kristin & Leisler 1994), and an apparent relationship
between body size and dietary breadth in insects breaks down
when analysed within guilds (Novotny & Basset 1999). Fur-
ther studies appear to contradict the theory; for example, die-
tary niche breadth in marine predators (Costa 2009) or
lizards (Costa et al. 2008) is not correlated with body size,
whilst trophic niche breadth in Poicephalus parrots appears
to be inversely related to body size (Boyes & Perrin 2009).
Most studies to date have concentrated on dietary breadth as
a measure of niche breadth; however, optimal foraging the-
ory suggests that handling time constraints may make small
prey unprofitable for larger sized predators (Costa 2009),
which might explain the ambiguity of the results. We might
therefore expect a relationship between habitat selectivity
and body size to be stronger, yet relatively few studies have
investigated habitat-based measures of niche breadth.

Carnivores are of particular interest in any exploration of
the relationship between niche breadth and body size, as they
span an exceptionally wide range of body size (Gittleman &
Purvis 1998), and are found across a range of different eco-
systems, from polar ice to tropical forest (Macdonald 1989).
They are clearly highly adaptable, and able to live in complex
species assemblages where over 30 species can be documented
in a single ecosystem (Loyola ez al. 2009). However, whilst
many studies of carnivore biodiversity and distribution have
focussed on regional or global patterns, e.g. (Mills, Freitag &
van Jaarsveld 2001; Loyola ez al. 2009), very few have inves-
tigated possible mechanisms underlying multi-species distri-
bution patterns within an ecosystem or landscape (but see
Pita et al. 2009). This is unfortunate, as natural selection
operates on individuals within ecosystems, rather than across
an entire species. Very often clear patterns of distribution at
smaller scales can be masked at large scales and vice versa,
and hence the scale of investigation can have profound influ-
ences on our understanding and interpretation of the factors
influencing species distribution (Rahbek & Graves 2001;
Shriner, Wilson & Flather 2006; Davies et al. 2007; Anderson
et al. 2009).

Recent developments in spatial analysis enable us to
parameterize species habitat selectivity based on species
occurrence, enabling us for the first time to document the
habitat selectivity of entire species communities within a
taxon and ecosystem. Ecological Niche Factor Analysis
(ENFA) is one such approach, and uses a multifactorial anal-
ysis to determine niche selectivity for a species based on its
observed presence in relation to a range of ecogeographical
variables (EGVs) such as altitude or habitat type (Hirzel
et al. 2002). In addition to providing important information
on species distribution in relationship to EGVs, ENFA gen-
erates two key parameters, marginality and tolerance, which
provide aggregated statistics describing two independent
measures of habitat selectivity for a particular species (Hirzel
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et al.2002; Pettorelli et al. 2010). Broadly, a species with high
habitat selectivity is expected to have a high marginality,
indicating that it is selecting habitats which differ from the
global average, and/or a low tolerance, indicating that it is
selecting habitats with a narrow range over the EGVs (see
Materials and methods below; Hirzel ez al. 2002).

In this study, we aim to explore the ways in which habitat
selection influences carnivore species distribution and how
this relates to body size within a single landscape. Specifi-
cally, we explore the distribution and habitat selection of an
assemblage of carnivores, and go on to use the habitat selec-
tivity parameters generated by ENFA, marginality and
tolerance, to test the hypothesis that carnivores become less
selective as body mass increases through the following
predictions:

1. Marginality should decrease with body mass.
2. Tolerance should increase with body mass.

We use presence data for 26 species of carnivores in the
Serengeti ecosystem and surrounding areas — the Serengeti—
Ngorongoro landscape — for this analysis.

Materials and methods

STUDY SITE AND DATA

The study area is located within the Serengeti ecosystem in northern
Tanzania, encompassing the Serengeti National Park, Maswa,
Grumeti and Tkorongo Game Reserves, Ngorongoro Conservation
Area and Loliondo Game Controlled Area (Fig. 1). Habitats range
from an extensive grassland plain in the south to thick bush in the
north and west, and montane forest in the far south east. The area is
irregularly interspersed with kopjes of granite and gneiss, and in the
north and west intersected by rivers with remnant riverine forest
habitats (Fig. 2; Sinclair & Arcese 1995). The area mainly comprises

lkorongo Game
Reserve

Grumeti Games \

Reserve \

Laliondo
Game

Controlled
Area

Serengeti Nat onal
Fark

MNgorongoro
Conservation
Arez

haswia
Game
Reserve

Fig. 1. Study area (grey area) used for the background reference set
of ecogeographical variables.
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Fig. 2. Distribution of rivers, kopjes and alluvial plains in the study
area.

Serengeti volcanic grasslands and southern Acacia commiphora bush-
land and thickets (Fig. 3; Olson ez al. 2001).

The data used in our analyses originate from six sources of geore-
ferenced sighting data of carnivores gathered by research projects
working in the region:

1. Camera trap data — collected during surveys in the Maswa Game
Reserve (79 locations, 1260 camera trap days, June 2008),
Ngorongoro highlands (52 locations, 1008 camera trap days,
April-August 2005) and Serengeti riverine forest (40 locations,
1219 camera trap days, May—July 2006) by the Tanzania Carni-
vore Program (TAWIRI) (see Pettorelli er al. 2010 for details of
the methodology). No bait was used at camera trap sites.

2. Night transect data — collected by the Serengeti Viral Transmis-
sion Dynamics Team and the Serengeti Biodiversity Project
between July 2003 and January 2009. The same 10 transects (four
inside the park, six outside the park) were driven on roads
monthly (when possible); all carnivores seen with spotlights were
recorded with their GPS location.

3. Opportunistic carnivore sighting data gathered by S.M.D.
between 1993 and 2008. All rarely sighted carnivores (i.e. exclu-
ding lions Panthera leo; spotted hyaena Crocuta crocuta; golden

Southern Acacia Commiphora

/ bushlands and thickets

Sightings

Serengeti volcanic grassland

Fig. 3. Distribution of the carnivore sightings in the study area (small
circles) plotted against the main ecoregions in the study area.

jackal Canis aureus; black-backed jackal Canis mesomelas;
and bat-eared fox Otocyon megalotis) seen whilst searching for
cheetah Acinonyx jubatus were recorded alongside the date and
GPS location, as well as cheetah.

4. Opportunistic carnivore sighting data gathered by M.E.C. and
the Serengeti Lion Project between April 2004 and May 2008.
All carnivores, including lions, seen whilst radio-tracking for
lions were recorded alongside date and GPS location.

5. Geo-referenced observations collected during daytime transect
counts conducted quarterly along roads on the plains and in the
northern woodlands between 1998 and 2000 (S.M.D., unpub-
lished data) and across the plains in 2002, 2003 and 2005 (S. M.
Durant, M.E. Craft, R. Hilborn, S. Bashir & L. Thomas, unpub-
lished data).

6. Data submitted by volunteer contributors to the Tanzania
Carnivore Program database from 2002 to 2008 (http://
www.tanzaniacarnivores.org). Only geo-referenced data col-
lected by experienced observers were included in analyses.

Data are biased towards the southern plains, as this is where
research projects concentrated their efforts, and towards roads, par-
ticularly because of data from road-based transect counts from
across the region (Fig. 3). Because of the difficulties in identifying
genets to species by inexperienced observers, only verifiable camera
trap observations were used in analyses for this taxon.

DATA ANALYSIS -ENFA

We used ENFA (Hirzel et al. 2002) to explore habitat use for species
where a sufficient number of observation locations were available.
ENFA uses presence-only observation data to define habitat features
that promote species presence (Chefaoui, Hortal & Lobo 2005;
Santos et al. 2006). The principles and procedures of ENFA have
been described in detail elsewhere (Hirzel er al. 2002; Sattler et al.
2007). ENFA uses a factor analysis to aggregate information for each
species into two indices, namely (i) ‘marginality’ (equivalent to the
first factor) which maximizes the multivariate distance of the EGVs
between the cells occupied by the species and the cells within the
whole reference area, and (ii) ‘specialization’; an aggregate of the
remaining factors, which is defined as the ‘ratio of the ecological
variance in mean habitat to that observed for the focal species’
(Hirzel et al. 2002), and denotes to which extent a species’ EGVs dis-
tribution is narrow with respect to the overall distribution of the EGV's
in the whole reference area. A species’ ‘tolerance’ is measured as the
inverse of specialization. Marginality and specialization are uncorre-
lated factors, with most information contained within the first factors
(Hirzel et al. 2002). A global marginality factor close to 1 means that
the species lives in a very particular habitat relative to the reference
set, whilst a tolerance of < 1indicates some degree of specialization.
Geographic Information System (GIS) maps were selected for the
analyses based on features believed to be possible components of a
carnivore’s habitat, such as elevation, ecoregion (southern Acacia
commiphora vs. Serengeti volcanic grassland), vegetation type (grass-
land, shrub or tree) and cover (in %), landform (alluvial plains),
kopjes, lakes and rivers. Altogether, 11 EGVs were considered: allu-
vial plains; elevation; 100% grassland cover; kopjes; rivers; short
grassland; 100% shrub cover; 60% shrub cover; southern Acacia
commiphora; 100% tree cover; and Serengeti volcanic grassland.
Maps were provided by the Tanzanian Wildlife Research Institute
and the Serengeti-Mara data initiative (http://www.serengetidata.
org). The resolution of the maps used for the analysis was set at
50 m. This resolution represented a trade-off between accuracy and
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computation time. Before carrying out the analysis, all the EGVs
were normalized using the Box—Cox algorithm (Hirzel ez al. 2002).

We evaluated the accuracy of the reported patterns by means of
k-fold cross-validation (Sattler ez al. 2007). k was determined using
Huberty’s rule (Fielding & Bell 1997). We computed three presence-
only evaluation measures, i.e. Absolute Validation Index (AVI),
Contrast Validation Index (CVI; Sattler et al. 2007) and continuous
Boyce’s Index (BI; Hirzel ez al. 2006). AVI indicates how well the
model discriminates high-suitability from low-suitability areas and
varies from 0 to 1, while CVI indicates how much the AVI differs
from that generated by a random model and varies from 0 to AVI. BI
varies from 0 to 1, with 0 indicating a random model. Four classes of
habitat suitability were determined in order to estimate AVI and CVI
(Sattler ez al. 2007). A window width of 20 was used to estimate BI
(Hirzel et al. 2006). For all these measures (AVI, CVI and BI), high
mean values indicate a high consistency with evaluation data sets.
Furthermore, the lower the standard deviation, the more robust the
prediction. All the analyses were performed in Biomapeer 4.0 (Hirzel,
Hausser & Perrin 2004).

BODY SIZE

Body size estimates were gleaned from the literature (Table 1). As
body size estimates can vary across the species range, wherever possi-
ble we used estimates from within the Serengeti and Ngorongoro
landscape. If these were not available, then we used estimates from
eastern Africa; however, for a few species estimates were only avail-
able from southern Africa (Table 1). Analyses of body size were cor-
rected for phylogeny using independent contrasts and were
performed in the statistical package r (http://www.r-project.org).

Results

CARNIVORE DIVERSITY

Twenty-eight carnivore species have been documented in the
Serengeti-Mara region (Mduma & Hopcraft 2008): lion;
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leopard Panthera pardus; cheetah; serval Leptailurus serval,
caracal Caracal caracal; African wild cat Felis silvestris;
golden jackal; black-backed jackal; side-striped jackal Canis
audustus; African wild dog Lycaon pictus; bat-eared fox; zo-
rilla Ictonyx striatus; African striped weasel Poecilogale albi-
nucha; African honey badger Mellivora capensis; African
civet Civettictis civetta; spotted necked otter Hydrictis macul-
icollis; cape clawless otter Aonyx capensis; African palm civet
Nandinia binotata; common genet Genetta genetta; Egyptian
mongoose Herpestes ichneumon; slender mongoose Galerella
sanguinea, common dwarf mongoose Helogale parvula;
marsh mongoose Atilax paludinosus; banded mongoose
Mungos mungo; white-tailed mongoose Ichneumia albicauda;
aardwolf Proteles cristata; spotted hyaena Crocuta crocuta;
and striped hyaena Hyaena hyaena. Data from a total of 26
species were accumulated for this analysis; however, the com-
position of species differed from the published list. Four spe-
cies, African palm civet, striped weasel, spotted necked otter
and cape clawless otter, were not recorded in this study but
are listed as present in the ecosystem (Sinclair & Arcese 1995;
Mduma & Hopcraft 2008). The Tanzania Carnivore Pro-
gram data base included two sightings of striped weasel seen
in Loliondo Game Controlled Area (Daudi Peterson, pers.
comm.); however, these sightings were not GPS referenced.
Two species not previously listed, the large-spotted genet
Genetta maculata and the bushy-tailed mongoose Bdeogale
crassicauda, were recorded in this study. These two
species were identified in a series of camera-trapping surveys
(i.e. through verifiable photographs) in the region. The
large-spotted genet was recorded at 14 sites around the
Mbalageti and Grumeti rivers in the Serengeti National Park,
14 sites in the Maswa Game Reserve and a further nine sites
in the Ngorongoro highlands, whilst the bushy-tailed
mongoose was recorded at six sites in the Ngorongoro

Table 1. Body mass of carnivore species used in the analysis. Where possible, mass estimates were derived from within the ecosystem. Scientific

names are from Wilson & Reeder (2005)

Species Latin name Weight (kg) Study location Reference

Common dwarf mongoose Helogale parvula 0-35 Serengeti Waser et al. (1995)

Slender mongoose Galerella sanguinea 0-64 Serengeti Waser et al. (1995)

Banded mongoose Mungos mungo 166 Serengeti Waser et al. (1995)

White-tailed mongoose Ichneumia albicauda 3-50 East Africa Kingdon (1977)

Bat-eared fox Otocyon megalotis 3-50 Serengeti Maas & Macdonald (2004)

Wild cat Felis silvestris 4-50 Southern Africa Nowell & Jackson (1996)

Golden jackal Canis aureus 6:20 East Africa Wayne et al. (1989)

Black-backed jackal Canis mesomelas 7-30 Kenya Wayne et al. (1989)

Side-striped jackal Canis adustus 7-60 East Africa Wayne et al. (1989)

Honey badger Mellivora capensis 7-80 South Africa Begg et al. (2005)

Aardwolf Proteles cristata 8-70% South Africa Williams, Anderson &
Richardson (1997)

Serval Leptailurus serval 11-18 Africa Kingdon (1977)

Caracal Caracal caracal 11-40 South Africa Stuart (1981)

African civet Civettictis civetta 12-:00 East Africa Kingdon (1977)

Leopard Panthera pardus 3778 Tanzania Caso (2002)

Cheetah Acinonyx jubatus 3865 Serengeti Caro (1994)

Spotted hyaena Crocuta crocuta 52:00 Serengeti Kruuk (1972)

Lion Panthera leo 161-:50 Serengeti Schaller (1972)

“Average over winter and summer seasons.
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highlands, marking a major range extension for the species
(Taylor 1987).

ENFA

There were sufficient data for an ENFA for 18 of the species
observed, covering 19 640 locations (Table 2). Species for
which there were insufficient data for analysis included the
two newly documented species, large-spotted genet and
bushy-tailed mongoose, as well as striped hyaena, wild dog,
Egyptian mongoose, zorilla, marsh mongoose and common
genet.

The results of the ENFA are presented in Table 2. The
number of locations available for analysis ranged from 57
for the dwarf mongoose, up to 6699 for lions. The high
number of sightings for lions and cheetah reflect the fact
that data from two long-term research projects on these
species were included in this analysis. There was no rela-
tionship between marginality or tolerance with the number
of locations at which a species was recorded (marginality
Fy16 = 265, NS; tolerance Fj 6 = 002, NS). For EGV
that are a measure of distance, a positive correlation means
that the species is more likely to be found as distance
increases, and hence the overall association with that EGV
is negative. All 18 species were thus positively associated
with kopjes; and positively associated with the volcanic
grasslands and short grasslands, except for the civet and
white-tailed mongoose.

For the other EGVs, the pattern was less straightforward
(Table 2). Golden jackal, white-tailed mongoose and slender
mongoose were the species most positively associated with
higher elevations, while civet, wild cat and serval were species
most associated with lower elevations. Golden jackal was the
only species showing a strong positive association with 100%
grass cover, while black-backed jackal, leopard, slender mon-
goose, white-tailed mongoose and common dwarf mon-
goose, all thought to be dependent on some degree of bush or
woodland, were most negatively associated with this habitat
type. Rather surprisingly, most species were negatively asso-
ciated with rivers, leopards, civet and slender mongoose
being the only species showing a strong positive association.
In terms of shrub cover, most species seemed to prefer thick
100% cover, except golden jackal, side-striped jackal and
leopard, while all except golden jackal and honey badger
avoided 60% cover. Rather interestingly, preferences for
shrub cover largely did not extend to an association with
southern Acacia commifera woodlands, which all species,
except for civet, white-tailed mongoose and wild cat
appeared to avoid. Neither were species likely to be associ-
ated with 100% tree cover, only slender mongoose showing a
strong association with this habitat. The serval, a species
thought to be associated with wetland habitat (Bowland
1990), showed a strong association with alluvial plains areas,
together with the African civet and wild cat, two species
whose habitat preferences have not been previously docu-
mented.

Overall, the analysis shows habitat partitioning variation
between species. Table 3 shows the average mean squared
differences between the EGV coefficients (corrected to ensure
equal weighting between EGVs), demonstrating that within
the canids: golden jackal; black-backed jackal; side-striped
jackal, all of which have some overlap in their diets, occur in
relatively similar habitats. The golden jackal shows the high-
est differences from other canids, showing use of grassland
and non-bushy habitats relative to the other species, as has
been documented elsewhere (Sillero-Zubiri, Hoffmann &
Macdonald 2004). Within the felids, the wild cat, the smallest
felid in this analysis, is least similar to the other felids in habi-
tat use, a reflection of its preference to dense shrub and acacia
habitats compared to the other species. Within the herpestids,
a family whose habitat preferences are largely undocumented
in any great detail, the white-tailed mongoose is the least simi-
lar to the other mongooses in terms of habitat preferences.
Within the guild of large carnivores, which in this analysis
comprises leopard, lion, cheetah and spotted hyaena, there is
broad overlap. Only the leopard differs to any great extent in
habitat use under the parameters explored in this analysis,
reflecting a relative avoidance of higher elevations and grass-
lands and selection of rivers and bushy habitats. Interestingly,
two species, the African civet (a viverrid) and the white-tailed
mongoose, appeared to have the most marked differences in
habitat use compared with the other carnivores examined
here.

Tolerance scores ranged from 0-35 to 0-72 (Table 2). In
descending order, bat-eared fox, slender mongoose, black-
backed jackal, serval, wild cat, honey badger, spotted hyaena
and leopard showed the highest tolerance (tolerance of
> 0-6), whilst dwarf mongoose, golden jackal and side-striped
jackal showed the lowest tolerance (tolerance of < 0-5). Mar-
ginality ranged from 0-52 to 1-60. Half the species had margi-
nalities higher than 1, indicating that the mean EGVs where
they are found were very different from the average EGVs
across the ecosystem, and hence that they are likely to be
fairly specialized. Species with the highest marginality
(> 1-3) in descending order were golden jackal, lion and
cheetah while species with lowest marginality (< < 0-6) in
ascending order were white-tailed mongoose, wild cat and
serval.

The percentage of variance in the ENFA explained by
marginality ranged from 8% for honey badger up to 38% for
common dwarf mongoose. Marginality explained < 10% of
the variance for only one other species: slender mongoose.
Overall, a higher percentage of variance was explained by the
first axis of specialization, ranging from 20% for side-striped
jackal and wild cat up to 32% for white-tailed mongoose,
caracal and black-backed jackal. The BI (Table 4) is a correl-
ative measure of the predicted outputs generated by the
ENFA analysis compared to observed results and hence pro-
vides a validation of the model for each species (Sattler ez al.
2007). The index ranges from 0 to 1 and a value closest to 1
suggests a model with better predictive power. In our data,
this index is high for black-backed jackal, white-tailed
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Carnivore habitat use in the Serengeti 1019
Table 4. Validation test for the ENFAs performed. Boyce Index (BI) was determined using a window size of 20.
Species AVI CVI BI Nb factors® Nb partitions®
Aardwolf 0-52 = 0-09 0-07 £ 0-11 022 + 0-30 3 4
Banded mongoose 0-52 + 023 041 + 022 040 + 0-54 3 5
Black-backed jackal 0-45 = 0-07 0-32 = 006 0-86 = 009 3 4
Bat-eared fox 045 + 012 0-19 £ 008 0-14 £ 0-19 3 4
Golden jackal 0-50 = 0-16 043 + 015 0-68 = 029 5 4
Caracal 036 = 027 024 + 024 031 £ 048 4 5
Cheetah 0-48 + 003 0-36 = 0-03 028 + 0-19 5 4
Civet 048 + 0-17 031 £ 016 038 + 026 5 4
Dwarf mongoose 0-54 = 0-12 0-50 = 0-12 0-38 + 0-38 4 5
Honey badger 047 + 0-12 0-32 + 0-11 041 + 021 4 4
Leopard 0-47 = 0-05 0-16 = 0-01 0-35 + 001 2 2
Lion 036 + 022 029 + 022 023 £ 0-59 5 2
Serval 046 + 0-13 0-18 = 0-13 0-33 = 040 5 10
Slender mongoose 049 + 033 0-30 = 0-28 0-31 = 0-52 5 4
Spotted hyaena 043 + 007 032 + 008 077 £ 0-18 5 4
Side-striped jackal 0-50 + 0-21 0-40 = 0-20 0-56 + 0-14 5 5
White-tailed mongoose 0-50 + 0-21 036 £ 0-17 0-83 £ 0-15 3 4
Wild cat 043 + 0-16 027 £ 0-12 0-54 + 0-30 4 3
AVI, Absolute Validation Index; CVI, Contrast Validation Index.
“Determined by the broken-stick heuristics (Jackson 1993).
"Determined by Huberty’s rule of thumb (Fielding & Bell 1997).
mongoose, spotted hyaena and golden jackal. However for 18 -
several species (aardwolf, banded mongoose, bat-eared fox,
caracal, dwarf mongoose, serval, lion and slender mon- 1-6 4 °
goose), it is not significantly different from zero, suggesting 1
that for these species the model may be no better than a ran- ' o .
L]
dom model. Two other measures of model validation, the 8 12 ° °
. . c [}

AVI and the CV.I prov1'de more co‘nﬁdence. The AVI is g . ~ 01415x + 08442
robust for all species, whilst the CVI is robust for all except S LN R?=0-0583
for the aardwolf and caracal. 2 08 .

T 7] ° y=0.0157x + 0-555

5 + + . R? = 0-0067

g 06/ ot . % ..
HABITAT SPECIALIZATION AND BODY SIZE S e o Tt L

+
A linear regression was used to explore the relationship 041, * o Observed marginality
between marginality and tolerance, and body size. The loga- 02 + Observed tolerance
rithm of body mass was used to transform this measure to a Predicted marginality
.. . . . . . - = - .Predicted tolerance

normal distribution for the analysis. Neither marginality nor 0

tolerance showed a relationship with body mass (marginality
on log body mass R*> = 0-058, NS; tolerance on log body
mass R? = 0-007, NS, Fig. 4), and the relationship between
marginality and body size was in the opposite direction to
that predicted, although it was non-significant. These
relationships remained non-significant when correcting
for phylogeny (marginality #,, = 122, NS; tolerance ¢, =
—0-29, NS).

Discussion

Our results represent the first synthesis of the carnivore com-
munity in the Serengeti and its environs. We were able to doc-
ument 26 species in the area, including two species for the
first time: the large-spotted genet in the Serengeti-Mara eco-
system, and the bushy-tailed mongoose in the Ngorongoro
highlands. We were able to use ENFA across 18 species, pro-

0-50 1.00 1.50 2.00 2.50
Log body mass

Fig. 4. Relationship between axes of specialization, marginality and
tolerance, and carnivore body mass (log transformed).

viding information on habitat selectivity for hitherto little
known species, and explore the distribution of better known
species across a broader landscape than has been previously
possible. This analysis demonstrated clear evidence of differ-
ences in habitat selectivity between different species, which,
where information was available, supported what was known
about these species. We could find little evidence that habitat
selectivity amongst similar species was strongly partitioned,
either within a taxon, or within the large carnivore guild
(Table 3). Furthermore, the aggregate statistics generated by
our analysis provided no support for the hypothesis that
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1020 S. M. Durant et al.

species should become less selective as body size increases
(Brown & Maurer 1989). There was no evidence for either of
our predictions: (i) marginality did not decrease with body
mass; and (ii) tolerance did not increase with body mass. In
fact, marginality increased with body mass, against a pre-
dicted decline, albeit non-significantly. Our analysis suggests
that there is no trend for carnivore species to become less
selective as body size increases across the range of EGVs used
in this analysis.

Our results should be regarded as a first approach to reveal
habitat use patterns for a carnivore assemblage in a single
landscape: altogether, the ability of our models to describe
the observed distribution was relatively low, compared with
those reported using similar approaches elsewhere (e.g. on pi-
pistrelle bats Pipistrellus spp., see Sattler et al. 2007; on
smooth snakes Coronella austriaca, see Santos et al. 2009).
Such results may be partly due to the fact that carnivores are
a relatively generalist taxon, hence their ecological niche
might be expected to be relatively broad, and less habitat spe-
cific than other taxa. As far as we are aware, and aside from
Pettorelli er al. (2009, 2010) which are discussed in detail
below, indices of model fit (CVI, AVI and BI) have only pre-
viously been published for two other species of carnivore, the
giant panda Ailuropoda melanoleuca (Xuezhi et al. 2008) and
the Eurasian otter Lutra lutra (Cianfrani et al. 2010). These
species are unusual amongst carnivores in that they are
dependent on particular habitat types, bamboo forests and
rivers, hence it is perhaps not surprising that the fit of the
ENFA was much better than the species examined here.
However, it is also possible that the heterogeneity in the
EGVs used was insufficient to detect clear habitat
specializations in the carnivore assemblage examined here. It
is therefore important to repeat these analyses as more
sighting data and more sophisticated GIS layers become
available.

While there were an impressive number of locations for a
number of the species in this study, for some species the num-
ber of locations where the presence of the species was con-
firmed may have sometimes been too low for high accuracy,
as estimated by indices such as BI. For these species, habitat
suitability models were not particularly robust. Three species
were observed in fewer than 100 locations: caracal; common
dwarf mongoose; and slender mongoose, and all except
African civet had a BI that was not significantly different
from zero. A fourth species, aardwolf, was recorded at only
107 sites and also had a BI that was not significantly different
from zero. Another two species with a non-significant BI
were banded mongoose and serval, both of which were
recorded between 200 and 400 times. However, under alter-
native and less conservative measures of model validation,
the AVI and CVI, all models were robust using the AVI,
while only models of aardwolf and caracal were not signifi-
cantly different from random using the CVI. More data on
these species and on additional EGVs would help to refine
the analysis. However, many of these species are rarely seen
and hence increasing sample sizes is likely to be arduous and
time consuming.

Several other species, with a high number of records,
had a low correlation with the EGVs. With these species,
the model was unable to reach high values of BI, even
though confidence intervals could be relatively tight. Three
species fell into this category: lion, cheetah and bat-eared
fox. The cheetah and lion are wide-ranging species that are
likely to move across the EGVs used in this analysis. Chee-
tah movement, in particular, are driven by avoidance of
other larger carnivores in the ecosystem (Durant 1998,
2000), and these may thus play a greater role on the distri-
bution of cheetah than direct measures of habitat. The
remaining species, the bat-eared fox, is territorial and does
not range particularly widely (Maas & Macdonald 2004).
However, it is possible that the EGVs measured here do
not correlate well with the termites on which it depends
(Maas & Macdonald 2004), and which are likely to have
the primary influence on its distribution.

The data used were from many sources, and included data
from visual sightings, camera traps and transects. While
some records, such as from camera traps and radiotracking,
are likely to be unbiased in relationship to habitat, other
records, particularly visual observation, are likely to be influ-
enced by habitat, as species are more likely to be seen in open
habitats than in closed habitats. All species recorded have
been seen through a combination of visual observation (such
as through transect counts) and through unbiased records,
such as radiotracking and camera traps — and no species has
only been recorded through these latter methods. This means
that caution is needed when interpreting different EGV
scores directly, and scores should always be interpreted as rel-
ative measures between species, rather than as absolute
scores. In our analyses, we have been careful to interpret
EGYV scores in this way, and the aggregate statistics, toler-
ance and marginality, are intrinsically relative measures of
EGVs. Any interactions between visibility and habitat
between species would further confound the results.

A previous ENFA using only presence data collected in
camera traps across a much broader region (Pettorelli ez al.
2010) included five species analysed here: leopard, spotted
hyaena, serval, slender mongoose and white-tailed mon-
goose, but used mostly different EGVs, which were more
appropriate for the larger scale of this analysis. This earlier
analysis largely concentrated on ecoregions, many of which
were not found in the Serengeti landscape. However, it dem-
onstrated a preference of spotted hyaena for acacia commu-
nities, and white-tailed mongoose and serval for open
grassland. All species were attracted to rivers, unlike the
results presented here, which demonstrated avoidance by
most species. Interestingly, whilst the tolerance scores were
very similar between the two studies (R* = 0-440), marginal-
ity was negatively correlated (R*> = 0-155). However, sample
sizes (n = 5) were below that necessary for sufficient power
to detect statistically significant trends. Another study, on a
single species, the cheetah, used a smaller area — around 10%
of the area explored here — and a wider range of EGVs, but
still recorded similar measures of marginality and tolerance
to those found here (Pettorelli ez al. 2009).
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There are three possible explanations for the differences
between our results and those of previous studies. First,
this study used sighting data, as well as camera trap and
radiotracking data, and sighting data are likely to be
biased towards more open habitats. Whilst the compara-
tive approach used here should account for much of this
bias, some biases may remain if there is a complex rela-
tionship between species detectability and habitat open-
ness. Second, scale is known to impact ecological patterns
(Levin 1992), and changing the spatial resolution and/or
the spatial extent of the background could affect our
results. For example, on a country-wide scale species may
appear to be attracted to rivers, however at a finer scale,
species may move towards watersheds yet avoid the imme-
diate vicinity of the river itself, which would be seen as
avoidance. Finally, the broader Tanzania study used data
from 11 different protected areas. These areas varied
greatly in size, degree of protection and in consumptive
use. Areas where carnivore species have been impacted by
humans, may be subject to meso-predator release and
hence a relaxation in competition (see Vance-Chalcraft
et al. 2007; Ritchie & Johnson 2009), whereby smaller or
intermediate-sized carnivore species, which may have
avoided certain habitats due to competition, are less likely
to be so constrained, and hence might use a wider range
of habitats than would be apparent in ecosystems with a
full complement of species. If this hypothesis is correct,
and is responsible for the differences observed, then we
should see an increase in habitat specialization as competi-
tion increases. Given how little is known about many of
these species in this analysis, our results present a first
approach to determining species habitat use in relation to
other species, that should be tested with more detailed
data, across different scales, should it become available.

The lack of a significant relationship between body size
and habitat selectivity, for both marginality and tolerance
scores, suggests that niche breadth does not correlate with
body size in this landscape. This finding contradicts the
hypothesis that species should become less selective as body
mass increases (Brown & Maurer 1989). Furthermore, we
found no evidence that habitat partitioning increased within
taxon groups such as felids and canids or within the large car-
nivore guild (Table 3). Instead, two medium-sized species,
African civet and white-tailed mongoose, seemed to be most
dissimilar to the other species examined here. However, our
study is in agreement with findings elsewhere based on mea-
sures of diet breadth, which show no variation in prey size
range and body size within the large carnivore guild (Radloff
& Du Toit 2004; Owen-Smith & Mills 2008); matching find-
ings in other taxa (Costa et al. 2008; Costa 2009). We are
aware of only one study which tested the hypothesis on
niche-based parameters that are not diet based; Pyron (1999)
used geographic range of fish species as an indicator of habi-
tat breadth and demonstrated a relationship with body size
for both sunfish and suckers. However, our study is the first,
to our knowledge, to use an ENFA-based approach to inves-
tigate habitat niche breadth in carnivores. Our approach

Carnivore habitat use in the Serengeti 1021

could be used to investigate similar questions for other taxa
and ecosystems, and represents a potentially powerful tool to
increase our understanding of the distribution of species
within community assemblages.
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