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Summary

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 (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’ 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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Introduction

Understanding the mechanisms for coexistence in species assemblages is key to
understanding how communities are structured, and hence the fundamental drivers of
evolutionary processes. Niche partitioning between different species in a community is a key
driver of the evolution and structure of species assemblages (Begon, Harper & Townsend
1990; Mayhew 2006). In particular, body size is expected to be a major factor driving niche
separation between different species, whereby species with larger body sizes utilize different
habitats and diet than species with smaller body sizes (Peters 1983). Energy requirements of
mammals scale with 2/3-1 of the power of body mass (Glazier 2010), thus metabolic
demand per unit mass is expected to decrease with body mass (Banavar et al. 2002), and
animals are expected to become more efficient in energy acquisition as they decrease in size
(Brown & Maurer 1989). In addition, smaller species are also expected to be more selective
than larger species, because the ability to cover ground and acquire different types of food
scales with body mass, allowing larger species access to a broader range of habitats and diet
than smaller species (Schoener 1968; Peters 1983). Moreover, in predator guilds, large
predators are expected to be able to capture both large and small prey, whilst small predators
are usually only able to handle small prey (Barclay & Brigham 1991; Costa 2009). There is
some evidence to support this hypothesis, for example, there are positive relationships
between geographic 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 (Brandl, Kristin & Leisler 1994), and an apparent
relationship between body size and dietary breadth in insects breaks down when analysed
within guilds (Novotny & Basset 1999). Further studies appear to contradict the theory; for
example, dietary 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 theory 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 ecosystems, 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 et 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 et al. 2009), very few have investigated possible mechanisms underlying
multi-species distribution 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
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profound influences 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 analysis to determine niche
selectivity for a species based on its observed presence in relation to a range of
ecogeographical variables (EGVSs) such as altitude or habitat type (Hirzel ef a/. 2002). In
addition to providing important information on species distribution in relationship to EGVs,
ENFA generates two key parameters, marginality and tolerance, which provide aggregated
statistics describing two independent measures of habitat selectivity for a particular species
(Hirzel 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 et 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. Specifically,
we explore the distribution and habitat selection of an assemblage of carnivores, and go on
to use the habitat selectivity 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 Ikorongo 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 Serengeti
volcanic grasslands and southern Acacia commiphora bush-land and thickets (Fig. 3; Olson
et al. 2001).

The data used in our analyses originate from six sources of georeferenced 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 Carnivore
Program (TAWIRI) (see Pettorelli et al. 2010 for details of the methodology). No
bait was used at camera trap sites.
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2. Night transect data — collected by the Serengeti Viral Transmission 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. excluding lions Panthera leo; spotted hyaena
Crocuta crocuta, golden 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., unpublished data) and across the plains in 2002, 2003 and 2005
(S. M. Durant, M.E. Craft, R. Hilborn, S. Bashir & L. Thomas, unpublished 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 collected 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, particularly 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 et al. 2002; Sattler ef 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 distribution is narrow with respect to
the overall distribution of the EGVs in the whole reference area. A species’ ‘tolerance’ is
measured as the inverse of specialization. Marginality and specialization are uncorrelated
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 < 1 indicates 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 (grassland,
shrub or tree) and cover (in %), landform (alluvial plains), kopjes, lakes and rivers.
Altogether, 11 EGVs were considered: alluvial plains; elevation; 100% grassland cover;
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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 computation time. Before
carrying out the analysis, all the EGVs were normalized using the Box-Cox algorithm
(Hirzel et al. 2002).

We evaluated the accuracy of the reported patterns by means of A-fold cross-validation
(Sattler ef al. 2007). kwas 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 ef a/. 2007) and continuous Boyce’s Index (BI;
Hirzel et 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. Bl varies from 0 to 1,
with 0 indicating a random model. Four classes of habitat suitability were determined in
order to estimate AVI and CV1 (Sattler ef a/. 2007). A window width of 20 was used to
estimate Bl (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
Biomarrer 4.0 (Hirzel, Hausser & Perrin 2004).

Body size estimates were gleaned from the literature (Table 1). As body size estimates can
vary across the species range, wherever possible 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 available from southern
Africa (Table 1). Analyses of body size were corrected for phylogeny using independent
contrasts and were performed in the statistical package = (http://www.r-project.org).

CARNIVORE DIVERSITY

Twenty-eight carnivore species have been documented in the Serengeti—-Mara region
(Mduma & Hopcraft 2008): lion; 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;
zorilla /ctonyx striatus, African striped weasel Poecilogale albinucha; African honey badger
Mellivora capensis, African civet Civettictis civetta, spotted necked otter Hydrictis
maculicollis, cape clawless otter Aonyx capensis, African palm civet Nandinia binotata,
common genet Genetta genetta;, Egyptian mongoose Herpestes ichneumorr, slender
mongoose Galerella sanguinea, common dwarf mongoose Helogale parvula, marsh
mongoose Atilax paludinosus, banded mongoose Mungos mungo;, white-tailed mongoose
Ichneumia albicauaa, 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 composition of species differed from the published list. Four species, 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 Program 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,
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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 highlands,
marking a major range extension for the species (Taylor 1987).

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 relationship between
marginality or tolerance with the number of locations at which a species was recorded
(marginality £ 16 = 2-65, NS; tolerance £ 15 = 0-02, 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 mongoose, white-tailed
mongoose and common dwarf mongoose, 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 associated 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 commiferawoodlands, which all species, except for civet, white-tailed
mongoose and wild cat appeared to avoid. Neither were species likely to be associated 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 documented.

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 EGVSs), 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 highest 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
habitat 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
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undocumented in any great detail, the white-tailed mongoose is the least similar 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 grasslands 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). Marginality
ranged from 0-52 to 1-60. Half the species had marginalities 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 correlative measure of the predicted outputs generated by the ENFA
analysis compared to observed results and hence provides a validation of the model for each
species (Sattler et 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 mongoose, spotted hyaena and golden jackal. However for several species
(aardwolf, banded mongoose, bat-eared fox, caracal, dwarf mongoose, serval, lion and
slender mongoose), it is not significantly different from zero, suggesting that for these
species the model may be no better than a random model. Two other measures of model
validation, the AVI and the CVI provide more confidence. The AVI is robust for all species,
whilst the CV1 is robust for all except for the aardwolf and caracal.

HABITAT SPECIALIZATION AND BODY SIZE

A linear regression was used to explore the relationship between marginality and tolerance,
and body size. The logarithm of body mass was used to transform this measure to a normal
distribution for the analysis. Neither marginality nor tolerance showed a relationship with
body mass (marginality on log body mass /2 = 0-058, NS; tolerance on log body mass A2 =
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 #g = 1-22, NS;
tolerance fg = —0-29, NS).

Discussion

Our results represent the first synthesis of the carnivore community in the Serengeti and its
environs. We were able to document 26 species in the area, including two species for the
first time: the large-spotted genet in the Serengeti—Mara ecosystem, and the bushy-tailed
mongoose in the Ngorongoro highlands. We were able to use ENFA across 18 species,
providing information on habitat selectivity for hitherto little known species, and explore the
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distribution of better known species across a broader landscape than has been previously
possible. This analysis demonstrated clear evidence of differences 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 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 predicted 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 pipistrelle 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 specific than other taxa. As far as we are
aware, and aside from Pettorelli et a/. (2009, 2010) which are discussed in detail below,
indices of model fit (CVI, AVI and BI) have only previously been published for two other
species of carnivore, the giant panda A/luropoda melanoleuca (Xuezhi et al. 2008) and the
Eurasian otter Lutra lutra (Cianfrani ef 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 number of locations where the presence of the species was
confirmed 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 Bl that was not significantly different
from zero. A fourth species, aardwolf, was recorded at only 107 sites and also had a Bl that
was not significantly different from zero. Another two species with a non-significant Bl
were banded mongoose and serval, both of which were recorded between 200 and 400
times. However, under alternative 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 significantly 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. Cheetah movement, in particular, are driven by
avoidance of other larger carnivores in the ecosystem (Durant 1998, 2000), and these may
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thus play a greater role on the distribution 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 influenced 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 relative measures between species, rather than as
absolute scores. In our analyses, we have been careful to interpret EGV scores in this way,
and the aggregate statistics, tolerance 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 ef a/. 2010) included five species analysed here: leopard, spotted hyaena,
serval, slender mongoose and white-tailed mongoose, 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 demonstrated a preference of spotted hyaena for acacia communities,
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 (/2 =
0-440), marginality was negatively correlated (/% = 0-155). However, sample sizes (7= 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 EGVSs, but still recorded similar measures of
marginality and tolerance to those found here (Pettorelli ef a/. 2009).

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 comparative approach used here should account for much of this bias, some
biases may remain if there is a complex relationship between species detectability and
habitat openness. 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 immediate
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
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specialization as competition 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 carnivore 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 measures 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 findings 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 habitat 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 investigate habitat niche breadth in carnivores. Our approach
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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Study area (grey area) used for the background reference set of ecogeographical variables.
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Fig. 3.
Distribution of the carnivore sightings in the study area (small circles) plotted against the
main ecoregions in the study area.

J Anim Ecol. Author manuscript; available in PMC 2012 February 05.



s1duosnuBlA Joyny sispund OINd edoin3 g

s1dLIOSNUBIA JouIny sispund OINd 8doin3 ¢

Durant et al.

Page 17

1-8 4
1-6 °
1.4 4
[ ] P9 L [ ]
8 121 o
c °
© °
] y=0-1415x + 0-8442
S R? = 0-0583
)
= 0.8 | °
5 N * y=0.0157x + 0.555
=) * oy . R = 0-0067
5 06 oo+ . .+
S e e == R R
E + + +
0-4 | +*
+ e  Observed marginality
0-2 + Observed tolerance
Predicted marginality
0 - = = .Predicted tolerance
- 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).

J Anim Ecol. Author manuscript; available in PMC 2012 February 05.



Page 18

Durant et al.

‘SUOSESS Jauiwins pue Isjuim IsA0 w_wm‘_w><mv

(c26T) Jalleyds nabussss 05191 08/ BIBlYIES uoi

(226T) Annuy nebuales 0025 BINn20.12 8)N2019 eUaRAY panods

(¥66T) 018D nabusldes  59-8¢ smeqnl xAuouloy ye19ayD

(z002) osed elUezZUR]  8/'/E snpued eiayjued pledoa]

(226T) uopbury BV 1S3 00-CT EIOAID SIOIIBND 19AI10 UBDLIY

(186T) MEMS eIV YINOS  Ov° 1T 1BoBIED [2281ED [edeseD

(226T) uopbury B  8T'TT 1BAISS Sninjielaa] [EINEN

(166T) UOSpIRYIIY 7 UOSISPUY ‘SWRI[|IA ©OLYY YINoS g0L8 BIEISIIO S3I910Id Jjompirey
(500¢) 72 12 Bbag BOLJY UINOS 08/ SIsuaded eIoAlfap J1abpeq AsuoH

(686T) 7219 dukepn eIV ISe3 092 smisnpe sjueD [exoel padiis-apis

(686T) /& 10 aukepp eAUay  0S2 Sejawosau siue) 1exoel paxoeg-xoe|g

(686T) /2 12 aukepn BOLYVY IS 029 snaine sjue) 1exoel uapjoo

(966T) UOSHOBL 79 |[BMON  BOLJY UIBUINOS 051 SHISaN|IS Sifoo 1ed pIIM
(¥002) preuopaei 7 seey nabuases g€ stofebaw uoA2010 X0J pales-leg
(26T) uopBury BV 1SeT  0G-€ BONRIIGYE BIUINSUYI| as00BUoL pajre1-a UM

(S66T) 7218 18SeN nabuaiss 99T obunw sobunyy asoobuow papueg

(S66T) 7218 19SepN nebuaiss 90 pauINbues lja.91e9) asooBuow Japus|s

(S66T) 212 Jasep\ nabualds G0 gInnsed afebofa  9soobuow Jemp UoWWoD

20U lkPY  uoiedo| Apnis  (B3) wbem awreu uie 910905

® Europe PMC Funders Author Manuscripts

T alqel

0. aJe SaLeU 1IUBIOS “WaISAS008 By UILUIIM WO PAALISP JaM S81BLINSa Ssew ‘aqissod alaym °

(S002) 18paay 7 UOS|IM
SISAJeue ay) ul pasn sa19ads aloAIUIRD JO ssew Apog

® Europe PMC Funders Author Manuscripts

J Anim Ecol. Author manuscript; available in PMC 2012 February 05.



Page 19

Durant et al.

20C 6T 16€ 6€9:0 T.50 €90:0 0S0-0 1210 002:0- 59¢-0 020 8610  0.L0- 180:0- T2E0- S0T-0 1e3 PIIM
asoobuow

€z¢e 7€ €0S €250 2250 18%:0- 1610 SPT-0 8TE0- 80€'0 ¢ve0- ¥T00- 600:0- 08¢€:0- [ rAN] Z8T-0- pajtel-aiyMm

[exoef

86T ¢se 9T (0j2740) 89¢T L1¥0 STC0 ore-0- €60-0— €70-0- 009-0 8¢¢:0 CIv0- 980-0— 2€0:0- 00T-0- padins-apIS

Tve ¢'ST 9905 2290 €02T 70 1220 0€€-0- §20-0- €200 6.G0 8520  6¥70- 2€0:0- 200:0- 80T:0- eudky papods

asoobuow

T-2e L6 98 669:0 €0.:0 ¥0€:0 99T-0- €9€:0- TS7°0- ¥€€-0 S50'0 v0T-0- 6TF0- ¥5€:0— ¥¥1:0 8T€0- Japus|s

§2e LT §9¢ 099:0 009:0 8T¢€0 €020 eTT-0- €0¢:0- 8¢T0 68170 8TT:0  €99:0- SPT-0- 192:0- 9¢T0 [eAlaS

LT2 '€ 6699 6050 STET 7050 80 25€:0— ¥,0:0— L1700 §9G°0 6,00 Tl¥0- 0v0:0— 6100 6L0:0— uor

1:0g 6TC 8¢ €09:0 1190 8¢r0 SET-0 0veZ-0- ¢1e0- S¥0-0- 8650 6ET0-  S0S0- €9T-0- 18T-0— L€0:0- pJedosT

092 SL YT G290 orTT 6610 1210 9/€:0- 0T0:0 §.0:0 G290 20 69¢:0- T70-0- S¥0:0 L2T0- 1abpeq AsuoH

8¢ S:.T T00T €TI0 09T evy0 8€C0 8ve-0- 6200 0v0:0— LS50 200 €ee0- €eT0 ¥0T-0 0ST-0- [exoel uspjoo
asoobuow jiemp

€€e 0-8¢ LS 8v€0 T0T'T vvy0 £¥0-0— §80:0— SSy0- 6620 08T:0 6£0:0- ST90- 2€C0- S.T-0- €200 uowwo)d

Lve 78T €21 %950 80¢T L6%:0 2670 0L€0- 050:0— 200:0- 6650 020 69¢0- 6T0:0 ¥20:0 180:0— yelssyd

zee [4A> LL €.50 2560 8970 0¢e0 TLE:0- T€C0- ¥ST-0 6650 6€T-0  LSE0- 6€0-0— T€0:0 660-0— |edered

AT T:ST  86¢T €2L0 S18:0 ¥8¢€:0 8¢e0 8€€-0— 80T-0- LST-0 1810 €92:0 0TS0- 0TT-0- 900 6€T-0— X0J pales-jeg

[exoef

T-ce LTT 8581 189:0 €107 €050 1610 652:0— v¥¢0- 1600 0 ¥Z1-0  ¥95:0- 19T-0- 990-0- 91T-0- paxoeq-3oe|g

asoobuow

S6¢ (4l TARN. JX4 1150 8.2 T€S0 €220 §6¢:0— 0TT-0- Sv0-0 €610 2610  0TS0- ¥,0:0— 820-0- ¥1-0- papueg

6v¢ 6T 8S 1150 ¥6.:0 L¥€:0- 220-0- 0150 10— T8T:0 9g¢0- S6T-0— 00¥0- STT-0- Z81:0- 092:0 19A10 UedLYY

6-9¢ 9T L0T L¥S:0 198:0 70 §.€0 ¢1e0- 6ST-0- 8800 65170 6v¢:0  209-0- §20:0 600-0— [ZAN Jjomp.ley

uolrezieroads  Aeulbrew Aq N oouemljoL Aupeulen (bo1y)  (s1p) JoN0O ('bouy) (‘bouy) (boyy)  (bouy)  (m1p)  (sIp)  (bouy) oA uoners|3  (boyy) So109ds

Jjosixe s} Aq poure|dxe 9 puepselb  9400T S804 L BRIy PN0D PN0D sself  spAlY saldoy 9%00T sure|d
paure|dxe 9% OIUBd|OA ulyinos %09 qniys  %00T gniys  1loys pueisse 1o ANV

papJ0odal sem sa19ads ayj a19M SUOIRIO0] JO Jaguuinu ay) Sa1ealpul A/ "SaloAluIed 1Nabualas Jo $a12ads 8T J0j aourIaj0) pue Alljeulbrew ‘ssjgerien [ealydelfosboos ayp JO SJUBIDILS0D

® Europe PMC Funders Author Manuscripts

¢ ?olqel

® Europe PMC Funders Author Manuscripts

J Anim Ecol. Author manuscript; available in PMC 2012 February 05.



Page 20

Durant et al.

$8C0 910

§ 6291 ST8¢ 56T PLLISATA  JOAIO UBOLY

) 317
Y \\\ 2sooZuouwr
\ 0 ¢ -\\ 4 g [ 6 274 p 4 4 PHSOdIdH  Pa[Ie)-IyM
\ asoououwr
0SS ¢ 4t €L6T 8L9-T 165T 88v-T ¥T9T 12eT ccl 081 €L8T |S 9951 881-C pnsedioy 12pud[§

Z \\; L 65€T  9ITT 9¥E0 wel LO1-0  0TH0  9€T0  OLTO 9690 T9E-0 PHAISUA 198peq Kouoy
% Ot C 2

weT
asoouour
JIemp
8TST L¥ET LYTT €581 L8O PE80 7981 el Iy €0e1  ¥rIT 0L8:0 689-1 Pnsadioy uournwosn
asooguowr
$8T-0 ¢ 5 9 x 8L0-0 981-0 L1 T09:0 8LO-O €LS0 IO $TTO  T600  STSO  LSI0 8S1-0 PhsedioH papueg
9z1-0 { : g 8L00 x / 6v0-C 8180 801-0 $T80 LEOO  €PE0  S900  LSTO  ITHO LITO PuoeAH euoky panods
9650 [SO - - 981-0 & LS T TOLO 91E0 66-0 9LE0  8FE0 OLED  ¥090  9vE0 €910 Puoeky Jiomprey
6S€T 6791 165C T°L80 ovL-1  6¥0-C PLS T & 0 90 1S2T [660€  6TE T L9ST PIRA eI PIIM
911 ¥0T-T 887 €80 2090 880 0L0 9 S8L0  SLLT  69€-0 9690 pIeA [ealdg
9e-0 ¥79-C 981 8L00 8010 91€-0 PieA uory
WT1 $S6:C el €LS0  ST80 $66:0 PleA predoa
LOT-0 e 610 L£00 9LEO PlRA qeryd
0Zr-0 €01 Y0 €vE0 8p€-0 PlRA [eoere)
exoel

pue)  padius-opig
plue)  [exoef uapjon
Texoel

9670 | €8 : €L8T 4d%4 600 $900 0LE0  ISTT $8L:0 9010  6LS0  6LOO
0LZ0 | 66€ | £65-€ SIS0 LSTO $09-0  [660€ SLL1 TYSO  ISLT SLIO

969-0 995-1 0L8-0 LST-0 1270 9p€-0 6Z¢-1  69¢0 88T-0 0zr-0 ws-0 prue) - payoeq-yoelg
9¢:0 881-C 689-1 810 LITO €910 L9S-T 9690 96T-0 0%0-1 S¥e-0 pIuB)  XOj pares-jeq
193peq 95003UOW  35003UOW  ISO0FUOW  3SO0FUOW  BUIAY JIOMPIRY ITBOP[IA\ [BAIDS UOIT pIedod] yeiddy) [eowie)  [eyoel feyoel  xoj
KQUOH 19A1) PO[IR1-AIYA,  JOPUd[S Jiemg  popueg ponods padins  [exorl payoeq pared

P UOpOD  -Yorlg  -leg

3J0W 10 € JO saoualapdIp atenbs ueaw ybiy ajousp S| Aa16 pIjos 1S|IYM
spisadiay pue ‘spluseAy ‘spija) ‘SpIULD :SaljIle) JUSIaLLIp 310Uap S|[99 PaydleH 'SASDT [[e ssoJoe pabelane sa10ads yoes 10§ S90UIBLIP a3 40 asenbs
3y uay) pue sA93 usamiaq Bunybiam jenba Jusasaidal 01 pajeas ale SADT sa1dads usamiaq (SAD3T) sajgelsen [ealydesboabods ul saoualalIp arenbs uesin

€3jqel

® Europe PMC Funders Author Manuscripts ® Europe PMC Funders Author Manuscripts

J Anim Ecol. Author manuscript; available in PMC 2012 February 05.



Page 21

Durant et al.

"02 10 9zIs mopulm e Buisn paulw.iaiap sem (1g) xapu| 82hog

® Europe PMC Funders Author Manuscripts

(66T 1199 % Buipiaid) quinyy jo ajna s, AusanH Aq paulwisieg

q

“(€66T UOSYORL) SONSLINGY YoNs-Usxoiq 8y} Aq pauIwIaleq,

"X8pu| UOIEPIEA 1SEU0D ‘IAD X8pu] UONEPI[eA 8INj0SAY ‘IAY

€ v 080TS0 2T0FL20 9T0FEP0 189 PIIM
4 € GST0FE80 [T0F9€0 TZ0F0G0 8sooBuow pa|rel-suym
g S ¥T0F950 020FO0r0 TZ0F0S0 [exoel padins-apis
4 S 8T0FLL0 800FZE0 LO-OTFEVD euseAy panods
14 S C¢S0FTE0 820F0S0 €E£0F670 asooBuow Japus|s
01 S Or0FES0 ET0FBT0 ET-0F 90 [eA1as
4 S 650FEZ0 CZ0F6Z0 22:0F9E0 uor
z Z TO0FSE0 TOOF9T0 GO0 F L0 predos-]
4 v TZ0FTr0 TT0F2E0 CTO0FLP0 Jabpeq AsuoH
S v 880F880 I0F050 ZI0F¥S0 asooBuow yremq
4 S 9z0¥8E0 9TOFTE0 LT-0F8r0 1BAID
4 G 6T0F8Z0 E0-0FOE0 €0-0F8r0 Yersayo
g v 8r0FTE0 Vv20F¥Z0 L20F9E0 [edeied
4 S 620F890 STOFEYO 9T:0F 050 [exoefluap|o9
4 € 6T0F¥T0 80-0F6T-0 ZI-0FGH0 X0} pajea-leg
v € 6007980 900FZ€0 L0-07FGH0 [exoel paxoeq-yoelg
S € PS0FOr0 CTCOFTV0 €20F 250 as00BuowW papueg
4 € 080F220 TI0F.00 60-07F250 jlomprey
Fuonnedan - siowe) N 1 IND IAV sopads

v alqel

pawoad SY4N3 8y} 40} 1S3} UOIEPIeA

® Europe PMC Funders Author Manuscripts

J Anim Ecol. Author manuscript; available in PMC 2012 February 05.



