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Abstract Ecological reasons for philopatry and cooperation
are frequently invoked when kin selection is an insufficient
explanation. The Ethiopian wolf (Canis simensis) is a
specialised rodent hunter that forms family groups with
cooperative breeding but also lives as monogamous pairs
in suboptimal areas. Given the apparent absence of fitness
gains to helpers from cooperative breeding, we set out to
explore the benefits accrued by communal territorial de-
fence measured as the acquisition and retention of habitats
with more and most preferred rodent prey. Pairs defended
relatively large territories to encompass critical amounts of
key habitats within a matrix poor in rodents. Groups in
optimal areas had relatively small territories and were
expansionist, such that wolves in larger packs benefited
per capita from increased good-quality foraging habitat.
The fitness benefits of philopatry became evident after a
rabies epizootic, when philopatry and expansionism pre-
vailed in under-saturated conditions, until large groups split
or provided dispersers that established locally. This study
shows that high concentrations of prey can shift the balance of
costs and benefits towards group living and cooperation in
long-lived territorial carnivores, in so far as this dictates im-
mediate rewards accrued from a given increment in territory

size, namely greater foraging area per animal, leading to group
enlargement and eventual inheritance of breeding space.
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Introduction

Natal philopatry, the tendency for young to delay dispersal
past their reproductive age, is thought to be at the root of
sociality and cooperation in many species of birds and
mammals. An overarching explanation for the evolution of
philopatry is that the reproductive costs of group living are
counterbalanced by fitness benefits of sociality (Alexander
1974), including indirect gains for helpers from the en-
hanced survival or reproduction of their kin (Hamilton
1964). This inclusive fitness theory have helped to under-
stand philopatry and cooperation in many evolutionary sce-
narios (e.g. Clutton-Brock 2002), but not when inclusive
fitness gains, or other more direct gains, are not apparent
or restricted to interactions among kin. These cases can
be better understood in the light of explanations such as
the ecological constraints hypothesis (Emlen 1982), the
habitat saturation hypothesis (Koenig and Pitelka 1981)
and the benefits of philopatry hypothesis (Stacey and
Ligon 1991), which stress ecological constraints on inde-
pendent breeding, and the life time fitness gains of
‘staying at home’.

A diversity of evolutionary scenarios are now recognised
as possible routes to philopatry and cooperation, involving
direct and indirect fitness benefits, as well as immediate and
long term (Koenig et al. 1992; Jennions and Macdonald 1994;
Emlen 1995; Pen and Weissing 2000; Solomon 2003; Bach et
al. 2006; Doerr and Doerr 2006; Lion and Gandon 2009;
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Sparkman et al. 2011). In the case of territorial species (e.g.
Gaston 1978; Lindstroem 1986; Komdeur 1992), useful mod-
els include the territory inheritance hypothesis (Woolfenden
and Fitzpatrick 1978) and the resource dispersion hypothesis
(Macdonald 1983; Johnson et al. 2002). Long-lived territorial
carnivores in particular offer opportunities to evaluate the
costs and benefits of philopatry and cooperation as these are
dictated by the abundance and distribution of food. The Ethi-
opian wolf Canis simiensis is particularly informative. This
Afroalpine habitat specialist is a solitary rodent hunter that
lives as monogamous pairs in less-productive areas, but forms
familial groups in optimal habitat. All the members of the
pack defend a common territory and care for the pups of the
dominant pair (Sillero-Zubiri and Gottelli 1995a, b; Sillero-
Zubiri et al. 1996b, 2004), but the benefits of cooperative
breeding are not apparent. As neither survival nor reproduc-
tion increase with the number of helpers, maintaining and
inheriting a high-quality range has been considered the major
advantage of sociality in Ethiopian wolves. The wolves’ ex-
pansionist strategy (sensu Kruuk and Macdonald 1985),
which results in larger groups defending larger territories,
would be favoured by the abundance and predictability of
Afroalpine rodents, which are also highly restricted in space
(Sillero-Zubiri et al. 1995a, b, 1996b, 2004; Sillero-Zubiri and
Macdonald 1998), but the precise relationship between group
living and acquisition of food resources is yet to be explored.

To find out why Ethiopian wolves are social when they
can also live in pairs, we set out to explore ecological
benefits of philopatry and cooperation considering: (a) the
pattern of distribution of prey, (b) the direct benefits derived
from expansionism—the combination of group augmenta-
tion with territorial expansion, and (c) the longer-term ben-
efits of philopatry and cooperation, namely:

(a) The notion that the dispersion and abundance of
resources, commonly food, can favour the evolution
of group territoriality (Waser 1981; Macdonald 1983;
Wrangham 1993) is supported by mathematical
expressions of the resource dispersion hypothesis
(Creel and Macdonald 1995; Carr and Macdonald
1986; Johnson et al. 2002) and by empirical evidence
from species of social carnivores that are non-
cooperative, or that do not evidently benefit from
grouping (e.g. Eurasian badgers Meles meles (Kruuk
1978), brown hyaenas Hyaena brunnea (Mills 1982),
Blanford's foxes Vulpes cana (Geffen and Macdonald
1992)), increasingly expanding to other mammals (e.g.
striped mice Rhabdomys pumilio (Schradin and Pillay
2005), Gunnison's prairie dogs Cynomys gunnisoni
(Verdolin 2009; Verdolin and Slobodchikoff 2009)).
A corollary of this is that the dispersion of food impo-
ses constraints upon group size and territory size inde-
pendently, so that territory size can be affected by the

distribution of food, whereas group size is determined
by the quality of the food in a territory. If philopatry in
Ethiopian wolves is resource based, we expect some
fundamental difference in the availability of rodents
between areas where they live in pairs and those were
they form groups, which in turn should affect the cost–
benefit ratio of group living.

(b) Regarding the direct benefits of cooperation, theoreti-
cally cooperation can emerge from the benefits of
group augmentation alone (Kokko et al. 2001) and
the numerical advantages of sociality are often implicit
in studies of territorial species (Stacey and Ligon 1991;
Lazaro-Perea 2001; Campbell et al. 2005). These in-
clude access to higher-quality territories (Woolfenden
and Fitzpatrick 1984; Kauffman et al. 2007), reduced
costs due to shared territory defence (Clifton 1990) and
winning inter-group contests (Carlson 1986; Adams
1990; Wilson and Wrangham 2003). Ethiopian wolves
share the costs of territorial defence and larger groups
fare better at territorial contests (Sillero-Zubiri and
Macdonald 1998). If these benefits were dependent
upon the acquisition of a portion of good-quality hab-
itat, we would also expect that access to resources will
increase with the addition of each new individual
(Kokko et al. 2001).

(c) The benefits of philopatry underlie cooperative
behaviours in many birds and mammals with coop-
erative breeding and group territoriality, and whose
offspring remain on the natal territory and become
helpers (Gaston 1978; Emlen 1984; Koenig et al.
1992). When competition for space is high, a pos-
sible strategy for non-breeders is to remain at home
and help, until opportunities emerge to inherit the space
necessary for breeding (Woolfenden and Fitzpatrick
1984; Stacey and Ligon 1991; Stacey and Taper 1992).
For example, we expect subordinate Ethiopian wolves to
attempt independent reproduction locally, in response to
the relaxation of ecological constraints brought about by
the extinction of neighbouring packs.

Empirical tests of these hypotheses require measurements
of critical resources at the relevant spatial and temporal scales,
and knowledge of the structure of social groups. Considering
that the abundance of giant mole rats (Tachyoryctes macro-
cephalus), the wolves’ preferred prey, and that of diurnal
Murinae rats, both closely correlate with Ethiopian wolf abun-
dance in the Bale Mountains (Sillero-Zubiri et al. 1995a, b),
we propose that the distribution of habitats with different
abundances of these prey types will reflect patterns of prey
availability within territories. Tomeasure access to key resour-
ces by monogamous pairs and expansionist groups, we
mapped prey abundance in detail and associated this with
the space use of packs. The data were collected from 17 wolf
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packs in the Bale Mountains of southern Ethiopia between
1987 and 2000. During this period, two local populations in
optimal habitat crashed due to a rabies epizootic in 1990 and
1992, and subsequently recovered (Sillero-Zubiri and Gottelli
1995a, 1996a; Marino et al. 2006). By encompassing natural
variations in density and pack structure, this study embraces a
range of potential responses of wolves to prey availability and
distribution, including decisions with fitness consequences in
the longer term.

Methods

Study populations

In the Bale Mountains of southern Ethiopia (7° S, 39° 45′
E), optimal areas for Ethiopian wolves are found in the Web
Valley at 3,500 m above sea level and the Sanetti Plateau at
3,800–4,050 m. Suboptimal areas are found in the rain
shadow of Tullu Deemtu peak, on the southern declivity of
the Sanetti plateau (Sillero-Zubiri et al. 1995a, b). The
optimal habitat is dominated by short Afroalpine grasslands
and meadows that sustain high rodent biomass and 1.2 adult
wolves per square kilometre during high-density popu-
lation phases. The less productive habitats are dominated
byHelichrysum heaths with a fifth of the rodent prey biomass

and an adult wolf density ca. 0.25/km2. The 17 packs studied
over 16 years (totalling 64 pack/years) were distributed as
follow: three neighbouring packs in ca. 40 km2 in Tullu
Deemtu between 1989 and 1991; three to six neighbouring
packs in ca. 35 km2 in Web Valley and two to three packs in
ca. 20 km2 in Sanetti between 1988 and 2000 (Table 1). The
monitoring period included a high density phase and a recov-
ery phase after the rabies epizootics, each spanning 5 years in
Web (1987–1991, 1996–2000) and three in Sanetti (1987–
1989, 1998–2000) (Table 1)—the epizootic year was exclud-
ed from analyses (Marino et al. 2006). The monitoring gap in
1992–1995 was a period of political unrest and likely long
enough for local populations to stabilise after the effects of
massive mortality. During the high density phase, all habitat
supporting a substantial rodent biomass was occupied by
resident packs in the study areas, with competition for space
placing a tight constraint on dispersal (Sillero-Zubiri and
Gottelli 1995a). Males did not disperse whereas females
tended to leave the natal pack, becoming floaters or facing
long-distance dispersal and possibly death (Sillero-Zubiri et
al. 1996b). At high density, packs in optimal areas had on
average six wolves older than 1 year and a sex ratio close to
two males per female. In suboptimal habitat (Tullu Deemtu),
the predominant social unit was the breeding pair and the adult
sex ratio close to one (Sillero-Zubiri and Gottelli 1995a).
During the epizootics, 77 and 54 % of all the wolves studied

Table 1 Synopsis of pack-level data in suboptimal and optimal areas for Ethiopian wolves, with average group size and territory size

Population Packs
before rabies

Packs before and
after rabies

New packs
after rabies

Years (N) N location points
(average per pack/year)

Group size (wolves
1 year and older)

Territory
size (km2)

Suboptimal habitat

Tullu Deemtu TD 1 1 111 2.0 10

TD 3 2 95 (minimum, 73) 2.5 (0.7 SD ) 11.9 (3.1)

TD 5 1 100 3.0 9.4

TD 9 1 64 2.0 10.9

Optimal habitat

Web Valley Sodota 4 188 (minimum, 74) 7.5 (2.6 SD) 4.9 (1.6 AS )

Terapesa 1 195 4.0 1.8

Fincha 2 113 (minimum, 52) 7.0 (2.8 SD) 4.8 (0.8 SD )

Wolla 4 158 (minimum, 126) 6.5 (1.3 SD) 3.7 (0.7 SD )

Kotera 7 145 (minimum, 42) 8.6 (2.6 SD ) 8.8 (1.9 SD )

Mulamu 4 113 (minimum, 100) 8.3 (1.0 SD ) 9.4 (2.7 SD )

New
Fincha

1 45 3.0 2.0

New
Sodota

1 87 4.0 2.0

Darkeena 1 61 5.0 2.6

Megity 1 100 4.0 3.4

Sanetti Plateau Crane Lakes 2 157 (minimum, 150) 5.5 (0.7 SD) 2.6 (0.2 SD)

BBC 4 107 (minimum, 40) 8.5 (3.1 SD) 5.3 (2.4 SD)

Nyala 3 70 (minimum, 43) 6.3 (0.6SD) 5.9 (2.4 SD)
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in Web and Sanetti, respectively, died or disappeared over a
short period of time; three of six packs went extinct in Web
and one in Sanetti (Sillero-Zubiri et al. 1996a). The packs that
survived the epizootics persisted until intensive monitoring
restarted in 1997 (data from opportunistic visits in April 1995,
March–August 1996, October–November 1996; C. Sillero-
Zubiri and Edriss Ebu, unpublished data).

Measuring food resources

The relationships between rodent abundance and the struc-
ture and composition of the Afroalpine vegetation are well-
known from empirical studies in the Bale Mountains, par-
ticularly for the diurnal species that are the most important
prey for wolves, and which they also have access to all year
round (Sillero-Zubiri and Gottelli 1995b; Sillero-Zubiri et
al. 1995a). Our expectation is that the distribution of habitats
with giant mole rats will be paramount for the configuration
of territories and because wolf abundance also correlates
with the abundance of diurnal Murinae rats (Sillero-Zubiri
et al. 1995a, b), habitats in which these rats are abundant
should also be important.

The Electronic supplementary material 1 (Mapping Ethi-
opian wolf habitats in the Bale Mountains) describes in
detail the steps involved in the development of the habitat
maps. These were: (a) identification of seven vegetation
classes or vegetation–soil–rock complexes from cluster
analyses of percentage cover data in 179 point samples of
5-m radius; (b) identification of three habitat categories
based on their prey value, from comparisons of Murinae
rat and Rhizomyinae mole rat burrow hole counts in habitat
samples, using one-way ANOVA and post hoc Tukey tests
(log-transformed data) and Kruskal–Wallis tests, respective-
ly; (c) mapping the distribution of habitat quality types
within the study, from a supervised classification of a Land-
sat image with habitat samples as training sites (IDRISI
software, Clark Labs, Clark University, Worcester, MA,
USA), validated by a satisfactory Kappa index; and (d)
assessing accessibility to food by groups of different sizes
by overlaying the territory of each pack in each year over the
habitat map and calculating the area of each habitat quality
type contained within them (RANGES software).

The habitat quality categories identified are:

& Habitat quality 1 (HQ1)0vegetation classes with high
rat and giant mole rat abundances: Alchemilla meadows,
rocky grasslands and bogs; found in flat areas, valleys,
and waterlogged depressions.

& Habitat quality 2 (HQ2)0vegetation classes with high rat
abundance and few giant mole rats: open Helichrysum
heaths and short grasslands; found in ridges and hills
with moderate slopes, and some flat areas with thin soils.

& Habitat quality 3 (HQ3)0vegetation classes with few
rats and no giant mole rats: Helichrysum heaths on the
rain shadow of Tullu Deemtu and hill slopes, and Arte-
mesia grasslands in hills and rocky ridges.

& Others 0 a combination of sedge swamps and Alchemilla
haumanii heaths, both markedly different from all other
vegetation types and rare (represented by only a few sites
in the sample, n04 and n08, respectively). The sedge
swamps with Carex spp. occupy permanently flooded
depressions with no value for wolves in terms of prey
availability (Sillero-Zubiri et al. 1995a); A. haumanii
heaths occupy a restricted area in the Sanetti Plateau.

The final habitat categories corresponded closely with
well-known associations between vegetation, micro-
topography and rodent abundance in Bale (Sillero-Zubiri
and Gottelli 1995a, b; Sillero-Zubiri et al. 1995a, b; C.
Sillero-Zubiri, unpublished field maps). Previous studies have
validated the usefulness of rodent signs as a proxy for rodent
abundance by contrasting them against rat live trapping and
head counts of giant mole rats (Sillero-Zubiri et al. 1995a, b).
Because the abundance and distribution of Murinae rats and
giant mole rats correlate closely with wolf density in Bale, we
assume that the distribution of these habitat types will reflect
patterns of prey availability within territories.

Pack observations

Observational studies of Ethiopian wolves provide accurate
information on the size and composition of social groups and
on their reproductive success (Sillero-Zubiri and Gottelli
1995a; Sillero-Zubiri et al. 1996b). In Bale, Ethiopian wolves
are diurnal and largely indifferent to people, thus family
groups have been closely monitored from 20 to 500 m on foot
or horseback, using binoculars. Social groups and their
territories are typically stable and observations of large and
complete groups are common, particularly during early morn-
ing and evening communal greetings, pack territorial patrols,
and during the breeding season when the activity concentrates
around the breeding den. Some individuals were recognised
by unique coat patterns and with assistance of ear tags during
the high density period (Sillero-Zubiri and Gottelli 1995a;
Sillero-Zubiri et al. 1996b). Three age categories were visually
identified: pups (<1 year old; since first observed emerging
from the den at about 3weeks of age), sub-adults (1 to <2 years
old), and adults (≥2 years old, when they reach sexually
maturity). The sex of adults and sub-adults and their domi-
nance status was determined visually and from behavioural
cues. In order to attain complete pack enumerations, data were
recorded on the age and sex composition of each group
sighted, until no new age/sex combinations were observed
and the packmembership list was complete. The time window
to define the size, composition, and territory of packs was
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October to March, which corresponds with the reproductive
period in Bale—i.e. parturition through to pup independence
(Sillero-Zubiri et al. 1998). Females dispersed just before the
breeding season.

We defined group size as the number of adults and sub-
adults in a pack in a given breeding season, and litter size the
number of pups that emerged from the pack’s den in a given
year. From consecutive data on pack size and composition
(n047 pack/years), we derived adult survival rates (adultst+1/
(sub-adult+adults)t); i.e. the combined survival of adults and
sub-adults on the next breeding season when sub-adults be-
come adults (age classes are difficult to differentiate after
sexual maturity) and pup survival rates (sub-adultst+1/pupst);
i.e. the survival of pups into the next breeding season when
they become sub-adults (n039 pack/years, excluding the
pack/years without litters emerging from the den on the pre-
vious years). Territory size was calculated as the minimum
convex polygon with 5 % outlier removal of the pooled
locations of independent sightings form each pack in each
year (ArcView’s Animal Movement programme; Hooge and
Eichenlaub 2000). This measure is known to be a good
representation of the overlapping home ranges of all pack
members (Sillero-Zubiri and Gottelli 1995a).

Statistical analyses

We used linear mixed models (MIXED procedure; SAS
2006) to explore the effects of group size upon survival,
reproduction or territory size. We considered breeding
events as units and used pack as a blocking factor to avoid
this source of pseudoreplication (Carrete et al. 2008). To
account for autocorrelation in the time series, the models
were fitted with autoregressive covariance structure and
year as subject effect (Bolker et al. 2009). Sequential

generalised linear models (SAS 2006) were used to compare
the average territory of packs in different population stages
after accounting for pack effects (SAS 2006).

Results

Group living and the pattern of prey distribution

In the low-productivity Tullu Deemtu, wolves lived as mat-
ed pairs sometimes accompanied by a single offspring of the
year (mean group size, 2.4±0.5 SE), whereas in Web and
Sanetti, the highly productive areas, wolves formed family
groups of between 3 and 13 wolves (mean, 6.0±1.9 and 6.8
±1.5 SE, respectively; Fig. 1). The territories of wolf pairs
were approximately twice as large as those of groups
(ANOVA, F1,15013.64, P00.002; Fig. 1) and this difference
was largely due to different amounts of poor habitat
contained within territories. The average area of HQ3 hab-
itat within each territory was 6.4 km2 in Tullu Deemtu,
compared to 0.53 km2 in Web and 0.34 km2 in Sanetti
(ANOVA, F2,14017.957, P<0.001), respectively, covering
60, 6 and 20 % of the territory. Tullu Deemtu territories were
configured as to encompass good-quality habitat patches
(HQ1+HQ2) within a matrix of low-quality Helichrysum
heaths (HQ3); these patches were mostly restricted to drain-
age lines with Alchemilla meadows and rocky grasslands
with giant mole rat presence. Pack territories in Web and
Sanetti were smaller (average, 4.4 km2) and more variable in
size (CV00.5 compared with CV00.1 in Tullu Deemtu), as
territory size increased with increasing group size (Spear-
man’s r00.72, P00.002; linear mixed model with pack as
fixed effect, R00.43; F1,2108.95; P00.0070; Fig. 1). The
smallest territories (1.8 and 2.0 km2) were held by three and
four wolves, respectively, and contained almost identical
amounts of good-quality habitat (HQ1+Q201.3 and
1.4 km2), and area eight times smaller than the quality
habitat contained within the largest territory (11.7 km2)
defended by eight wolves.

Direct benefits of group augmentation

Territory size was positively correlated with both group size
and the amount of best habitat (HQ1+HQ2), within a terri-
tory (respectively: Spearman’s r00.92, P<0.001 and r0
0.88, P<0.001 in Web; and r00.96, P<0.001 and r00.55,
P>0.05 in Sanetti. The linear relationships, combining Web
and Sanetti packs, were territory size01.25+1.64 HQ1, R20
0.88, F1,11080.49, P<0.001; territory size01.26+2.28 HQ2,
R200.77, F1,110P<0.001; n012 packs). Group size also in-
creased with increasing area of good-quality habitat within the
territory (HQ1+HQ2), with an apparent asymptote above
around pack size seven to eight (Fig. 2), as confirmed

Fig. 1 Variation in the size of groups and territories of Ethiopian wolf
packs in the Bale Mountains, in low-productivity (triangles Tullu
Deemtu) and highly productive areas (black circles Web and empty
circles Sanetti)
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statistically by the linear regression of the log-transformed
values of group size on HQ1 or HQ2 with a slope significantly
lower than zero (HQ1, slope 0.42 (CI00.21–0.63); HQ2,
slope 0.42 (CI00.23–0.61); n012 packs). Indeed, the function
that best explained the variation in group size as a function of
territory size was a linear regression of the log-
transformed values of territory size on log group size
(log group size0−1.51+0.55 log home range size; R20

0.77, F1,11036.66, P<0.001). The slope was significantly <1
(t110−4.9982, P<0.001) indicating that larger territories

contained larger areas per wolf. This tendency was apparent
across all packs and was not explained by the territories of larger
packs containing a lesser area of high-quality habitat (Fig. 3).

No other apparent advantage of larger-pack membership
was detected by correlations between group size and repro-
duction (i.e. litter size) or recruitment (i.e. pup survival in
the first year). A negative relationship between group size and
adult survival (linear mixed model; group size effect, −0.020;
F1,3208.53; P00.0093) reflected the tendency of non-
breeding females’ to disperse when groups become large
(e.g. in 86 % of all pack/years, there were just one or two
adult females in the social group), as well as the acceptance of
immigrants by small- and medium-size packs, an event
recorded only twice and during the high-density phase only (a
floating female that joined a pack and a subordinate female that
rejoined her pack after a failed pack-splitting attempt).

Longer-term benefits of philopatry and cooperation

During the high-density phase, pack territories were stable
forming a tessellated mosaic across all suitable habitat
(Fig. 4). Territories drifted only when neighbouring packs
colonised the area vacated by a small pack that collapsed
after the death of its dominant female (Sillero-Zubiri and
Gottelli 1995a). During the recovery phase, the packs that
survived the rabies epizootics expanded spatially to cover
again all suitable habitat (Fig. 4). Progressively, these packs
enlarged their membership via the delayed dispersal of
young (Fig. 5); new packs first appeared 5 years after the

Fig. 3 Variations in the area available per wolf within territories of
increasing size. Packs that experienced splitting are shown as empty circles
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population crash. One such pack originated from a split of a
large group and two others by coalescence of dispersers. At
least some of the dispersers that coalesced into new groups
originated locally, including two known individuals from

established packs; this was corroborated by the reduction of
established packs in that year (Fig. 5).

New packs carved out a territory locally, including part of
their natal range and the fringes and interstices between
neighbouring territories (Fig. 4). As a result of fission, the
territory of the original group contracted from 11.7 to 9.4 km².
This was the first successful pack-splitting attempt recorded
for the species. It started when a subordinate female from a
pack of 13 became pregnant and built a den on the fringes of
her natal territory, where she gave birth and established a new
pack accompanied by three other natal pack members. Two
unsuccessful events (in 1991 in Web and 1999 in Sanetti)
ended with the break-away group rejoining the natal pack
after the subordinate’s litter had died. Splitting attempts al-
ways occurred within unusually large groups (11–13 mem-
bers) and the successful fission coincided with depressed
population density and highest per capita area for wolves
(Fig. 3). After accounting for the effect of pack size, the packs
that persisted throughout the epizootics had disproportionately

Fig. 4 Pack territories in the Web Valley: a just before epizootic, b
surviving packs at the beginning of the recovery period (4 years after
the epizootic) and (c) packs established in the area 8 years after epizootic,
including new packs (asterisks). Background: habitat quality types sensu
Gottelli and Sillero-Zubiri (1992); light grey optimal wolf habitat, medi-
um grey good wolf habitat, dark grey marginal wolf habitat

Fig. 5 Time series of study packs' size through the monitoring period.
Triangles packs that went extinct during epizootics, black circles packs
that survived throughout and empty circles packs that formed during
the recovery period
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larger territories (7.3 km2±0.72 SE) compared with those that
existed at high density before the epizootics (5.0 km2±
0.64 SE) or those that formed during the recovery phase
(6.8 km2±0.45 SE; sequential GLM predicting pack size,
F2,1104.27, P00.0495, R

200.82; fixed effects: pack size,
F1,11028.3, P00.001, partial eta

200.78 and population stage
F2,1104.23, P00.056, partial eta

200.51).

Discussion

Group living and the pattern of prey distribution

In suboptimal areas, Ethiopian wolves need to defend large
territories in order to include and maintain critical amounts
of key habitats, with prey aggregated in depressions and
drainage lines. This critical amount is bound to reflect the
minimum requirements to maintain a pair of wolves with
room for one philopatric youngster in a good year (Kruuk
and Macdonald 1985). Including an extra high-quality patch
would have involved expanding an already large territory to
an extent no longer economically defensible and/or exceeding
the potential benefits of group enlargement. In low-productive
areas, territorial expansion would clearly not ensure the rate of
acquisition of key resources that expansionist wolves enjoy in
prime areas.

Similar relationships between territory size, shape and the
dispersion of key resources have been reported in other
carnivore species (e.g. Eurasian badgers (Kruuk and Parish
1982), Blanford’s foxes (Geffen et al. 1992) and Arctic
foxes Alopex lagopus (Hersteinsson and Macdonald
1996)), and interpreted as congruent with the resource dis-
persion hypothesis. This predicts that when resources are
more variable in space or time (i.e. more heterogeneous),
territory size will increase because of the need to defend
larger areas that contain enough food patches to satisfy even
a single animal or the basic social unit (Carr and Macdonald
1986). At odds with expectations, the area of good habitat
contained within an average territory in Tullu Deemtu was
similar to that of the average territory in Web and Sanetti,
albeit dispersed over a much larger expanse of poor-quality
terrain. There is a possibility that good-quality habitats on
the rain shadow of Tullu Deemtu have lower prey abun-
dance than the equivalent categories in Web and Sanetti, and
that this difference was not detected because these habitats
were underrepresented in the Tullu Deemtu sample. In any case,
in order to understand fully the limitations imposed by resource
dispersion on the potential for group enlargement in Ethiopian
wolves, a more profound understanding of their foraging ecol-
ogy in prey-poor habitat is needed. Prey renewal rates, travel-
ling costs, daily foraging time and overall energy balance are
bound to differ between the areas of contrasting productivity.

There is a simple mechanistic explanation for the smaller
Ethiopian wolf territories in the more productive habitats; an
increase in overall prey abundance will lead to an increase in
habitat quality per unit area, and thus higher animal densi-
ties and smaller ranges (Gittleman and Harvey 1982; Reiss
1988). Interestingly, Ethiopian wolves have the highest den-
sities and smallest home ranges of any medium-sized can-
ids, and their home ranges are substantially smaller to those
predicted by their metabolic needs (Sillero-Zubiri and Gottelli
1995a; Johnson et al. 2002; Macdonald and Sillero-Zubiri
2004). As many small- and medium-sized canids, they rely
upon small prey that are locally abundant and easy to catch
(Carbone et al. 1999) and/or patchy and rapidly renewed
(Johnson et al. 2002; Macdonald and Sillero-Zubiri 2004).
In prime wolf habitats, the biomass of rodent prey reaches up
to 24–26 kg/ha (Sillero-Zubiri et al. 1995a), considerably
higher than the densities of rodents in any other African
habitat (Yalden 1988). Not surprisingly, the wolves' daily
hunting ranges in these areas overlap considerably within
packs, because of low feeding competition—animals foraging
as close as <10 m do not seem to suffer from interference
(Sillero-Zubiri and Gottelli 1994). These conditions can lead
to spatial groups even if individuals do not gain any additional
benefit from forming groups per se (Alexander 1974; Mac-
donald 1983;Wrangham 1993). One example is the Arctic fox
in coastal areas where prey is concentrated in predictable
patches (Eide et al. 2004).

While the richness of rodent prey makes conditions
favourable for group living in Ethiopian wolves, some ad-
ditional benefit from group living is necessary to explain
why wolves in optimal habitats do not subdivide the space
among more pairs or small groups, and in doing so avoiding
the costs of helping and delayed breeding.

The benefits of group augmentation

Ethiopian wolves actively patrol and mark the boundaries of
their territory, and group size determines the outcome of any
territorial boundary clashes (Sillero-Zubiri and Macdonald
1998). Thus, larger packs can hold on to and defend larger
territories, gaining control of limited space. This study
revealed a net benefit of expansionism, in the form of a
disproportionate increase in the per capita foraging area in
larger packs, while the defence costs incurred by territorial
expansion were shared with a greater number of wolves
(scent-marking rates per pack increase less rapidly than
predicted by group size (Sillero-Zubiri and Macdonald
1998)). The data showed consistent ecological gains up to
an apparent inflexion at six to eight wolves per group, close
to the average pack size in Web and Sanetti. This may
indicate an economically optimal group size in optimal
habitats, and a critical point in complex social relationships
triggering pack fissions in larger groups. Our findings
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reinforce the notion that for Ethiopian wolves, philopatry
offers food security (sensu Carr and Macdonald 1986) while
waiting for a chance to attain reproductive status locally
(Sillero-Zubiri et al. 1996a), coinciding with the ecological
constraints and habitat saturation hypotheses.

There are other potential benefits of group living in
carnivores that can be confidently discarded as important
for these wolves, such as increased efficiency through group
hunting and/or the defence of kills, and alloparental behav-
iour. This is because Ethiopian wolves are solitary hunters
of small prey and top predators of the Afroalpine ecosystem,
without direct competitors except perhaps for birds of prey
to a limited extent (Sillero-Zubiri and Gottelli 1995a, b).
Alloparental behaviour in Ethiopian wolves involves guard-
ing the den and regurgitating or carrying rodents to feed the
pups of the dominant female, but nonbreeding helpers do
not seem to enhance the reproductive output of the group
(i.e. no correlation between food-provisioning rates, pup
survival and numbers of helpers; Sillero-Zubiri et al.
2004). This study confirmed the lack of correspondence
between group size and survival or reproduction over a
broader range of group sizes and habitat saturation levels.

The high level of relatedness within an Ethiopian wolf
pack (Randall et al. 2010) entails that kin selection may be
contributing to stabilise sociality and cooperation, but the
inclusive fitness gains for subordinates are insignificant or
very small, and easily overshadowed by limited opportuni-
ties to disperse and breed. Under the hypotheses of ecolog-
ical constraints and habitat saturation, we would expect
subordinate female Ethiopian wolves to disperse opportu-
nistically when breeding space is made available, for exam-
ple, after epizootics. Their opportunities to breed within the
natal territory are minimal (average, 0.12±0.09 SD/year/
pack; Sillero-Zubiri et al. 1996a), because of the longevity
and enhanced lifetime breeding success of dominant females
(whose reproductive costs are reduced by cooperative breed-
ing (Sillero-Zubiri et al. 1996a)). Males have access to more
mating opportunities due to a higher turnover of the domi-
nant position and sneaky matings with dominant females of
neighbouring packs (Sillero-Zubiri et al. 1996a).

The longer-term benefits of philopatry and cooperation

Incorporating the dynamics of social groups contributes a
longer-term perspective of the advantages of philopatry and
cooperation. Against our expectations, subordinate wolves
remained philopatric when new breeding space was
vacated after pack extinctions. The surviving packs ex-
panded into the vacated areas and enlarged steadily in
pack membership. We have shown how animals in
larger groups enjoy incremental gains in terms of access
to food. How does expansionism affect the prospects for
territory inheritance?

The tendency shown by Ethiopian wolves to remain
cohesive below the carrying capacity of the environment
has also been observed in red foxes (Baker et al. 2000;
Soulsbury et al. 2010), Eurasian badgers (Revilla and Palomares
2002) and Arctic foxes (Eide et al. 2004; Goltsman et al. 2005).
In these cases, the stay-and-wait strategy might give local
animals a competitive edge over immigrants, by rendering
vacated areas unavailable and exacerbating settlement costs for
immigrant pairs or small groups. In other well-known examples,
the relaxation of ecological constraints has prompted dispersal
and limited cooperation, as predicted by the ecological con-
straints hypothesis (e.g. red-cockaded woodpecker Picoides
borealis (Walters et al. 1992), Seychelles warbler Acrocephalus
sechellensis (Komdeur 1992), prairie voles Microtus
ochrogaster (Lucia et al. 2008)). In Ethiopian wolves, the
stay-and-wait strategy paid off because the costs of delayed
reproduction were compensated in the longer-term by the
benefits of territory inheritance and the enhanced lifetime
reproduction of the new breeding pairs (Woolfenden and
Fitzpatrick 1978). Once groups became large, subordinate
wolves dispersed locally, established new territories and
bred. Dispersers left the natal group as a group and retained
control of part of their natal range (pack fission), or coa-
lesced into a pool of mostly local dispersers and carved out
territories in-between establish packs.

A dilemma we cannot overlook, because of the high
relatedness within Ethiopian wolf packs (Randall et al.
2010), is that expansionism can enhance kin competition
within groups (Lehmann et al. 2006). The process of pack
fissions, also described as budding behaviour or dispersal by
propagules, offers a solution, because group dispersal
relaxes local competition without reducing kinship (Gardner
and West 2006). The same applies to local dispersers that
coalesce into new packs because of the high relatedness
between neighbouring packs in the study area.

To better understand the benefits of philopatry in Ethio-
pian wolves and other long-live organisms, future efforts
should quantify breeding opportunities and life-long repro-
ductive success (e.g. Soulsbury et al. 2008; Sparkman et al.
2010). Empirical studies in that direction are revealing new
and interesting links between philopatry/cooperation and
demography (Lehmann et al. 2006), habitat availability
(e.g. Lucia et al. 2008; Iossa et al. 2009), mating systems
(Wolff 1992), life history traits (Hatchwell and Komdeur
2000; Hatchwell 2009) and predation (Kamler et al. 2004;
Beckerman et al. 2011).

Conclusion

Ecological constraints favour philopatry in specialised
organisms such as the Ethiopian wolf when the numerical
advantages of territorial defence ensure access to and
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inheritance of a portion of high-quality habitat. Intense
competition for breeding space impose group size require-
ments for successful establishment of new territories, and to
deter colonisation from outsiders, which explain why pack
fission lags behind availability of high-quality space. This
study provides a compelling example of how the relative
contributions of direct and indirect benefits of sociality can
be determined by the distribution of prey.
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