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Introduction

Group living comes with costs and benefits to individual fit-
ness (Elbroch et al. 2017; Gall and Manser 2018; William-
son 2019). Among carnivores, sociality facilitates access to 
mates, learning, communal breeding and cooperative hunt-
ing (Gittleman 1989), sometimes at the cost of intragroup 
competition for resources (Sheppard et al. 2018). Group 
living is not only influenced by access to food and habitat 
resources (Gittleman 1989), but also by the time available 
to different activities (Pollard and Blumstein 2008; Dunbar 
et al. 2009). Available time can constrain group size (Pollard 

Communicated by C. Soulsbury.

	
 Elisa Sandoval-Serés
elisa.sandoval@biology.ox.ac.uk

1	 Wildlife Conservation Research Unit, Department of 
Zoology, University of Oxford, The Recanati-Kaplan Centre, 
Tubney House, Tubney OX13 5QL, UK

2	 Ethiopian Wolf Conservation Programme, PO Box 215, 
Robe, Bale, Ethiopia

3	 IUCN Canid Specialist Group, Oxford, UK

Abstract
Living in groups requires individuals to make trade-offs to maintain group cohesion and enhance individual and inclusive 
fitness. One way animals can do this is by adjusting the way they allocate time to different behaviours. Ethiopian wolves 
(Canis simensis) are highly social, cooperative breeders (only the dominant pair breeds and all members help to raise 
the litter), but solitary foragers. To investigate how Ethiopian wolves allocate their time to balance the costs and benefits 
of group living, we analysed the time budgets of 47 wolves across six behaviours. We hypothesized that group size and 
territory density would affect wolves’ time allocation between solitary (foraging) and communal activities (patrolling and 
socialising) differently in relation to their age, dominance status or sex, and whether the pack was breeding or not. Our 
results showed that the time spent foraging alone increased at higher territorial densities, as expected from interference 
competition, particularly among subadults, subordinates and individuals in breeding packs. On the other hand, as pack size 
increased, adult wolves spent a lower proportion of time patrolling, while the time spent socialising did not change. Living 
in groups reduces the costs of communal activities, but crowded territories come at the cost of interference competition for 
solitary foragers, particularly the animals further down the hierarchy ranks, subadults, and individuals investing in breed-
ing. Such trade-offs could impose an upper limit to group size and population growth within a limited space. Furthermore, 
anthropogenic disturbance could alter the balance of social and solitary activities of Ethiopian wolves.

Significance statement
How does a species balance the costs and benefits of living in a group through time allocation? We studied a social car-
nivore that hunts alone: the Ethiopian wolf. Living in large packs is beneficial because wolves could spend less time on 
communal activities, but living in a crowded territory required more time spent hunting, especially for subadult or sub-
ordinate individuals, as well as for breeding packs. Wolves needed to adjust their behaviour to balance their solitary and 
communal activities effectively, and the demands of both of these contrasting activities could impose limits to group size. 
This can have conservation implications, as disturbances by humans or other species could negatively affect the balance 
between the social and solitary aspects of the life of the endangered Ethiopian wolf.
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and Blumstein 2008); for example, if increasing amounts 
of time must be spent for individuals to meet a basic need, 
such as foraging, this may come at the cost of time spent 
in social interactions. Weak social bonds can also lead to 
group instability and impose a limit to group size (Pollard 
and Blumstein 2008; Dunbar et al. 2009).

When social carnivores depend on small-sized prey, the 
costs of intragroup competition are exacerbated, as the pres-
ence of another member of the group may interfere with 
hunting. More time is then needed for foraging to compen-
sate for this conspecific interference (Gittleman 1989; San-
dell 1989; Sillero-Zubiri and Gottelli 1995a). In such cases, 
meeting nutrient requirements might be limited by time 
more than by prey availability (Dunbar et al. 2009). Time 
constraints influence social behaviours and the size of social 
groups, and should therefore be considered when investigat-
ing the trade-offs of group living.

The behaviour of animals depends on their biological, 
ecological and social circumstances (Ausband et al. 2016; 
Methion and Díaz-López 2020). Whether an animal per-
forms solitary or social activities at a given time, will depend 
on the benefits attained in those circumstances (Dorning and 
Harris 2017; Elbroch et al. 2017). For instance, in social 
species of otters (e.g. giant otter) group living is more com-
mon when intraspecific competition for resources is reduced 
(even though they often continue foraging alone) (Lodé et al. 
2021). Specific characteristics of individuals can also affect 
the time allocation of particular behaviours. For example, 
the social rank of an animal affects the time allocated to 
foraging, where dominant individuals consistently spend 
less time feeding than subordinates among yellow baboons 
(Altmann and Muruthi 1988), bighorn sheep (Pelletier et al. 
2004) and mountain goats (Hamel and Côté 2008). How-
ever, sex or age differences in time allocation to foraging 
are more varied and less consistent (Marshall et al. 2012). 
Conflicts over the timing and location of activities will be 
higher when the differences between group individuals are 
greater (Conradt and Roper 2000, 2005; Sueur et al. 2011; 
Marshall et al. 2012) and this could lead to group fission.

The Ethiopian wolf (Canis simensis) presents an inter-
esting study system for understanding individual-group 
time allocation trade-offs, as they are both highly social 
but perform key behaviours alone. This endemic canid is 
a highly specialized hunter of diurnal rodents in Afroal-
pine highlands (Sillero-Zubiri and Gottelli 1994, 1995a; 
Marino and Sillero-Zubiri 2013). Due to the small size 
of their prey, they spend the majority of their day forag-
ing to meet their energy requirements (Sillero-Zubiri 1994; 
Ashenafi et al. 2005; Marino et al. 2010). When Ethiopian 
wolves live at high densities (1 wolf/km2) they compete for 
access to the best foraging patches, as close proximity to 
other wolves interferes with hunting success (Sandell 1989; 

Sillero-Zubiri and Gottelli 1995a, b; Marino et al. 2006). In 
contrast to this solitary behaviour, Ethiopian wolves engage 
in many social activities including: (a) territorial defence, 
which they do as a group, patrolling and marking the bound-
aries of the territory, (b) cooperative breeding, by guarding 
the den and providing food to the pups, and (c) maintaining 
strong social bonds and hierarchies through frequent and 
diverse social behaviours such as playing and allogrooming 
(Sillero-Zubiri 1994; van Kesteren et al. 2013). Typically, 
an Ethiopian wolf pack is composed by 6 to 8 individuals 
that are closely related (Sillero-Zubiri et al. 1996), sharing a 
communal territory (Sillero-Zubiri and Gottelli 1995a) and 
helping raise the pups of the dominant pair (Sillero-Zubiri 
1994). For this solitary forager the advantages of group liv-
ing are evident in that larger packs maintain larger territories 
(Sillero-Zubiri and Macdonald 1998), with larger per capita 
area of good-quality foraging habitat (Marino et al. 2012; 
Tallents et al. 2012). When a large pack divides, the break-
away group inherits part of the natal territory (Marino et al. 
2012).

It is not yet clearly understood how species that are both 
highly social, but require solitary time for key activities, 
such as Ethiopian wolves, balance their time, and whether 
strategies are specific to conditions of individuals or packs 
or both. Even though it is known that there can be behav-
ioural differences between individuals and demographic 
categories of wolves (e.g. age, status, sex, breeding/non-
breeding) (Sillero-Zubiri 1994; Sillero-Zubiri and Macdon-
ald 1998), it is still not known how group living affects these 
specific categories. Thus, our aim was to determine and 
describe how Ethiopian wolves allocate their time to bal-
ance the costs and benefits of living in a group depending on 
individual and pack characteristics. In Ethiopian wolves, we 
hypothesized that the trade-offs in time budgets to balance 
the needs for solitary foraging with social living, as well as 
the interference magnitude on intragroup competition, will 
vary depending on the individuals’ age, sex, position in the 
social hierarchy, pack breeding status, and the number of 
conspecifics in the social group. To test this hypothesis, we 
assessed time allocation patterns among Ethiopian wolves 
accounting for individual and pack-level characteristics. 
We compared time budgets of individuals across multiple 
packs to test two main predictions: (1) Increased interfer-
ence competition at larger wolf densities will lead to more 
time spent foraging for subadults and subordinates (which 
could be excluded by older or more dominant individuals) 
and individuals from breeding packs (which would have 
higher energy requirements associated with pup care). Fur-
thermore, in breeding packs, females will spend more time 
foraging than males due to the costs of lactation and pup 
feeding. (2) Individuals in larger groups will spend less 
time patrolling, as the cost will be shared among more pack 
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members, and this effect will be higher for adults, domi-
nant individuals, and males (which normally patrol more 
frequently, Sillero-Zubiri and Macdonald 1998). However, 
time socialising will increase to help maintain social bonds 
especially for breeding packs, when group cohesion for pup 
care is especially important.

Methods

Study area

The study site was in the Bale Mountains National Park 
(BMNP, 7°N, 39°40′E; with an area of 2,200 km2), in south-
ern Ethiopia (Fig.  1). Mean maximum annual rainfall is 
1150 mm (mainly concentrated in the wet season: April to 
September) (Hillman 1986, 1988). In BMNP, two wolf pop-
ulations have been monitored: Web Valley (7°N 39°42’E; 
3,500 ma.s.l.), and Sanetti Plateau (6°52’N 39°55’E; 
4000  m.a.s.l.). The vegetation of these two areas mainly 
consist of open Afroalpine grassland, and other habitat 
subdivisions: sedge swamps and rocky grasslands (Sillero-
Zubiri et al. 1995a). Both areas are characterized by a very 
high density of wolves (up to 1.2 wolves/km2), as well as, by 
a high biomass of rodents (25.7 kg/ha) (Sillero-Zubiri and 
Gottelli 1994, 1995a; Sillero-Zubiri et al. 1995b). Around 
BMNP, there are free-roaming domestic dogs and livestock 
(Sillero-Zubiri 1994; Stephens et al. 2001).

Data collection

We used historical data collected by D. Gottelli, C. Sillero-
Zubiri, and EE, who followed 85 individuals from 8 packs 
between 1988 and 1992. It was not possible to use blinded 
methods because the study involved focal wolves in the 
field. Packs were comprised of 3–11 individuals (7 ± 2.1 

SE) that were habituated and followed from a distance of 
20 to 300 m and watched through binoculars in open ter-
rain. To recognize individuals, they used ear tags and unique 
coat patterns, and recognized dominant individuals each 
year (as dominant individuals breed once a year) by behav-
ioural observations (e.g. mating, breeding, leading, and 
behaving aggressively) (Sillero-Zubiri et al. 1996). Age of 
wolves was calculated for individuals that were known from 
birth. Pack membership was defined when individuals were 
observed performing social activities together (e.g. socialis-
ing and patrol-marking) in the same study period of focals 
performed (in this period packs were temporally and spa-
tially stable). To record behaviours (described in Table 1), 
they chose one individual randomly and performed a focal 
session (between 6:00 to 19:00  h), with a scan sampling 
method recording a behaviour every three minutes (Sillero-
Zubiri 1994).

We combined data from wolves in the Web Valley and 
the Sanetti Plateau, as habitats and the structure of wolf pop-
ulations are similar (Sillero-Zubiri et al. 1995a). We did not 
include floaters, defined as females without territory that uti-
lize the spaces in between packs (Sillero-Zubiri et al. 1996), 
in the analyses. To assess the time allocation pattern of Ethi-
opian wolves, we classified behaviours as foraging, rest-
ing, patrol-marking, moving, socialising, and other (which 
includes interactions with other species) (Table 1) (Sillero-
Zubiri 1994). We measured activity time proportions as the 
proportion of behavioural events of a certain each category 
within one hour, out of a possible maximum of 20 events. 
These proportions constituted the response variables in the 
models. We excluded focals conducted earlier than 7:00 or 
later than 18:00 h, as there were very few focals performed 
at those times and would have highly unbalanced the data-
set. We also excluded focals shorter than 30 min, as we con-
sidered them not representative of time allocation for the 
whole hour (we used a minimum of 10 behavioural records 

Fig. 1  Location of Bale Mountains National Park 
(BMNP) in Ethiopia; and location of Web Valley 
and Sanetti Plateau in the BMNP. (Coordinate 
Reference System: EPSG: 32,637 - WGS 84 / 
UTM zone 37 N)
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Statistical analyses

We performed generalized linear mixed models (GLMMs) 
using a binomial distribution and logit link function (Bolker 
et al. 2009). We defined the structure of GLMMs by a priori 
specific predictions testing, instead of using model selection 
approaches (Field and Miles 2012; Harrison et al. 2018). 
We used a priori hypothesis approach by building models 
based on previous biological knowledge of the focal species 
and by only including in each model those covariates that 
have biological relevance. We analysed foraging, patrol-
marking and socialising behaviours as response variables in 
separate models. We used the number of behavioural events 
in each hour (from 10 to 20) as weights for each GLMM, as 
when using a binomial distribution for proportional data, the 
number of trials (weights of a model) needs to be specified 
(Harrison et al. 2018). For all GLMMs, we included wolf 
individual or pack ID as random effect to avoid pseudo-
replication (Bolker et al. 2009; Harrison et al. 2018). Pack 
ID was removed in one model (socialization) as it caused 
singularity of fit. As we measured activity proportions per 
hour, we included the hour of the day as a fixed covariate. 
We defined hour of the day as a discrete cyclical variable, 
because it consisted of entire hours from 7:00 to 17:00  h 
without including minutes. Other fixed categorical covari-
ates were: age [adult or subadult (the subadult category 
included both: yearlings (1 year old), and individuals from 
1 to 2 years old)]; dominance status [dominant (individuals 
who breed in a pack) or subordinate (helpers of the pack)]; 
sex (female or male); and packs breeding or non-breed-
ing within the breeding season. The breeding season was 
defined as the months when pack members were providing 
food to the pups (October to March). We calculated density 
(a continuous fixed variable) as the number of adults and 
subadults (excluding individuals younger than 1 year old) in 
a pack (pack size) divided by the pack home range in km2 
(home range data taken from study Sillero-Zubiri and Got-
telli (1995b), where they calculated pack home range using 
100% minimum convex polygons calculated in the same 
study period when focals were conducted: 1988–1992). We 
defined pack size (fixed discrete variable) as the number of 
wolves (excluding pups) in a pack at the time of the focal 
observation. When analysing foraging behaviour (solitary 
activity), we included in the models the covariate of “wolf 
density” to test for the potential costs of living in a group 
when foraging interference occurs among wolves; when 
analysing social living activities (i.e. patrol-marking and 
socialising), we included in the models “pack size” to test 
for the potential benefits and costs of living in a group. To 
avoid cognitive biases, we compared each model with a null 
model using the Akaike information criterion corrected for 
small sample size (AICc) (Betini et al. 2017).

per hour) (Appendix A, Table A1 summarizes excluded wolf 
individuals). We used 231 focals; totalling almost 441 h of 
observations (focals were between 30 and 60  min long, 
mean: 50, SE: ± 0.46), and including 47 individuals from 8 
packs: 33 individuals (12 females, 21 males) in Web Valley, 
and 14 individuals (4 females, 10 males) in Sanetti Plateau. 
As there was a larger amount of focals between 8:00 h and 
12:00 h, we used behavioural proportions to account for this 
difference in sampling effort. Approximately 88% of the 
focals were performed in 5 packs: 38% (in 10 different indi-
viduals) in Wolla pack (Web Valley population), 17% (in 8 
individuals) in Nyala pack (Sanetti population), ~ 11% in 
each of the other three packs. Summary of sample size and 
sampling effort shown in Appendix A (Tables A2, A3, A4).

Table 1  Description of categories of behaviours recorded during the 
focal observations of Ethiopian wolves between 1988 and 1992 in the 
Bale Mountains, Ethiopia (based on Sillero-Zubiri 1994)
General behaviours Specific-behaviour Description
Foraging Drinking Gulping down water

Foraging Searching for food 
(moving, digging, 
pouncing and check-
ing for holes)

Eating Ingesting the food 
(killing, scavenging, 
regurgitating, nursing)

Standing Upright position with 
the weight on the four 
legs, mainly to look 
for food (vigilant)

Resting Lying Being in a horizontal 
position (with either 
head down, head up, 
or curled)

Sitting Rest supported by the 
rear part of the body

Patrol-marking Walking-marking Moving in a slow pace 
while urinating excret-
ing, scratching, roll 
overs, sniffing

Trotting-marking Moving in a moderate 
pace while urinating 
excreting, scratching, 
roll overs, sniffing

Standing-marking Urinating or excreting, 
scratching, roll overs, 
sniffing in one place

Moving Walking Moving in a slow pace
Trotting Moving in a moderate 

pace
Running Moving in a rapid 

pace
Socialising Socialising Mating, playing, 

marking one another, 
behaving aggressively, 
greeting or grooming

Other Interspecific 
interactions

Interactions with other 
species, such as dogs
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in Figs.  2 and 3 (all standard errors < < 0.12, which are 
found in Appendix A, Table A5); and all GLMM outputs 
are summarized in Tables  2 and 3. Models testing forag-
ing behaviour and models testing patrol-marking behaviour 
with significant results performed better than null models. 
Models testing patrol-marking behaviour with non-signifi-
cant results and models testing socialising behaviour were 
analogous to null models (AICc difference < 2). As the null 
models did not outperform our predictions-based models, 
our models support biologically meaningful covariates.

Time allocation to solitary foraging

The proportion of time spent foraging varied across the day 
for different individuals (Fig. 2). In general, wolves spent 
more time foraging at 13 and 14 h and less time at dawn and 
dusk (Fig. 2a). The peak of foraging activity for adults was 
at 13:00 h and for subadults at 15:00 (Fig. 2b, c), and subor-
dinates foraged slightly more than dominants at 7 h (Fig. 2d, 
e). As we predicted, the higher the density of wolves, the 
more time they generally spent foraging, especially subadult 
and subordinate individuals, who invested more time forag-
ing than adults and dominants at higher densities and this 
difference was bigger for subordinates (density interaction 
with age, log-odd difference: 0.52 [95% CI: 0.08, 0.98]; 
z = 2.27; p = 0.023; density interaction with dominance sta-
tus, log-odd difference: 0.69 [95% CI: 0.34, 1.05]; z = 3.86; 
p < 0.001) (Fig. 4a, b). Dominant individuals, however, do 
reduce foraging time at higher territorial density (z = 3.86; 
p < 0.001, Fig. 4b).

There was a strong evidence of a difference in the forag-
ing activity of packs with pups (breeding) and packs without 
pups (non-breeding). The higher the wolf density during the 
breeding season, the more time breeding packs had to spend 
foraging (the magnitude of the increase in foraging activ-
ity was low but significant; log-odd increase: 0.25 [95% 
CI: 0.27, 3.35]; z = 2.30; p < 0.02); whereas this effect was 
the opposite for non-breeding packs, which spent less time 

We ran separate models per categorical variable (age, 
dominance status, sex, pack breeding status) to test for 
specific predictions regarding the variation of group living 
trade-offs depending on different individual and pack char-
acteristics. In all models, we controlled for hour of the day, 
which was not correlated with density or pack size (|r| < 0.3; 
p < 0.001).In foraging time models, we included an interac-
tion between density and either age, dominance status or 
sex, and between density and breeding status (breeding or 
not). We did this to test for differential responses to density 
according to individual or pack characteristics as set out in 
our predictions. In patrol-marking and socialising models, 
we included interactions between pack size and either age, 
dominance status or sex, and between pack size and breed-
ing status for the same reason. We summarize the models in 
Tables 2 and 3.

We performed all GLMMs with ´lme4´ package (Bates et 
al. 2018) and graphed the models’ results in ‘sjPlot’ package 
(Lüdecke 2020) in R (Core Team 2023). All GLMMs con-
verged and showed model adequacy (Zuur et al. 2009; Harri-
son et al. 2018). We assessed goodness-of-fit from marginal 
R2 (which encompasses the variance explained by only the 
fixed covariates) and conditional R2 (which encompasses 
the variance explained by both fixed and random covariates) 
(Nakagawa and Schielzeth 2013) with the ́ MuMIn´package 
(Barton 2018) of R (R Core Team 2020). A higher R2 meant 
a better goodness-of-fit of a model. Marginal and condi-
tional R2 are not directly representing explained variation in 
GLMMs and should be interpreted with caution (Nakagawa 
and Schielzeth 2013).

Results

On average, Ethiopian wolves spent the majority of their 
time foraging (56%; SE: ± 2.5%), followed by resting 
(32%; SE: ± 2.3%) (Fig. 2a). Daily time allocation by Ethi-
opian wolves between behavioural categories are illustrated 

Table 2  Summary of generalized-linear-mixed models of time allocation among behaviours by Ethiopian wolves in the Bale Mountains, Ethiopia
Model df

resi-dual
Variance of random 
covariate

logLik Margi-nal
R2

Conditional
R2

Wolf ID Pack
Foraging ~ Hour + Age*Density 383 0.698 0.156 -1823.3 0.026 0.227
Foraging ~ Hour + Dominance status*Density 383 0.846 0.138 -1815.0 0.037 0.259
Foraging within breeding season ~ Hour + Breeding status*Density 242 -0.547 0.100 -1112.7 0.009 0.172
Foraging of breeding packs ~ Hour + Sex 59 1.77 NA -248.9 0.029 0.369
Patrol-marking ~ Hour + Age*Pack size 64 < 0.001 < 0.001 -182.0 0.061 0.180
Patrol-marking ~ Hour + Dominance status*Pack size 64 < 0.001 < 0.001 -188.3 0.030 0.230
Patrol-marking ~ Hour + Sex*Pack size 64 < 0.001 < 0.001 -187.8 0.026 0.215
Socialising ~ Hour + Pack size 88 0.755 < 0.001 -177.9 0.015 0.199
Socialising within breeding season ~ Hour + Breeding status*Pack size 41 < 0.001 NA -90.6 0.042 0.241
df: degrees of freedom; NA: not applicable
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packs (z = -1.09; p = 0.28). However, time of the day had 
an effect on the foraging activity of individuals in breeding 
packs (z = 2.88; p < 0.004), females spent more time forag-
ing from 8:00 h to 11:00 and from 13 to 16 h, whereas males 
spent more time foraging from 11:00 h to 14:00 h (Fig. 3c, 
d).

foraging when density increased (density interaction with 
pack breeding status, log-odd difference: -0.98 [95% CI: 
-1.74, -0.25]; z = -2.59; p = 0.01). Additionally, time of the 
day had an effect on the foraging activity of packs within the 
breeding season (z = 2.89; p < 0.004) (Figs. 3a, b and 4c). 
Contrary to expectations, females within breeding packs did 
not spend more time foraging than males within breeding 

Table 3  Summary of estimates of the generalized linear mixed models presented in Table 2 on time allocation by Ethiopian wolves among behav-
iours
Dependent variable Fixed covariates or intercept Esti-mate 95% Confidence 

interval (CI)
Z Pr (>|z|) significance:

p < 0.05*
Lower Upper

Foraging
(Fig. 4a)

Intercept (Adult) -0.66 -1.37 0.03 -2.07 0.038*
Hour 0.08 0.06 0.11 7.25 < 0.001*
Subadult -0.89 -1.67 -0.16 -2.34 0.019*
Density 0.22 0.04 0.40 2.38 0.017*
Subadult *Density 0.52 0.08 0.98 2.27 0.023*

Foraging
(Fig. 4b)

Intercept (Dominant) -0.56 -1.50 0.31 -1.26 0.201
Hour 0.09 0.06 0.11 7.47 < 0.001*
Subordinate -0.66 -1.54 0.27 -1.44 0.151
Density -0.07 -0.34 0.20 -0.52 0.604
Subordinate* Density 0.69 0.34 1.05 3.86 < 0.001*

Foraging within breeding season
(Fig. 4c)

Intercept
(Breeding packs)

-0.09 -0.61 0.80 0.25 0.80

Hour 0.04 0.01 0.07 2.89 < 0.004*
Non-breeding packs 1.77 0.04 0.47 2.28 0.02*
Density 0.25 0.27 3.35 2.30 0.02*
Non-breeding packs*Density -0.98 -1.74 -0.25 -2.59 0.01*

Foraging of breeding packs Intercept (Female) 0.26 -1.04 1.60 0.40 0.69
Hour 0.10 0.030 0.16 2.88 < 0.004*
Male -0.73 -2.18 0.64 -1.09 0.28

Patrol-marking
(Fig. 4d)

Intercept (Adult) 0.73 -0.78 2.33 0.94 0.348
Hour 0.01 -0.05 0.07 0.40 0.687
Subadult -0.32 -0.51 -0.14 -3.36 < 0.001*
Pack size -5.56 -8.60 -2.65 -3.74 < 0.001*
Subadult*Pack size 0.83 0.41 1.28 3.83 < 0.001*

Patrol-marking Intercept (Dominant) -0.42 -2.78 1.97 -0.35 0.726
Hour 0.02 -0.043 0.09 0.67 0.503
Subordinate -0.12 -0.45 0.20 -0.74 0.462
Pack size 0.51 -1.86 2.94 0.42 0.672
Subordinate* Pack size -0.12 -0.51 0.25 -0.64 0.522

Patrol-marking Intercept (Female) -3.52 -10.93 4.01 -0.97 0.333
Hour 0.02 -0.04 0.08 0.66 0.509
Male 0.38 -0.76 1.50 0.69 0.491
Pack size 3.49 -3.84 10.94 0.97 0.331
Male*Pack size -0.60 -1.74 0.53 -1.10 0.278

Socialising Intercept -2.00 -3.54 -0.45 -2.59 0.009*
Hour -0.05 -0.12 0.01 -1.69 0.090
Pack size 0.09 -0.10 0.27 0.98 0.324

Socialising within breeding season
(Fig. 4e)

Intercept
(Breeding packs)

-1.40 -3.59 0.74 -1.29 0.196

 h -0.08 -0.18 0.02 -1.64 0.101
Non-breeding packs 2.96 -0.04 5.85 1.98 0.047*
Pack size 0.04 -0.23 0.30 0.34 0.73
Non-breeding packs*Pack size -0.56 -1.03 -0.07 -2.28 0.022*
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breeding packs spent less time socialising than wolves in 
non-breeding packs at low pack sizes; however, individuals 
within breeding packs of larger pack sizes (6 or more mem-
bers) spent more time socialising than individuals within 
non-breeding packs of the same size; in other words, non-
breeding packs spent less time socialising when the pack 
size increased (pack size interaction with pack breeding 
status, log-odd difference: -0.56[95% CI: -1.03, -0.07]; z = 
-2.28; p = 0.022) (Fig. 4e).

Discussion

Ethiopian wolves spent the majority of their time foraging; 
with a peak around noon, which corresponds to prey activ-
ity (Sillero-Zubiri and Gottelli 1995a, b). As we predicted, 
the higher the wolf density inside a territory, the more time 
wolves spent foraging, particularly subadults, subordinates 
and breeding packs. There was however, an exception to 
this general rule: dominant individuals and non-breeding 
packs actually spent less time foraging as density increased. 
However, contrary to expectations, females in breed-
ing packs did not spend a higher proportion of their time 

Time allocation to social activities

In respect to time allocation in communal behaviours, time 
of the day did not have an effect on patrol-marking or social 
behaviours (Table  1) (p > 0.09 in all models). Individual 
time spent patrol-marking behaviour decreased with the 
size of the group for adults (log-odd decrease: -0.32 [95% 
CI: -0.51, -0.14]; z = -3.36; p < 0.001), but this was not the 
case for subadults. Interestingly, subadults patrol-marked 
less than adults when packs had fewer than 6 members, but 
above 6 members subadults patrol-marked more than adults, 
and subadults spent more time patrol-marking when the 
pack size increased (pack size interaction with age, log-odd 
difference: 0.83[95% CI: 0.41, 1.28]; z = 3.83; p < 0.001) 
(Fig.  4d). There was no evidence of a difference in time 
spent patrol-marking between individuals of different domi-
nance status or sex (dominance status: z = 0.42; p = 0.462; 
sex: z = 0.69; p = 0.491). There was also no evidence for 
an interaction of dominance status or sex with pack size 
on time spent patrol-marking (dominance status: z = -0.64, 
p = 0.522; sex: z = -1.10, p = 0.278).

In contrast to our prediction, larger groups did not spend 
more time socialising (z = 0.98; p = 0.324). Wolves in 

Fig. 2  Daily time allocation by 
Ethiopian wolves between behav-
ioural categories in Bale Mountains 
National Park, Ethiopia, represented 
as proportions of each behavioural 
category per hour. (a) All eight packs 
(N = 47 wolves); (b) adults (N = 36); 
(c) subadults (N = 19); (d) dominants 
(N = 16); (e) subordinates (N = 33)
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to pups) (Sillero-Zubiri et al. 2011), it is coherent that for-
aging competition due to higher wolf densities affects indi-
viduals from breeding packs more than individuals from 
non-breeding packs. For example, in African wild dogs, 
there has to be an adequate number of individuals hunting 
in each pack to be able to satisfy the high-energy demands 
of pup rearing (Courchamp 2002).

Regarding different sexes in breeding packs, even though 
females can have a higher energy demand due to allolacta-
tion and pup food provisioning [even subordinate females 
contribute more food to the pups than males (Sillero-Zubiri 
1994)], female Ethiopian wolves irrespective of their 
ranking had no statistical evidence of spending a higher 
amount of time foraging than males within breeding packs. 
We might not have found differences in foraging activity 
between sexes from breeding packs because we did not 
consider individual status, and it is especially the dominant 
female that provides more food to the pups (Sillero-Zubiri 
et al. 2011). In several carnivore species, including sea 
otters (Garshelis et al. 1986), polecats (Lodé 1999), meer-
kats (Brotherton et al. 2001), and foxes (Dorning and Harris 
2017), females feed the pups more often than males; and 
it is less common that males allocate more time to rearing 
pups than females, as described in raccoon dogs (Kauhala 
et al. 1998) and banded mongooses (Cant 2003). In Ethio-
pian wolves, the fact that the amount of foraging time was 
similar between females and males in breeding packs, and 
both sexes babysit and provide food to the pups, suggest 
that males also share the responsibility to satisfy the energy 
demands of breeding, this is common in cooperative breed-
ing systems, where males also contribute to help females 
absorb the costs of breeding (Woodroffe and Vincent 1994).

The benefits of living together

Under intense competition for the scarce Afroalpine habitat, 
one of the key advantages of sociality in Ethiopian wolves 
is the communal defence of a territory, with dominant and 
subordinate animals participating, and dominants of both 
sexes patrolling and marking at similar rates (Sillero-Zubiri 
and Macdonald 1998). Our results showed that wolves 
allocated similar amounts of time to patrol-marking across 
sexes and dominance categories, and when pack size was 
larger, adults spent comparatively less patrolling time than 
subadults. While Ethiopian wolves are expansionists and, 
thus, larger groups defend larger territories (Marino et al. 
2012; Tallents et al. 2012), the costs of defence in terms 
of time investment becomes proportionally lower for adults 
in larger groups. This could be because larger groups were 
more likely to defeat smaller ones, and the number of scent-
marks deposited per km is higher when more wolves are 
involved in the activity (Sillero-Zubiri and Macdonald 

foraging when compared with males in breeding packs, 
possibly because both sexes can babysit and take turns to 
leave the den to go foraging. When packs were larger, adult 
wolves spent less time patrol-marking but subadults spent 
more time on this activity. Contrary to predictions, pack size 
did not affect how much time individuals spent socialising. 
However, there were differences in the socialising activ-
ity between breeding and non-breeding packs: when packs 
breed in small packs, less time is allocated to socialising, 
whereas larger breeding packs allocate more time socialis-
ing compared to their non-breeding counterparts.

The costs of living in a group for solitary foragers

When foraging among other individuals is counterproduc-
tive, crowded spaces increase intraspecific competition 
among individuals of the same group (Williamson 2019; 
Methion and Díaz-López 2020; Li et al. 2021) and competi-
tion within territories affect individual foraging behaviour 
(Makin and Kotler 2019; Williamson 2019). For example, 
white-faced capuchins foraged in different canopy areas 
to avoid interference within the same group (Williamson 
2019), and bottlenose dolphins foraged alone when catch-
ing easy prey and foraging cooperation was not required 
(Methion and Díaz-López 2020). Our results add to the 
evidence that group living can increase foraging competi-
tion (Molvar and Bowyer 1994; Williamson 2019) and also 
showed that this cost is not shared equally across group 
members: Ethiopian wolves need to spend more time forag-
ing at high densities, except for the dominant pair. Larger 
Ethiopian wolf packs benefit from higher per capita access 
to quality foraging areas (Marino et al. 2012; Tallents et al. 
2012), but within crowded territories interference seems to 
affect subadult and subordinate individuals more, as well as, 
individuals in breeding packs. Behavioural studies showed 
that dominant Ethiopian wolves could compete more advan-
tageously for the best foraging patches (Sillero-Zubiri and 
Gottelli 1995b), with subordinate animals waiting for lon-
ger until a patch is vacated and the disturbed subterranean 
rodents become available again, this result was similar in 
red foxes (Dorning and Harris 2017) and elephants (Li et 
al. 2021). With lower time requirements for foraging, domi-
nant animals are able to rest more or invest more time in 
other activities, for example, dominant Ethiopian wolves 
normally scent-mark more to indicate social status (Sillero-
Zubiri and Macdonald 1998), as is also the case in meerkats 
(Jordan 2007) and dholes (Ghaskadbi et al. 2016). Individu-
als from breeding packs had to spend more time foraging 
in crowded territories, which was not the case for individu-
als from non-breeding packs. As individuals from breeding 
packs have more energy requirements associated with pup 
food provisioning (e.g. regurgitating and giving a full rodent 
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maintain reproductive suppression of subordinate females 
(van Kesteren et al. 2013).

Conservation implications

Habitat loss is one of the big threats to the persistence of 
Ethiopian wolf populations (Stephens et al. 2001), and pop-
ulation growth of this species is negatively density-depen-
dent (Marino et al. 2006). Given that Ethiopian wolves 
needed more time to forage in higher densities, loss of habi-
tat or reductions in territory could mean more foraging time 
and perhaps a reduction in group size. Wolves spent more 
time foraging (67.5%) in a non-protected area with human 
impact (Ashenafi et al. 2005), than in the Bale Mountains 
National park (56%), indicating behavioural adaptations 
when wolves are disturbed or in degraded habitat. A simi-
lar situation is seen for gorillas, where survival in unsuit-
able habitats required high demands of feeding and resting 
time (Lehmann et al. 2008). In low-quality habitats, com-
petition for best patches might impose time constraints to 
sociality. Indeed, in areas with low prey abundance in the 
Bale Mountains, Ethiopian wolves live as pairs or with just 
one offspring from the previous year (Marino et al. 2012). 
Any additional source of disturbance and degradation 
by humans, livestock and their domestic dogs, will avoid 
a negative impact on the herbivorous rodent prey and the 
Ethiopian wolves themselves (Atickem et al. 2010; Vial et 
al. 2010, 2011a, b; Yaba et al. 2011; Perry et al. 2018).

Domestic dogs potentially pose an acute problem by 
interfering with natural Ethiopian wolf behaviour. In the 
Bale Mountains, wolves and dogs segregate temporally, 
with peaks of foraging activity at different times of the day, 
which reduce the degree of interference, although they still 
have a considerable overlap in foraging times (67%) (Sillero-
Zubiri et al. 1995a; Perry et al. 2018; Foley 2019). Despite 
not competing directly over food - dogs are not good rodent 
hunters - dogs actively displace wolves from their foraging 
grounds (Atickem et al. 2010; Perry et al. 2018) and in the 
northern highlands of Ethiopia, shepherds regularly chase 
wolves away from their herds, so that they spend most of the 
day hiding until people and livestock return to their houses 
in the late afternoon. The sympatric African wolf, which 
overlaps to some degree with Ethiopian wolves in their 
diet (Atickem et al. 2017; Gutema et al. 2019) could also 
compete with Ethiopian wolves, particularly if pack sizes 
are small. Adaptations to such disturbances can be costly 
for Ethiopian wolves with long-term effects on fitness, if it 
forces wolves to reduce time allocated for other activities, 
such as patrol-marking and socialising (Sillero-Zubiri and 
Macdonald 1998). Further studies of time budgets in wolf 
populations living in different habitats and levels of anthro-
pological impact will bring light into the degree at which 

1998). Another possible explanation is division of labour, 
as more wolves participating means less time that each 
individual has to spend doing the communal activity, and 
is able to have more time to perform other behaviours, such 
as solitary foraging. This may be the case particularly for 
adults, who spend less time patrol-marking in larger groups. 
Labour division has been observed in other carnivores, 
such as in meerkats, where individuals take turns to per-
form vigilance behaviours allowing other members of the 
group to reduce their own vigilance and allocate more time 
in foraging (Ridley et al. 2013). However, subadults actu-
ally patrol-mark more at larger pack sizes. This might sug-
gest that there are other factors at play, subadults (which are 
never dominant individuals) may be “paying to stay” in the 
group by contributing to communal activities like patrol-
marking. At large pack sizes patrol-marking may also be 
used as a group cohesion activity, and larger territories may 
require more patrol-marking (Sillero-Zubiri and Macdonald 
1998). Alternatively, subadults may be patrol-marking and 
exploring territory edges to assess breeding positions and 
opportunities at the margin of the territory, as at large pack 
sizes packs are more likely to split into two breeding packs 
(Marino et al. 2012). This result needs to be investigated 
further to assess whether these subadults are patrol-marking 
together or alone, and for what purpose.

Socialising is important to maintain the cohesion of a 
group (Dunbar 1992; Pollard and Blumstein 2008; Dunbar 
et al. 2009), but in Ethiopian wolves we did not see a uni-
form effect of pack size on the time allocated to socialise. 
Animals in packs of different sizes did not change the pro-
portion of time they allocated to socialising. However, dur-
ing the breeding season, small packs (< 6 members) spent 
less time socialising possibly due to the extra demands for 
foraging, feeding the pups and guarding. Similar behaviours 
have been observed in breeding female baboons, which had 
to sacrifice uncommitted resting time and social time to feed 
their offspring, compromising their social bonding and, in 
turn, group membership stability within the group (Dunbar 
and Dunbar 1988). The fact that Ethiopian wolves are social 
species which perform solitary activities (Sillero-Zubiri 
and Gottelli 1995a), might explain why pack size did not 
seem to affect the proportion of socialising time. It may be 
enough to maintain key bonds within a group, rather than 
with every pack member, and group level social time may 
be enough to maintain group cohesion. Maintaining pack 
cohesion however, may become too costly when packs 
become larger and they eventually split up. Studies have 
documented Ethiopian wolf packs of 10 or more individu-
als splitting up (larger than the pack sizes included in this 
study) after a subordinate becomes pregnant (Marino et al. 
2012), indicating that in larger packs it is more difficult to 
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disturbances and prey degradation might affect the fine bal-
ance between sociality and solitary foraging in Ethiopian 
wolves, and the social structure of populations.

Conclusion

There were benefits and costs of group living in Ethiopian 
wolves in terms of time allocation. Living in large packs 
was beneficial as individuals (particularly adults) could 
invest proportionally less time in communal activities such 
as territorial defence, and time socialising was not neces-
sarily a constraint. Living in crowded territories however, 
required more time spent foraging, probably due to interfer-
ence competition and this cost affected subadult and subor-
dinate individuals more, as well as, individuals in breeding 
packs. Such a trade-off could put a cap on expansionism, 
driving dispersal of individuals for whom the costs of soci-
ality are high and breeding opportunities scarce, including 
the fission of large groups into smaller ones. External fac-
tors like anthropogenic disturbance or interspecific competi-
tion could further alter time allocation and the fine balance 
between social and solitary activities.

Fig. 3  Daily time allocation within the breeding season: (a) packs breeding, and (b) packs non-breeding; (c) females in breeding packs, and (d) 
males in breeding packs, (seven packs during the breeding season, six months total, N = 12 females and 24 males)
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