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overall population density is low, the fine-scale population density 
actually experienced by each agent is quite high because only a 
portion of  the landscape is inhabitable. At moderate landscape val-
ues (Figure 3B), social groups continue to dominate the high-quality 

hot spots, whereas solitary individuals thrive in the remaining areas. 
At highest landscape values (Figure 3C), sociality is favored across 
the entire landscape as social groups can also dominate the lower 
value areas. These results highlight how landscape value and pop-
ulation density interact with landscape structure to influence pat-
terns of  group territoriality. Individual fitness is affected by the local 
environment, which fundamentally depends on the way resources 
are distributed across a landscape.

Landscape structure

Resource heterogeneity appears to be necessary for the evolution of  
group territoriality in lions. Sociality increases with increasing land-
scape heterogeneity (Figure 2A), but the effect of  high heterogene-
ity is most striking at lower landscape values, where social groups 
can exclude solitary agents from clustered hot spots and solitaries 
cannot survive in poor-quality habitat (Figure 3A). These effects are 
consistent across all sensitivity analyses (Supplementary Table A3).

Figure 2C,D show that the social genotype is often unexpressed 
(i.e., social “groups” of  1 adult), even in landscapes where it is 
highly favored. Because heterogeneous habitats can only support 
a limited number of  multilion groups, the majority of  dispersing 
social offspring must live alone in poor-quality habitat.

Behavioral advantages

Ecological factors are insufficient for the evolution of  group ter-
ritoriality. The social genotype is never favored if  social individu-
als have none or just one of  the 3 possible behavioral advantages 
(cooperative defense, territorial expansion, or territory inheritance; 
Figure 4). In some landscapes, the social genotype is favored when 
cooperative defense is paired with territorial inheritance. In particu-
lar, high landscape heterogeneity is required for the social genotype 
to be favored in the absence of  territorial expansion. In most cases, 
however, all 3 behavioral traits are necessary for the social geno-
type to spread and the behavioral advantages of  group formation 
are highly synergistic (Figure 4). For example, cooperative defense 
plus territorial inheritance lead to a higher proportion of  social 
individuals (~0.92) than would be expected based on the effects of  
either factor in isolation (only ~0.07 and 0.08, respectively).  The 
co-occurrence of  all 3 factors in combination with some degree 
of  landscape heterogeneity leads to sociality far more often than 
expected if  the combined impact of  each factor was either additive 
or multiplicative, as indicated by the stars in Figure 4.  The sensi-
tivity analyses revealed only minor variations in these results (see 
Supplementary Appendix A for these details).

DISCUSSION
Lions are one of  the best-studied mammalian species, and many 
components of  our model were parameterized with empirical 
data, whereas the remaining variables relied on qualitative assess-
ments that were subjected to rigorous sensitivity analyses (see 
Supplementary Appendix A). We simplified the model by only 
considering interactions among females, thus ignoring the impacts 
of  males, whose infanticidal behavior promotes the formation of  
“nursery groups” that collectively defend vulnerable young against 
outside threats (Packer et  al. 1988); males are also known to kill 
females from neighboring groups to enhance the reproductive suc-
cess of  females in their own group (Mosser and Packer 2009; also 
see Wilson and Wrangham 2003). In addition, many of  our mod-
eling decisions were conservative, so as to prevent the social strat-
egy from inevitably causing the evolution of  group territoriality. 

Figure 3
Example spatial distribution for territories with solitary (blue) and social (red) 
genotypes in highly heterogeneous (P  =  64) clustered hot-spot landscapes. 
Landscape values are shown in gray scale with white cells indicating high 
value and black cells indicating low value. (a) Low mean landscape value 
(80), where social groups monopolize the rare best areas in a poor-quality 
habitat. (b) Middle mean landscape value (140), where solitary groups are 
more successful than social groups outside the hot-spot clusters. (c) High 
mean landscape value (180), where social groups can thrive in any part of  a 
high population density (high-quality) landscape.
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hot spots, whereas solitary individuals thrive in the remaining areas. 
At highest landscape values (Figure 3C), sociality is favored across 
the entire landscape as social groups can also dominate the lower 
value areas. These results highlight how landscape value and pop-
ulation density interact with landscape structure to influence pat-
terns of  group territoriality. Individual fitness is affected by the local 
environment, which fundamentally depends on the way resources 
are distributed across a landscape.

Landscape structure

Resource heterogeneity appears to be necessary for the evolution of  
group territoriality in lions. Sociality increases with increasing land-
scape heterogeneity (Figure 2A), but the effect of  high heterogene-
ity is most striking at lower landscape values, where social groups 
can exclude solitary agents from clustered hot spots and solitaries 
cannot survive in poor-quality habitat (Figure 3A). These effects are 
consistent across all sensitivity analyses (Supplementary Table A3).

Figure 2C,D show that the social genotype is often unexpressed 
(i.e., social “groups” of  1 adult), even in landscapes where it is 
highly favored. Because heterogeneous habitats can only support 
a limited number of  multilion groups, the majority of  dispersing 
social offspring must live alone in poor-quality habitat.

Behavioral advantages

Ecological factors are insufficient for the evolution of  group ter-
ritoriality. The social genotype is never favored if  social individu-
als have none or just one of  the 3 possible behavioral advantages 
(cooperative defense, territorial expansion, or territory inheritance; 
Figure 4). In some landscapes, the social genotype is favored when 
cooperative defense is paired with territorial inheritance. In particu-
lar, high landscape heterogeneity is required for the social genotype 
to be favored in the absence of  territorial expansion. In most cases, 
however, all 3 behavioral traits are necessary for the social geno-
type to spread and the behavioral advantages of  group formation 
are highly synergistic (Figure 4). For example, cooperative defense 
plus territorial inheritance lead to a higher proportion of  social 
individuals (~0.92) than would be expected based on the effects of  
either factor in isolation (only ~0.07 and 0.08, respectively).  The 
co-occurrence of  all 3 factors in combination with some degree 
of  landscape heterogeneity leads to sociality far more often than 
expected if  the combined impact of  each factor was either additive 
or multiplicative, as indicated by the stars in Figure 4.  The sensi-
tivity analyses revealed only minor variations in these results (see 
Supplementary Appendix A for these details).

DISCUSSION
Lions are one of  the best-studied mammalian species, and many 
components of  our model were parameterized with empirical 
data, whereas the remaining variables relied on qualitative assess-
ments that were subjected to rigorous sensitivity analyses (see 
Supplementary Appendix A). We simplified the model by only 
considering interactions among females, thus ignoring the impacts 
of  males, whose infanticidal behavior promotes the formation of  
“nursery groups” that collectively defend vulnerable young against 
outside threats (Packer et  al. 1988); males are also known to kill 
females from neighboring groups to enhance the reproductive suc-
cess of  females in their own group (Mosser and Packer 2009; also 
see Wilson and Wrangham 2003). In addition, many of  our mod-
eling decisions were conservative, so as to prevent the social strat-
egy from inevitably causing the evolution of  group territoriality. 

Nevertheless, our model outputs mimic observed patterns of  spatial 
distribution: like real prides (Supplementary Figure A2), simulated 
prides were centered on discrete hot spots, and low-quality areas 
remained unoccupied (Figure 3A).

Our results indicate that a combination of  landscape value, 
landscape heterogeneity, and multiple behaviors are necessary to 
explain the rise of  group territoriality in African lions and that the 
trait demonstrates many of  the hallmarks of  an emergent property 
(Corning 2002). Lion sociality likely arose from the more typical 
felid pattern of  solitary territoriality when a specific set of  condi-
tions converged: the environment must have been productive and 
heterogeneous at the appropriate scale, sustaining a suitable popu-
lation density and containing sufficiently high-quality patches, and 
individuals must have possessed a behavioral predisposition towards 
cooperative territorial defense, in particular, with territorial expan-
sion and inheritance further bolstering the advantages of  group 
formation. 

Our results indicate that cooperative territorial defense is nec-
essary for the evolution of  group territoriality. In group-territorial 
species, there is often strong selective pressure for numerical supe-
riority and effective cooperative defense: larger groups are known 
to control higher quality territories (Kauffman et al. 2007; Mosser 
and Packer 2009) and intergroup aggression is often directed at 

altering the balance of  power (Wrangham 2006). Although we find 
that territorial expansion and inheritance are also important, both 
are a natural component of  group formation in territorial species. 
The advantages of  territorial expansion are often dictated by the 
distribution of  resources (Kruuk and Macdonald 1985) and sex-
biased natal philopatry is ubiquitous in terrestrial animals (Pusey 
and Packer 1987).

Although newly introduced lions to reserves in South Africa are 
more likely to live as solitaries at extremely low population densi-
ties (Miller S, personal communication), our models predicted 
that nearly half  of  lion groups should be comprised of  solitaries 
(Figure 2C,D), whereas lone females only account for ~16% of  lion 
prides in the Serengeti and Ngorongoro Crater, Tanzania. This dis-
crepancy may arise because of  our assumption that solitary agents 
would rarely engage in territorial contests and thus do not suffer 
the associated mortality risk. In reality, solitaries suffer far higher 
mortality than group-living females (Packer et al. 1988). This result 
may, however, reflect the more flexible sociality seen in a range of  
species. Group-territorial animals often show fission–fusion group-
ing patterns (Aureli et al. 2008), where individual group members 
spend considerable time alone, whereas for others species, social 
grouping only arises only occasionally (Davies and Houston 1981; 
Waser and Waser 1985; Kruuk 1989; Caro 1994).  Our model 
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Figure 4
Proportion of  social individuals at the end of  each simulation. Success of  the social genotype emerges from the interaction between behavioral and landscape 
traits. Scenarios are grouped by behavioral traits (boxes at bottom). Scenarios are shaded according to landscape type (homogenous, random hot spots, and 
clustered hot spots) and landscape heterogeneity (none: P = 0, low: P = 4, high: P = 64). (a) Low population density and landscape value. (b) High population 
density and landscape value. Error bars indicate standard errors across 20 replicates. We have indicated where interactions produce synergistic effects that 
are greater than statistical predictions, suggesting patterns of  emergence: *Additive synergy (the whole is greater than the sum of  the parts), **Multiplicative 
synergy (the whole is greater than the product of  the parts).
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required that all group members remain together at all times, thus 
flexible social systems could only be mimicked by generating a high 
proportion of  solitaries.

Among felids, it is somewhat puzzling that leopards, one of  the 
lions’ closest living relatives (Weredelin et  al. 2010), are so consis-
tently solitary despite occupying the same savanna habitats as lions. 
However, leopards are mesopredators that suffer significant interfer-
ence competition from lions (Balme et al. 2009, 2013; Packer et al. 
2009), and any “group” of  leopards that tried to occupy the same 
hot spots as sympatric lions would be subject to considerable disrup-
tion. It is thus noteworthy that lions only came to dominate African 
savannas with the disappearance of  the even larger saber-toothed 
cats >5 million years ago (Weredelin et  al. 2010)—and these ear-
lier species may themselves have been group living (Carbone et al. 
2009; Christiansen and Harris 2012). So, even proto-lions could 
not have developed sociality until they were able to dominate the 
landscape in the same manner as in our model.

Although we developed the model to understand the evolution 
of  sociality in African lions, our conclusions should also apply to 
other species that have followed a similar evolutionary trajectory 
from solitary territoriality, such as wolves Canis lupus (MacNulty 
et  al. 2011; Tallents et  al. 2012), European badgers Meles meles 
(Kruuk 1989), Australian magpies Gymnorhina tibicen (Veltman 1989), 
Chowchillas Orthonyx spaldingii (Jansen 1999), and Egernia genus liz-
ards (Chapple 2003). Evidence from these and other species sug-
gests that the selective pressures associated with territoriality may 
provide a context in which group formation is advantageous. This 
approach, however, may not explain the transition to group territo-
riality for species that are initially gregarious due to other underly-
ing factors such as predation or limited nesting sites. Nevertheless, 
any species that is both social and territorial has the potential to be 
subject to the same selective pressures that govern the dynamics of  
group-territorial competition. Many gregarious territorial species, 
which may be social primarily for other reasons, are also affected by 
the potential advantages of  cooperative defense (e.g., Adams 1990; 
Pope 2000), territorial inheritance (e.g., Woolfenden and Fitzpatrick 
1978; Russell and Rowley 1993), and territorial expansion (e.g., 
Langen and Vehrencamp 1998). Our model may therefore not only 
helps to explain the evolution of  sociality in African lions but also 
provides insight into the complex dynamics of  a broad range of  
group-territorial species.

SUPPLEMENTARY MATERIAL
Supplementary material can be found at http://www.beheco.
oxfordjournals.org/
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