











Territories

Territories incorporate several grid cells and are anchored at a central point. Cell resource
values are discounted, at a linear rate, with increasing distance from the center point, up
to a maximum radius as set in the model (Fig. 5a). We therefore assume that activity is
centralized within the territory and that the realized value for a given cell is discounted by
the cost of traveling from the territory center to that location (Getty 1981, Mitchell and

Powell 2004). This distance-discounting formula is the basis for all territory calculations,

D
Vterr =V (1 - R—) (Eq 2)

max

where Vigr is the value of a cell to the territory owner, V the absolute cell value, D the

distance from territory center, and Rmax the maximum radius for the territory.

The maximum radius for solitary groups is set to 4 cells (4 km is the average territory
radius for prides in the Serengeti study area), yielding a maximum territory size of about
50 grid cells. If larger groups defend a larger territory, then the maximum radius
increases with group size. Larger groups may defend a larger territory in order to
overcome the costs of intra-group competition or because they share the costs of
defending a larger territory. In the Serengeti woodlands, lion territory sizes increase
linearly with the number of adult females in a pride (Chapter 2), so we set the maximum
radius (Rmax in Eq. 2) to increase additively by the square root of the number of adults in
a group, to give an approximately linear increase in territory area with an increase in

group size,

Rmax = Rsoliary ++vN -1 (Eq 3)

where Rmax 1s maximum radius, Rsoiitary the territory radius for a solitary adult (4km), and

N is the group size, as number of adults).
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Territories are associated with a minimum and goal value (Fig 5b). The minimum value
is sufficient for adult survival and the goal is sufficient for adult survival and
reproduction. Minimum values are set to 1000 for a solitary adult, and increase by 1000

for each additional adult in the group.

We examine the model dynamics for goal values 500 or 1000 points higher than the
minimum, thus either smaller or equal to the minimum for the next larger group size
(N+1). For homogeneous landscapes, individuals with the social gene are increasingly
more likely to be successful as landscape value increases, but the degree of success for
social individuals depends upon the territory goal value. A high goal value (1000 points
greater than the minimum for a group of N, and equal to the minimum for a group of
N+1) facilitates the formation of social groups, because the mother’s territory can already
support the recruitment of offspring. Sociality therefore evolves, in part, by virtue of the
structure of the modeled territories. At a low goal value (500 points greater than the
minimum for a group of N, but less than the minimum for a group of N+1), groups must
be able to increase the value of their territory in order to survive. This requires some form

of inter-group competition our simulations are based on these restrictive circumstances.

Groups adjust their territory size and location to maximize the resource density within the
territory and territories will be of the smallest size necessary to meet the resource
requirements. As a result, territories are smaller in high value landscapes. This efficiency
maximizing strategy (Stephens and Krebs 1986) is similar to the territorial contractors

described by Kruuk and Macdonald (1985).

The maximum territory radius limits the maximum possible value of a territory within a
landscape of a given value, and because larger groups require more resources, group size
is limited by the value of the landscape (Fig. 5¢). We considered landscapes with average
resource values between 80 and 240, which supported from about 40 to 200 territories

and group sizes of 1 to 14 adults, respectively.
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Figure 5. a) Territories will increase in size, accumulating the benefits of resource gain, until the costs of
travel outweigh the benefits and the territory value is maximized (where benefits minus costs is
maximized). The maximum territory size and value is determined by the maximum radius (Rpax), as set in
the model. b) Territories (six are pictured here) are associated with a minimum (inner white lines) and goal
values (outer red lines). Territories are abandoned if the minimum cannot be reached and will not grow
beyond the goal value. ¢) An illustration of how landscape resource values set a limit on group size. In this
example all cell values are set to 140, and groups of size 2 (black) can reach both the minimum and goal,
groups of size 5 (green) can reach the minimum territory value but not the goal, and groups of size §
(orange) cannot reach the minimum and are not support by this landscape.
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Figure 6. a) Proportion of population with social gene for last time-step vs. resource value in homogeneous
landscapes, for different goal values. Social individuals are very successful and transition easily to larger
group sizes when the territory goal value is set to equal the minimum territory value for the next larger
group size (N+1). When the goal is less than the minimum for the next larger group size, transitions to
larger groups and thus the success of social individuals depends upon substantial immediate gain in
territory value. A growing group must compete and win territory from neighbors in order to support the
recently matured offspring. b) For “Goal < Minimum for N+1”, average group size of social groups (left y-
axis) and territory value (right y-axis) vs. resource value. Average group sizes and territory values for
social groups reflect the pattern observed in the upper graph. For resource values of 170 and 220, for
example, average group sizes and territory values drop because the resource values support high
reproductive rates but social groups cannot transition successfully to the next larger group size when
offspring mature, so maturing social individuals are forced out of the group alone or in small cohorts. Note
that group sizes in homogeneous landscape remain quite small.
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Social mutation and group advantages

A change in individual dispersal pattern is the key component in the evolution of group
territoriality (Cahan et al. 2002). In our model, individuals with the social “gene” simply
remain in, rather than disperse from, their natal territory. Maturing solitaries (reaching
the age of 3 years/time-steps) always disperse on their own and attempt to establish a new
territory, while maturing social individuals refuse to leave and are usually tolerated by
their mother. If resources are very low, however, maturing individuals with a social gene
are not tolerated and are forced out of their natal territory, though they may leave with a

cohort of same-aged individuals.

We model three advantages to group formation. 1) Groups may benefit from a
cooperative territorial defensive advantage, which gives larger groups a higher
probability of winning an intergroup encounter, and consequently gaining disputed grid
cells (see below for details). 2) Groups might defend larger territories, as described
above, and thus benefit from access to more resources and higher territory values. 3)
Individuals in groups may benefit from territorial inheritance (Lindstrom 1986). Social
individuals stay in their natal territory and thus passively gain the established territory
from their older relatives. To remove this advantage, we force social individuals to
disperse, though they may still benefit from the other two advantages if they disperse

with a cohort.

Intergroup competition

We modeled competition between groups as a series of decisions. The group first
considers the value of adjacent grid cells in a neighbor’s territory (groups may contest up
to 25% of a neighbor’s territory, which is the average amount of overlap between pride
territories in the Serengeti study area) and if the gain of those cells will improve the value

of the group’s territory, then they may initiate an attack. The decision to attack depends
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upon the odds of winning a fight, based on relative group size, modified by the current
territory value relative to the goal (Table 1). A group is more likely to fight if it has a
low territory value, at which point it has more to lose if additional territory is surrendered
to a neighbor (i.e. a ‘desperado’ effect,Grafen 1987). The modified odds are determined
by the following equation,

L)+o_5(G_T
+ N, G-M

Odds

) (Eq. 4)

modified — (
a

were N, is the number of adults in attacking group, Ny the number of adults in defending
group, G the goal territory value, M the minimum territory value, and T the current
territory value). To calculate the modified odds of defending a territory against an attack,

Na is replaced by Ng in the numerator of the first term.

A group will attack its neighbor if the OddSmogified > 0.55 and will defend if OddSmogified >
0.45. Thus, groups play a “bourgeois” strategy (respect for ownership, Maynard Smith
and Parker 1976) under a limited set of conditions. Note that groups do not know the
status of the neighbor’s territory and thus how willing the neighbor might be to defend
the territory, and this does not factor into the decision to attack a territory. When an
attack is initiated, if the neighbor retreats, the disputed cells are gained by the attacking
group. If the neighbor defends, a fight occurs, and the odds of winning are based only
upon the relative group sizes. The winner gains the disputed grid cells. Fights are

associated with a 10% adult mortality rate per group.
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Table 1. Intergroup competition: calculation of the modified odds and decisions to attack or defend

territory. a) Territory values for both the attacking and defending group are equal to the goal value, and

decisions to attack and defend are based only upon the odds of winning (the modified odd are the same). A
group will attack if the modified odds are greater than 0.55 and will defend if the modified odds are greater
than 0.45. Note that for these high territory values actual fights do not occur, because in no cases do we get
an attack paired with a defend. b) Territory values do not meet the goal value and the odds are modified (in
this case 0.15 is added to the odds), such that groups are more likely to attack and defend. Here fights will
occur between groups of 2 vs. 2, 3 vs. 2, and 4 vs. 2 (attackers vs. defenders). For 1 vs. 2, an attack would
not be initiated, and in all other pairings an attack would not be met with a defense by the territory owners.

Attacking group:

Defending group:

o ©
> >
© ©
> >
2 §% 2 g%
s £ ES 8 s , £ E& 8
L & S 20 o o 2 S 2o e}
g 2 < o T T & £ o O o
o 5 °© == 2 < S © © == 9 g
@© — %) = = O . @ %) = =
£ O s O S - o = - U k] Q
© © jo) O o = © (0] e] (0] (o] )
*  H o x > < #*  OH# O x = Q
a) 1 2 033 100 0.33 No 2 1 067 100 0.67 Yes
2 2 050 100 0.50 No 2 2 050 100 0.50 Yes
3 2 060 100 0.60 Yes 2 3 040 100 040 No
4 2 067 100 0.67 Yes 2 4 033 100 0.33 No
5 2 071 100 0.71 Yes 2 5 029 100 0.29 No
6 2 075 100 0.75 Yes 2 6 025 100 0.25 No
7 2 078 100 0.78 Yes 2 7 022 100 0.22 No
8 2 080 100 0.80 Yes 2 8 020 100 0.20 No
9 2 082 100 0.82 Yes 2 9 018 100 0.18 No
10 2 083 100 0.83 Yes 2 10 017 100 0.17 No
b) 1 2 033 70 048 No 2 1 067 70 0.82 Yes
2 2 050 70 0.65 Yes 2 2 050 70 065 Yes
3 2 060 70 0.75 Yes 2 3 040 70 055 Yes
4 2 067 70 0.82 Yes 2 4 033 70 048 Yes
5 2 071 70 0.86 Yes 2 5 029 70 044 No
6 2 075 70 090 Yes 2 6 025 70 040 No
7 2 078 70 093 Yes 2 7 022 70 037 No
8 2 080 70 095 Yes 2 8 020 70 035 No
9 2 082 70 0.97 Yes 2 9 018 70 0.33 No
10 2 083 70 0.98 Yes 2 10 017 70 032 No
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Reproduction and mortality
Table 2. Litter size distribution

Individuals reproduce asexually and they can only Litter

. . . size Probability
reproduce if they have a territory. Reproductive rates 1 050
depend upon the current territory value relative to the g 8?2

goal and minimum values, and decline linearly as the

territory value approaches the minimum. At goal, there  Table 3. Age specific mortality rates

is a 100% probability of reproduction. Litter sizes range Mortality

Age rate

from 1-3 and are drawn from a set distribution (Table 2). ? 0.3
2 0.2

3 0.1

The model incorporates three types of adult mortality: g 882
background mortality (Table 3), non-territory holder 6 0.05
7 0.05
mortality (for individuals without a territory, set to 50%), 8 0.05
. . .- 9 0.05
and fighting mortality (10%). Two additional types of 10 0.05
mortality apply to cubs only: low resource mortality (cubs ] ; 882
die if the territory is at or below the minimum value) and 12 838
orphan mortality (for cubs that lose their mother, set to 15 0.20
16 0.50
75%). 17+ 0.90

Model assumption: incomplete knowledge

We assume that individuals do not have complete knowledge of the landscape. During
territory adjustment and competition, a group can only asses the value of adjacent cells,
and when an individual disperses, it chooses the nearest open location, without regard to
its relative resource value. Many of the landscapes, however, do contain resource value
gradients. On such a landscape, territories will move (if unconstrained by neighbors) to
the best locations, as long as cells adjacent to their territory are higher in value. The
outcome is therefore similar to a model that assumes complete knowledge of the

landscape.
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Model flow

For each year, the simulation runs as follows (For steps 1-4, groups are run in a random
order, and for steps 1-3, individuals are run from oldest to youngest within the group.

Before step 5, groups are randomly reordered.):

1) Ageing and mortality (by individual)
Individual ages one year or dies according to the age specific, non-territory holder, or

orphan mortality rates.

2) Dispersal and territory establishment (by individual)
If the individual is weaned (reaches 3 years of age) and has the solitary gene, it
disperses. If it has the social gene, it stays in mom’s territory or disperses if forced out.
If the individual (or cohort) disperses, it attempts to establish a territory in the nearest
open area, and will ‘float’ without a territory if no sufficient area can be found. If a
territory is established, the group can then compete with neighbors within the same

time-step.

3) Reproduction (by individual)
If an individual is of reproductive age (4+ years), has no unweaned offspring, and has

a territory, it may reproduce.

4) Territory assessment (by group)
Groups with no territory attempt to establish one, in the manner described for
dispersers in step 2. For groups with a territory, minimum and goal territory values are
recalculated based upon current group membership. Territories move, grow, or shrink
in attempt to meet the minimum and goal values. The territory center is also adjusted
in order to maximize the territory value. If the territory value is below the minimum,
cohorts of newly weaned individuals are forced out (applies to social groups only). If

the territory value is still below the minimum, unweaned offspring die. Finally, if the
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territory value is still below the minimum, the group abandons the territory. Cohorts
forced out and groups with abandoned territories will attempt to establish a new one in

an open arca.

5) Territorial competition (by group)
For each group, neighbors are considered in a random order, and disputable cells are
identified within the neighbor’s territory. Potential fights proceed as described above.
Mortality is calculated after each fight, and unweaned offspring die, with a given
probability, if the mother is killed due to a fight. Territory values are reassessed
(repeat of step 4) after each neighbor encounter. If a group loses a territory due to a

fight, it will attempt to establish one in an open area.

Simulations and hypothesis testing

For each set of simulations with a given set of parameter values, we first populated the
landscape with solitary individuals. The simulations were then started from this point,
with the potential for mutation. The mutation rate was set to 0.01, and each individual
born might mutate to the social state that differs from its mother (solitary to social, and
vice versa). We ran each simulation for 500 time-steps, with 20 replicates for each set of

parameter values.

To assess the success of the solitary and social strategies, we calculated the proportion of
the social individuals in the population for the last time-step of each simulation, and
averaged over the 20 replicates. We tested the effect of landscape heterogeneity on the
evolution of group territoriality by comparing this statistic for simulations run in the
homogeneous versus heterogeneous landscapes. We also compared outcomes for the
different types of heterogeneous landscapes (low and high resource value for confluence
and random hotspot distributions). To examine the role of group advantages, we ran eight

types of simulations, for each possible combination of the three group advantages (no
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advantage to full advantage). To hold the population at a low density, we increased the
adult mortality by threefold and decreased the maximum reproductive rate to 0.75. Again,
the proportion of social individuals in the final population was used to assess the effect of
low population density on the evolution of group territoriality. We examined patterns of
conflict by calculating the number of fights per group for the last 50 time-steps of each
simulation and averaged this value for the 20 replicates. Rates of intergroup conflict

were compared for the homogeneous versus heterogeneous landscapes.

RESULTS AND DISCUSSION

Social groups are more successful in heterogeneous landscapes (Fig. 7). This provides
clear corroboration of the resource dispersion hypothesis. This is especially evident in the
low value landscapes, where sociality develops solely in the context of heterogeneity
(Fig. 7a), as only heterogeneous landscapes contain patches of high enough value to
support the formation of groups. In these landscapes, survival depends upon access to the
hotspots and the proportion of social individuals in the population is largely driven by the
value of these locations (note the maximum values listed for each landscape). Social
individuals represent a larger percentage of the final population in the confluence
landscapes, where the hotspot values are higher in order to balance the larger areas of low
resource value in these landscapes. In addition, given the power law clustering of
confluences, territories can encompass several hotspots to yield higher territory values
that support larger groups, which again emphasizes the role of resource dispersion. In the
high value landscapes (Fig. 7b), we find a similar pattern, although group territoriality is
not exclusively associated with heterogeneity. Also, survival is not dependent upon
access to hotspots and solitaries thrive in the low value areas, so the social strategy is
slightly less successful in the landscapes with the most peaked and concentrated hotspots

(P=64).

85



Figure 7. Percent of individuals in the population carrying the social gene at the end of simulation vs.
peaked-ness (P), for landscape with confluence and random distributions of hotspots, and a) low average
resource values or b) high average resource values. P=0 denotes a homogeneous landscape. 20 replicates
were run for each value of P, and bars indicate the standard error for each mean. Statistics for each
landscape (Moran’s |, mean resource value, minimum, maximum, and standard deviation) are listed.

Values of | nearer to 1 indicate a more heterogeneous landscape.
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Figure 7 continued.
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Cases of coexistence between the two territorial strategies are found in all the types of
modeled landscapes: homogeneous and heterogeneous, low and high average resource
value, as well as confluence and random distributions of hotspots. Figures 8-11 illustrate
the observed patterns of coexistence for homogeneous, low value confluence, and high
value confluence landscapes. Coexistence is often associated with resource or habitat
partitioning (Schoener 1976, Rosenzweig 1981, Ritchie 2002), yet here we find that
coexistence is largely driven by the trade-offs of the alternative territorial strategies and it
is not dependent upon heterogeneity. Social groups succeed by gaining control of the
high value areas, while solitary individuals are successful in the low value homogeneous

areas and benefit from higher dispersal rates by quickly filling any openings in landscape.

Figure 8. Visual output for homogeneous landscape of value 160, in which solitary and social strategies
coexist. Territories held by solitaries are shown in blue with horizontal hatching. Territories held by social
groups are shown in red with diagonal hatching.
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Figure 9. Visual output for heterogeneous confluence landscape with a low average resource value and
moderately peaked hotspots (mean=100 and P=4), in which solitary and social strategies coexist.
Territories held by solitaries are shown in blue with horizontal hatching. Territories held by social groups
are shown in red with diagonal hatching.

Figure 10. Visual output for heterogeneous confluence landscape with a high average resource value and
highly peaked hotspots (mean=160 and P=64), in which solitary and social strategies coexist. Territories
held by solitaries are shown in blue with horizontal hatching. Territories held by social groups are shown in
red with diagonal hatching.
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Figure 11. Six representative simulations illustrating the coexistence of solitary and social strategies in a
heterogeneous confluence landscape of high average resource value and highly peaked hotspots (mean=160
and P=64). The number of solitary individuals is indicated by the blue line and the number of social
individuals by the red line.
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The model supports the theoretical prediction that heterogeneity per se is inadequate to
account for the evolution of sociality. Group territoriality requires a distinct group
advantage, and, although heterogeneity facilitates the formation of groups, obligate
sociality is unlikely to evolve by virtue of landscape structure alone. Without an
advantage to grouping, individuals with the social gene do poorly and can not invade a
population of solitary territory holders. This is true in both the low and high value
landscapes (Fig. 12).

The results highlight cooperative territorial defense as the most important group
advantage. In the low value heterogeneous landscapes (Fig. 12a) with highly peaked
hotspots, a defensive advantage alone confers a significant benefit to social groups, while
the other advantages confer little to no competitive edge. When two group advantages are
included, social groups do best if one is the defensive advantage. These patterns are also
found for the high average value landscapes (Fig. 12b), though the boost a defensive
advantage affords to social groups is not nearly as pronounced. With this result, we meet
the empirical evidence (e.g. regarding group-territoriality in humans, chimpanzees, and
lions) with a theoretical confirmation; balance of power and a need for cooperative

defense of shared territory is the central element in the evolution of group territoriality.

We find strong patterns of synergy (Corning 2002) when we include two or more group
advantages in the model. For example, in the high value landscapes (Fig. 12b), the
inclusion of both cooperative defense and territorial inheritance results in social
individuals representing a larger proportion of the population than would be predicted
based upon the effects of these advantages considered in isolation. In retrospect, these
combined effects are understandable: a defensive advantage allows social groups to gain
access to the best locations and territorial inheritance ensures that these hard-won gains
are enjoyed by the future generations. Synergy is also evident in nearly all the
simulations that include all three group advantages. This pattern is particularly strong for
the high value landscapes, where sociality emerges as the predominant strategy in the

population only when we model the full group advantage.

91



Figure 12. Percent of individuals in the population carrying the social gene at the end of simulation vs.
group-territorial advantages, for a) low average value landscapes and b) high average value landscapes. We
consider all eight configurations for presence or absence of each potential group advantage, as indicated
below the graph. Simulations were run for five types of landscapes: homogeneous, confluence
heterogeneous with P=4, confluence heterogeneous with P=64, random heterogeneous with P=4, and
random heterogeneous with P=64. We ran 20 replicates for each and bars indicate standard errors for each
mean. We examine the effects of including group advantages by comparing the outcome of the simulation
that incorporates the advantage(s) to the outcome of the simulation with no advantages (those on the far
left). Simulations with a significant positive effect on the % of social individuals in the population are
indicated with stars (one tailed t-test; *: p<0.05, **: p<0.01, *=** p<0.001). We also consider synergistic
effects for combinations of two or more group advantages: S = additive and multiplicative synergy, where
the outcome can not be predicted based upon either the additive or multiplicative combinations of the
isolated effects of the each advantage; S, = additive synergy, where the outcome can be predicted based
upon the multiplicative effect of the each isolated advantage, but can not be predicted based upon the
additive combination of the effects of each isolated advantage.
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Figure 12 continued.
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The low value landscapes provide one example of low population density (see Fig. 9), but
usable portions of these landscapes are saturated and individuals still experience a high
degree of competition. As a result, social groups are successful in these low density
competitive environments. We also examine the effects of holding population density at a
low level in high value landscapes, resulting in an unsaturated habitat, and find that social
individuals are less successful in these environments (Fig. 13a). Increasing the mutation
rate does have an effect, but the success of the social strategy is still significantly lower in
the low density heterogeneous landscapes. In an unsaturated landscape, social groups do
not benefit from the potential group advantages. For example, groups have fewer
neighbors and fights are much less frequent (Fig. 13b), thus any defensive advantage is
not realized. Evidence from humans (Ember 1982) and lions (Heinsohn 1997) confirms
that conflict between territorial groups is less intense at lower population densities. Also,
there is no hindrance to growing a larger territory and little relative benefit to territorial
inheritance when open space in plentiful. Based upon these results, we expect that group-
territoriality would be more likely to evolve when animals live at high densities, and
lions, within the broader context of felid species, provide one example that supports this

prediction (Packer 1986).

Overall, the rates of intergroup fighting are low, less than one fight per group per time-
step, but we do find a significant effect of landscape structure, as intergroup conflict is
higher in the most heterogeneous landscapes (Fig. 14). Accordingly, the proportion of
adult deaths due to fights also follows this pattern. As expected, an uneven distribution of
resources and variation in the landscape, where the patch in your neighbor’s territory may
be better than your own, leads to an increase in conflict. Rates of intergroup fighting,
however, decline in landscapes with the most peaked hotspots (P>32), to levels at or
below that in homogeneous landscapes. These landscapes have larger homogeneous
patches, fewer groups, and the high value hotspots leads to groups defending small

territories that are isolated from contact with other groups.
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Figure 13. The effect of population density on the evolution of group territoriality. At high density a
population includes about 300 individuals, and at low density about 100 individuals. Landscapes have a
high average resource value of 160 and, in the heterogeneous landscapes, moderate peaked-ness (P=4). For
low population densities we used four rates of mutation, as listed below the graph. a) Percent of individuals
in population carrying the social gene at end of simulation vs. population density and mutation rate. b)
Fights per group vs. population density and mutation rate.
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Figure 14. Number of territorial fights per groups vs. peaked-ness (P), for landscapes with confluence and
random distributions of hotspots, and a) low average resource values or b) high average resource values. 20

replicates were run for each simulation and bars indicate standard error for each mean. Statistics for each
landscape are listed (Moran’s I, average percent of individuals with social gene at end of simulation, and
average population size).
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Figure 14 continued.
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Territorial behavior is influenced by landscape structure and is associated with
conspecifics aggression; both these elements have a strong impact on the evolution of
group-territoriality. Social territorial groups are more likely to evolve in saturated
heterogeneous landscapes, which create an environment of intense competition for sparse
resources, and numerical advantage in aggressive territorial interactions is the most
important group advantage. Social individuals were very successful in the low value
landscapes with highly peaked, high value hotspots contrasting with areas unusable due
to their low value (Figs. 7&9), a landscape that closely resembles that of the Serengeti

savanna.

The evolution of social behavior is idiosyncratic, resulting from the interaction between
phylogenetic inertia and ecological pressures (Wilson 1975). An animal’s phylogenetic
legacy has a strong impact on its future path of evolution, and whether or not a species
evolves towards group-territorial behavior depends upon several preexisting conditions.
Phylogenetic analysis suggests that, within the order Carnivora, the evolutionary pathway
to group territoriality has been via a solitary territorial species (Kruuk 1989). There must
also be a behavioral predisposition for tolerance of some conspecifics (most likely kin)
and intolerance of others, a flexible dispersal pattern, and certainly the potential for
cooperative territorial defense. Group-territoriality occurs in animals without complex
cognitive abilities (e.g. ants and fish), thus intelligence does not appear to a prerequisite
for this form of sociality. Group-territorial competition, however, is often related to the
evolution of human intelligence (Flinna et al. 2005). Finally, group territoriality can only
evolve in species in which resource requirements do not constrain the formation of social
groups, and some animals may rely upon a limited resource, such as a nesting hole or

den, which cannot be shared so do not permit the formation of social groups.

Group territoriality evolves in a relatively narrow range of ecological conditions that, as
we saw in chapter 2, balance the pressures of intra-group versus inter-group competition.
The benefits of group-territoriality are only reaped in a highly a competitive environment

where inter-group competition is intense, yet the pattern of resource distribution must
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provide areas of high enough value that intra-group competition does not curtail the
formation of social groups. Thus low value homogenous landscapes, though competitive,
do not lead to the evolution of sociality. Group-territorial animals benefit from territorial
inheritance, but this can only be achieved if the environment is spatially predictable, so
the evolution of group territoriality likely depends on a distribution of resources that is
relatively fixed in space over time. Group-territorial animals also benefit from the ability
to form a larger territory, which allows a social group to overcome the costs of intra-
group competition. But, again, this benefit can depend upon the distribution of resources,
and a larger territory is beneficial if high value patches are clustered. Thus group
territoriality may be more likely to evolve in landscapes that exhibit power-law cluster
patterns, such as the drainage network of confluences used in this model, or the

vegetation patterns observed in southern Africa (Scanlon et al. 2007).

Although group territoriality does occur in a broad range of animal taxa, it is also
relatively rare, owing to the many conditions that must be present to allow for its
evolution. Yet when these conditions do converge, each quite simple in their own respect,
the result is a remarkable and powerful emergent behavior. Group territoriality has
emerged in many species of high conservation value (e.g. wolves, lions, and
chimpanzees), as well as in ourselves. Understanding the basis of group territoriality, and
especially its tie to the landscape, allows us to make informed management decisions, as
changes in landscape structure directly influence population dynamics (Packer et al.
2005), and are likely to affect patterns of inter-group conflict and mortality. An inquiry
into the evolution of group-territorial behavior also provides us with, at the very least, a
view into our own nature and motivations, and, at the very best, tools for reducing human

conflict. We are far from the first to urge the same:

On the one hand he is a social primate; on the other, he has developed similarities to wolves, lions and
hyenas. In our present context one thing seems to stand out clearly, a conclusion that seems to me of
paramount importance to all of us, and yet has not been fully accepted as such. As a social, hunting
primate, man must originally have been organized on the principle of group territories.(Tinbergen 1968)

[Territorial behavior is] a force shaping our lives in countless unexpected ways, threatening our
existence only to the degree that we fail to understand it. (Ardrey 1966)
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CONCLUSION

This thesis research has determined the primary landscape feature that defines real estate
value for Serengeti lions (river confluences), has confirmed that the advantages of group-
territorial defense provided the basis for the evolution of lion sociality. Simulation
modeling also suggested that group territoriality is most likely to evolve in heterogeneous
landscapes and that it requires cooperative territorial defense. This research also leaves

several questions unanswered and opens new lines of potential inquiry.

The conclusions drawn from the first chapter, in particular, ought to be tested for their
external validity. Are the parameters of lion habitat quality similar in other locations?
Similar analyses, to date, are on a much larger scale and unfortunately there are few
datasets that can provide the same level of detail. But as a part of my research I have laid
the foundation for such comparative work, through collaboration with researchers

working in the Kruger National Park and other small reserves in South Africa.

An area of research not well developed, due largely to feasibility, relates to the mechanics
of territorial defense, scent marking in particular. How are territorial borders established
and how do they shift with time? Are territory borders influenced by both natural and
anthropogenic influences? Detailed analyses of such questions likely await the

development of new research tools.

An additional potential advantage to grouping in lions relates to the renewal rates of prey.
The short-term temporal patterns of prey moving in response to predators may place
constraints on the grouping patterns of lions. Slow renewal rates may add a benefit to
grouping, as scattered individual lions could scatter prey out of their territory. High prey
renewal rates, however, may remove this cost to sub-group formation. It is not known if
prey movement patterns affect the fission-fusion grouping patterns of lions. As a part of

my thesis research, I did begin to collect data on this topic, but after six months of data
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collect it became clear that addressing this question properly could be a thesis project in
and on itself. I was able to preliminarily conclude that prey movement in open grasslands
was only minimally related to the location of predators, as the prey can easily see the
predators in that habitat, but it is certainly possible that prey renewal rates may influence

grouping patterns in more closed woodland or mosaic habitat.

The role of males in territorial competition, as stated, was unexpected. The analyses in
this thesis are from the point of view of female lions (e.g. female reproductive success
and female mortality). Although a similar analysis from the point of view of males would
be of value in its own right, in light of these new results relating to males, there are
several additional interesting questions. One in particular: What determines whether a
male mates with or attacks a neighboring female? More general questions include: How
do male lions view the savanna landscape, and does this incorporate the distribution of
females as well as landscape features? Could this question be untangled? What
determines the patterns of coalition residency in multiple prides and how does this impact

female inter-group territorial competition?

And finally, what might be the impact of disease on group territorial competition? In
1994, there was an outbreak of canine distemper virus (see Fig. 2a in the introduction),
which resulted in the death of a third of the population. This outbreak impacted some
prides more than others, and may have led to the extinction of some prides (the Masai
pride, for example). Through spatial variation in mortality patterns, disease outbreaks
may severely alter the territorial status quo, and may essentially precipitate a regime
change in pride dominance status. Group-territorial competition may also exacerbate the
effects of a disease die-off. Thus an analysis of the role of disease in a group-territorial
population is not only of intellectual interest in terms of further understanding the
dynamics of group territoriality, but it may be of importance in predicting a population’s

response to the threat of disease.
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