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Abstract.—We study the spatial adaptive dynamics of a continuoustrait that measuresindividual investment in altruism.
Our study is based on an ecological model of a spatially heterogeneous population from which we derive an appropriate
measure of fithess. The analysis of this fithess measure uncovers three different selective processes controlling the
evolution of altruism: the direct physiological cost, the indirect genetic benefits of cooperative interactions, and the
indirect genetic costs of competition for space. In our model, habitat structure and a continuous life cycle makes the
cost of competing for space with relatives negligible. Our study yields a classification of adaptive patterns of altruism
according to the shape of the costs of altruism (with decelerating, linear, or accelerating dependence on the investment
in altruism). The invasion of altruism occurs readily in species with accelerating costs, but large mutations are critical
for altruism to evolve in selfish species with decelerating costs. Strict selfishness is maintained by natural selection
only under very restricted conditions. In species with rapidly accelerating costs, adaptation leads to an evolutionarily
stable rate of investment in altruism that decreases smoothly with the level of mobility. A rather different adaptive
pattern emerges in species with slowly accelerating costs: high altruism evolves at low mobility, whereas a quasi-
selfish state is promoted in more mobile species. The high adaptive level of altruism can be predicted solely from
habitat connectedness and physiological parameters that characterize the pattern of cost. We also show that environ-
mental changesthat causeincreased mobility in those highly altruistic species can beget sel ection-driven self-extinction,
which may contribute to the rarity of social species.
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Altruism is a cooperative behavior by which a donor in-
dividual increases a recipient’s fitness at the cost of its own
fitness. Over the last decade, major progress in the study of
the evolution of altruism has been made. On the theoretical
side, models have gained a significant dose of realism from
the explicit inclusion of spatial factors and the consideration
of conditional behavior (Nowak and May 1992; Ferriére and
Michod 1995; Roberts and Sherrat 1998). On the empirical
side, ecological and genetic determinants of altruistic be-
havior have started to be identified, and physiological costs
and benefits have been measured (Crespi 1996; Bourke 1997;
Cockburn 1998; Heinsohn and Legge 1999). However, the
merging between theory and facts has led to conflicting in-
terpretations of processes and patterns in the evolution of
altruism.

Two main processes have been put forward to explain the
evolution and maintenance of altruism: kin selection (Ham-
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ilton 1964) and reciprocity (Trivers 1971; Axelrod and Ham-
ilton 1981). Kin selection initially met with great successin
explaining empirical observations (for example in social in-
sects). However, recent theoretical developments, based on
spatially implicit models, have pointed out a critical issuein
this framework: the deleterious effects of kin competition
should cancel out the indirect benefits of an altruistic be-
havior, thereby preventing the evolution of altruism (Queller
1992, 1994; Taylor 1992a,b; Wilson et al. 1992). In contrast,
game-theoretic spatial models involving conditional reci-
procity have shown that reciprocal altruism evolves readily
in spatially heterogeneous populations (Nakamaru et al. 1997,
1998). These theoretical findings are in sharp contrast with
empirical advances. On the one hand, unequivocal evidence
is lacking for the expectedly widespread occurrence of re-
ciprocal altruism, and reciprocity involvesalready fairly elab-
orate behavioral mechanisms (e.g., memory of past interac-
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tions) that are unlikely to be relevant to our understanding
of the evolution of primitive forms of altruism (Pusey and
Packer 1997). On the other hand, kin selection is still re-
garded as essential to explain the transition from selfish to
cooperative units at all levels of biological organization
(Maynard Smith and Szathmary 1995), and many empirical
examples of the specific transition from solitary to social life
in animals seem indeed to fall under the scope of kin selection
(Bourke 1997; Emlen 1997).

Widely different patterns of altruistic behavior have been
described in alarge array of taxa spread across bacteria, slime
molds, arachnids, insects, and vertebrates. Levelsof altruism,
as described by the qualitative and quantitative natures of the
investment by donors and benefit to recipients, have been
found to vary between different species (Edwards and Naeem
1993; Crespi 1996) or within the same lineage across evo-
lutionary time (Jarvis et al. 1994; Wcislo and Danforth 1997),
between different populations within the same species
(Spinkset al. 2000), and between groups of individualswithin
the same population (Cockburn 1998; Strassmann et al. 2000;
Velicer et al. 2000). Most models have aimed at understand-
ing how altruism can evolve in a selfish world, and how
altruists can persist in the face of cheaters that reap the ben-
efits of altruism while providing less or no help. Yet little
theory is currently available to probe the adaptive signifi-
cance of such variation in patterns of altruism and to identify
physiological, ecological, and genetic determinants.

This study offers a theoretical framework to address these
tensions. We consider a population of asexual organisms that
live in a spatially homogeneous, temporally constant habitat
where competition and cooperation take place between kin
and nonkin neighbors (van Baalen and Rand 1998). First, we
address the robustness of previous investigations that ques-
tioned the role of kin selection for the evolution of altruism.
To this end, we relax two of their critical assumptions. A
dose of movement may help export the local benefits of al-
truism. Thus, we expect the effect of kin competition to be
sensitive to the habitat spatial structure and the inclusion of
individual mobility (Queller 1992). We therefore relax the
pure-viscosity hypothesis according to which individual s (ex-
cept offspring) are sessile (Hamilton 1964; Taylor 1992a,b).
In our model, offspring are born locally, but in contrast with
most viscous population models, individuals move during
their lifetime (van Baalen and Rand 1998). Also, most kin
selection models assume that the population is saturated and
constantly maintained at carrying capacity. This lack of en-
vironmental elasticity might prevent the spread of altruism
(Queller 1992; Mitteldorf and Wilson 2000). To overcome
this restriction, we assume that population regulation arises
locally from the limited empty space being available for off-
spring. In our model, the habitat is not saturated, because
occupied sites coexist with empty sites generated by demo-
graphic stochasticity (Ferriere and Le Galliard 2001).

Second, we want to understand adaptive variation in al-
truism from basic physiological, ecological, and genetic
properties that could be documented in natural populations.
This is achieved by assuming that altruism is not an all-or-
nothing behavior and is better modeled as a quantitative trait
that measures the amount of time, energy or resources in-
vested in the altruistic function (Doebeli and Knowlton 1998;

Roberts and Sherrat 1998; Koella 2000). At the physiological
level, populations or species may differ according to the pat-
tern of energy allocation to altruism versus other costly func-
tions (Heinsohn and Legge 1999). We therefore assume that
the physiological cost of altruism relates quantitatively to the
actual altruistic investment. In contrast with previous models
(Doebeli and Knowlton 1998; Roberts and Sherrat 1998),
however, we envision three alternative costs patterns: a de-
celerating, a linear, and an accelerating dependence of costs
on investment in altruism. At the level of ecology, popula-
tions or species may also differ with respect to interaction
structure. Two determinants of this structure are habitat con-
nectedness and individual mobility (Ferriére and Michod
1995, 1996; Nakamaru et al. 1997; Frank 1998). Introducing
specific parameters for these two factors allows us to inves-
tigate their effect on the adaptive evolution of altruism. At
the level of the genetic processes, mutation rates and mu-
tational effects determine the population phenotypic diversity
upon which selection operates. Our study addresses to what
extent variationsin these basi c genetic features can contribute
to variations in adaptive patterns of altruism.

From a methodological point of view, we develop a model
of population dynamics based on spatial correlation equations
(Matsudaet al. 1992; van Baalen and Rand 1998; Rand 1999;
Ferriere and Le Galliard 2001) to study the evolutionary dy-
namics of altruism in the framework of adaptive dynamics
theory (Dieckmann and Law 1996; Metz et al. 1996). The
central notion is that selective pressures acting on mutant
phenotypes are generated by the background population dy-
namics of resident phenotypes. After identifying selective
pressures and incorporating them in a deterministic model of
adaptive dynamics, we provide a classification of adaptive
patterns of altruism according to the shape of physiological
costs, the levels of individual mobility, and the degree of
habitat connectivity. The stability of the evolutionary end-
points and the effect of large mutations are investigated to
gain insight into how variation in the mutation process may
determine the adaptive outcome. Finally, the robustness of
the salient conclusions drawn from our analytical study is
tested against stochastic, individual-based simulations.

MODEL ASSUMPTIONS

We consider a population of haploid individuals that in-
habit a network of homogeneous sites, modeled as an infinite
lattice (Appendix 1). Each site may be empty or may be
occupied by one individual. Each site is randomly connected
to a set of sites that defines a neighborhood (Appendix 1).
We assume that every site is connected to the same number
of sites, denoted by n. Thus, the neighborhood size n provides
a measure of the habitat’s connectedness.

Mobility and interaction are defined locally, at the neigh-
borhood scale. During any small time interval, an individual
may move to an empty site within its neighborhood, repro-
duce by putting an offspring into an empty neighboring site,
or die. The per capita mobility rate, m, and death rate, d, are
unaffected by local interactions. Mobility is assumed to be
costly to the individual, with a permanent negative effect on
the individual’s birth rate. This is expected in organisms
where a stronger ability to move, resulting from specific
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structures (e.g., gliding flagella or muscles), imposes a de-
velopmental or maintenance cost. For example, the dispersive
morph in the naked mole rat diverts more energy into growth
and fat storage to compensate for the risks of moving in
inhospitable habitats (O’ Riain et al. 1996). The cost of mo-
bility is assumed to impact linearly on the intrinsic birth rate
such that the net per capita birth rate (in the absence of
interaction) is given by b(m) = b — vm, where b measures
the intrinsic per capita birth rate in sessile organisms that do
not invest energy into mobility, and v measuresthe sensitivity
of the cost to mobility.

We assume that two types of local density-dependent fac-
tors affect movement and reproduction (Appendix 1). First,
both movement and reproduction are conditional on the avail-
ability of empty sites within the neighborhood. Thus, local
crowding negatively affects the rates of mobility and birth.
Second, reproduction is enhanced by altruistic interactions
with neighboring individuals, which induces a positive effect
of local crowding. Here we assume that an altruistic inter-
action improves the quality of neighboring sites. This may
involve storage of resources, habitat engineering, or signal-
ing. The altruistic phenotype is defined by the per capitarate
of investment, u, into the altruistic function. The altruistic
behavior is directed evenly toward all neighboring sites, re-
gardless of the presence or phenotypes of neighbors. In effect,
every neighbor of afocal individual that invests at rate uinto
altruism receives a birth rate increment equal to u/n (Wilson
et al. 1992). Therefore, altruism is only effective in practice
provided some recipients are present in the neighborhood of
the donor and some space is available in the neighborhood
of the recipient for its offspring. We use the terms *‘ selfish-
ness'’ to describe a phenotype that does not invest in altruism
(u = 0) and ‘‘quasi-selfishness'’ to refer to a phenotype that
hardly invests in altruism (u = 0).

We further assume that altruism involves a physiological
cost on the donor’s reproduction, and we distinguish three
patterns of dependence of costs on theinvestment in altruism:
accelerating, linear, and decelerating (Fig. 1). With accel-
erating costs, the increase of the cost resulting from an in-
creased altruistic investment becomes disproportionately
larger as theinitial investment increases. For example, in the
cooperative bird Corcorax melanorhamphos physiological
costs are detected only among individual s that invest strongly
in altruism (Heinsohn and Cockburn 1994). Conversely, a
decelerating pattern yields a disproportionate increase of
costs at lower investment. This would apply to organismsin
which the initiation of altruism from a selfish state would be
very costly. In the limiting case of a linear pattern, the cost
sensitivity is independent of the level of investment. The
physiological cost of altruism, C(u), is modeled as a simple,
allometric function that encapsulates the three patterns of
decelerating, linear, and accel erating costs: C(u) = ku, where
k scales the sensitivity of the cost to the investment (x > 0),
and y determines whether costs are accelerating (y > 1),
linear (y = 1), or decelerating (y < 1).

Mutations cause the altruistic phenotypes of offspring to
differ from those of their parents. Mutations occur with a
fixed probability per birth event, denoted by k. The mutant
phenotype is obtained by adding the mutation effect to the
progenitor phenotype. Mutation effects are drawn randomly
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Fic.1. Costsof altruism asafunction of the individual investment
in atruism (u). This function is given by C(u) = ku (withk = 1
in this display). Decelerating costs, y < 1: the cost increases with
the rate of altruism first steeply and then more slowly. This pattern
makes the origin of altruism from selfishness more difficult. Ac-
celerating costs, y > 1: the cost increases with the rate of altruism
first slowly and then steeply. This pattern turns out to influence the
long-term adaptive level of altruism. Linear costs, y = 1: the rate
of increase of the cost is independent of the level of altruism.

from a normal probability distribution, with zero mean and
a mutational variance o2. The resulting polymorphic, sto-
chastic process can be simulated on afinite lattice (Appendix
1). Table 1 summarizes the notations.

SPATIAL PoPULATION DYNAMICS OF RESIDENTS

Selective pressures acting on a mutant phenotype result
from the interaction between the initially scarce mutant pop-
ulation and the background population. The finite size of the
interaction neighborhood and the finite range and rate of dis-
persal and fecundity cause spatial fluctuations and spatial
correlations to develop in population density (Dieckmann and
Law 2000). Thus, spatial population heterogeneity develops
in a spatially homogeneous habitat. We use the framework
of correlation equations to derive an analytical model de-
scribing the spatial dynamics of such a background popu-
lation (Appendix 2). Assuming that mutation occurs rarely,
the background population may be considered as monomor-
phic (Dieckmann and Law 1996; Metz et al. 1996). In this
section we apply the polymorphic, ecological model to the
specific case of amonomorphic population. Thiswill provide
the basic ingredients needed in the next section to model the
dynamics of a mutant phenotype against this resident pop-
ulation.

L et us consider asingle phenotype x that investsin altruism
at rate u,. The tempora dynamics of a population of x can
be described by tracking over time t the frequency of oc-
cupied sites, p,(t). These dynamics depend on the neighbor-
hood composition, described by the local frequencies g, that
is, the probabilities that an occupied site is neighbored by at
least one site in the state i (Matsuda et al. 1992). The fre-
guency p, obeys the ordinary differential equation

% = [(b(M) + (1 — d)UyChyx(t)

— C(u))qoix(H) — d]lpx(), D
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TaBLE 1. Notations used in this paper.

Model parameters

n neighborhood size
$ probability to draw a site at random in the neighborhood (¢ = 1/n)
b intrinsic birth rate
d intrinsic death rate
m intrinsic mobility rate
u, intrinsic investment rate in altruism of a phenotype i (adaptive trait)
C(u) cost of altruism, impacting the birth rate of a phenotype i
K cost sensitivity with respect to the level of investment in altruism
v cost acceleration with respect to the level of investment in altruism
k mutation probability per birth event
o2 mutational step variance
Model variables
p global frequency of sitesi
o local frequency of sitesi neighboring aj site
P« equilibrium global frequency of a resident x
Qi equilibrium local frequency of sites i neighboring a resident x
Gy, pseudo-equilibrium frequency of sites i neighboring a rare mutant y

involving the local frequencies gy(t) and ggx(t) of occupied
and empty sites next to an occupied site at time t, and ¢ =
1/n. A closed system of correlation equations for the dynam-
ics of local frequenciesis constructed in Appendix 2 by mak-
ing use of the standard pair approximation (Matsuda et al.
1992; Rand 1999; Iwasa 2000; van Baalen 2000).

At equilibrium, the spatial structure of a monomorphic
population depends on the mobility rate and the altruistic
investment (Appendix 3). The spatial structure is character-
ized by some degree of aggregation (Fig. 2). The spatial
structure vanishes at high mobility rates and for large birth
rates, because birth is associated with offspring dispersal.
More aggregation is found in organisms with low mobility
and in organisms with very high mobility that consequently
incur a severe reduction of their birth rate (due to the cost
of mobility). The relationship between altruism and aggre-
gation depends on the pattern of cost. In species with linear
and decelerating costs, strongest aggregation is observed at
low altruistic investment (Figs. 2B-D). In species with ac-
celerating costs, strongest aggregation is observed in organ-
isms with low altruism, or with high altruism, when the birth
rate is drastically reduced by the cost of altruism (Fig. 2F).

For some parameter combinations, extinction is the only
stable population equilibrium (Fig. 2). Extinction resultsfrom
the total cost of mobility and altruism not being compensated.
High mobility causes extinction because it implies a large
direct cost that depresses the intrinsic birth rate b(m), along
with the reduction of the indirect benefits of altruism due to
the loss of local aggregation. Species with accelerating costs
can also undergo extinction at high investment in altruism
(Fig. 2F). In all other cases, the altruistic population is viable
and two types of population dynamics can be distinguished
(Fig. 2). Borrowing terminology from the field of mutualism
studies, we call the corresponding phenotypes *‘ facultative’
versus ‘‘obligate.”” Thus, altruism is said to be facultative
when the population growth rate in the limit of very low
population density, b(m) — d — C(u,), is positive. The pop-
ulation is then characterized by a single, globally stable, and
positive equilibrium (py, Oyx Fig. 2A). Altruism is said to
be obligate when the limit growth rate is negative and the

population dynamics thus shows bistability. In this latter
case, the positive equilibrium is locally stable and coexists
with the extinction equilibrium, which is also locally stable.
A population of obligate altruists may attain the viable equi-
librium state only if its initial density lies above a critical
threshold (Fig. 2A). This phenotypic state is therefore as-
sociated with low colonization ability and an elevated risk
of extinction because a viable population can neither be es-
tablished from an initially low density nor be maintained
below a critical density threshold.

SPATIAL INVASION FITNESS OF MUTANTS

Theinvasion fitness of a mutant is defined by its per capita
growth rate while being rare in a resident population at eco-
logical equilibrium (Metz et al. 1992). In this section, we
analyze the growth of such a small mutant population in the
resident population described in the previous section (Ap-
pendix 4).

The invasion dynamics of a rare phenotype involves three
phases (van Baalen 2000; Fig. 3). In afirst, short phase, the
small mutant population locally spreads from a single mutant
individual up to the point where the mutant population attains
a pseudo-equilibrium correlation structure. The buildup of
this structure is highly stochastic but occurs with certainty
on afinite time scale (Matsuda et al. 1992). Indeed, the cost
of altruism dooms any single altruistic mutant in an estab-
lished population of selfish individuals. Drift is first needed
to drive the mutant population to its pseudo-equilibrium spa-
tial structure. Also, the initial spread of the mutant depends
on the local spatial structure of the resident population. For
example, an altruistic mutant that arises in a neighborhood
where selfish residents are more frequent than expected on
average will face an increased risk of extinction. Denoting
the mutant by vy, to describe this transient structure we use
the pseudo-equilibrium local frequencies gy, Gy, and g, of
empty, resident, and mutant sites, respectively, around afocal
mutant site. These statistics are calculated in Appendix 5.
Conditional on nonextinction during this first phase, the mu-
tant dynamics then enter the second phase, during which the
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Fic. 2. Monomorphic population dynamics. (A) Population trajectories of global and local frequencies, as predicted by equations (A4)
and (A10). Starting from any initially rare state, the local frequency converges fast toward a one-dimension manifold along which most
of the global frequency dynamics take place. The upper panel shows a case of obligate altruism (m = 15, u, = 20): a positive equilibrium
and the extinction equilibrium are both locally stable (filled circles) and coexist with a saddlepoint (open circle). The dotted curve
separates the basins of attraction of the two stable equilibria. The lower panel shows a case of facultative altruism (m = 5, u, = 3):
there is a globally stable equilibrium (filled circle); the extinction equilibrium (open circle) is unstable. Parameters: vy = 1, k = 0.1, and
v = 0.1. (B-F) Parameter regions of facultative altruism (below dashed curve), obligate altruism (above dashed curve), and population
extinction (black area). Black curves are contours of the relative percent of deviation of spatial structure from mean-field equilibrium.
(B) Species with decelerating costs (y = 0.5, k = 0.2, and v = 0.05). (C) Species with weak linear costs (parameter values as in A).
(D) Species with strong linear costs (y = 1, k = 0.2, and v = 0.1). (E) Species with slowly accelerating costs (y = 1.2, k = 0.05, and
v = 0.05); extinction also occurs at higher values of altruistic investment (not shown). (F) Species with rapidly accelerating costs (y =
3, k = 0.005, and v = 0.1). Life-history and connectedness parameters areb = 2, d = 1, and n = 4, here as well asin all other figures.

mutant population expands or contracts while its population
keeps its pseudo-equilibrium structure and the resident pop-
ulation remains close to its own equilibrium (Fig. 3). Spatial
invasion fitness can be defined as the mutant population
growth rate during this second phase (van Baalen and Rand

o 06F i " ] 1998). A positive fithess implies that the invasion process
- enters a third phase, during which the mutant phenotype dis-
g 2] 04 L P | places the resident (Fig. 3), while a negative fitness implies

S& q,, mutant population extinction.
g_;n 02 | The spatial invasion fitness, s(y), can be expressed as a
2 g ’ function of the pseudo-equilibrium statistics of the mutant
-~ _g population. Combining the population growth rate (eq. 1)
0f . . . with the expression of the mutant pseudo-equilibrium local

0 100 200 300 frequencies, s(y) is given by

Time -

Fic. 3. Successful invasion of an initially rare, altruistic mutant Sd(y) = {b(m) = C(uy)Idoy — dj

(u, = 1) into a selfish resident population at equilibrium. Dynamics + (N — Ddu,dobxy + (0 — Dduyboybyy. (2

of the resident global frequency (p,) and of the mutant global (py)
and local frequency (dy), as predicted by the deterministic system Notice that the benefit of altruism (second and third terms)

of correlation equations (A13a—€). The three phases of invasion . .
apparent in the dynamics of g, are discussed in the text. Parameter 1S measured conditionally on the presence of at least one

values: y = 2 (accelerating costs), k = 0.1, v = 0.1, and m = 0.  empty site for breeding and depends upon the amount of help
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are the same, respectively, as in Figure 2B to F.

received from n — 1 (not n) neighboring sites and the local
frequency of empty sites, Jgy.

This expression bears an interesting relationship to the
notion of direct or neighbor-modulated fitness of additive
behavioral effects (Frank 1998). Direct fitness is derived by
summing the effects on a focal individual’s fitness of all
phenotypes present in the neighborhood (including the focal
individual itself). Likewise, the spatial invasion fitness of a
focal mutant is obtained by adding to the mutant neighbor-
independent fitness (first term) the effects of aresident neigh-
bor (second term) and that of a mutant neighbor (third term),
weighed by the probabilities of occurrence of such neighbors.

SELECTIVE PRESSURES

We now derive a simplified version of the spatial invasion
fitness to analyze the selective pressures acting on the altru-
istic trait under small mutational steps. Thiswill be the basis
for studying the evolutionary dynamics of altruism. By using
the fact that the resident’s fitness in its own environment is
always zero, s,(X) = 0, the selection derivative can be derived
from a first-order approximation of the spatial invasion fit-
ness, and equals

i ) B d
S - qu{(l ~ Py AT N
_ iCw)
o yx}’ 3

where a measures the gain (or loss) of open space in a
mutant’s pseudo-equilibrium neighborhood relative to the

resident’s at equilibrium (see Appendix 5 for details). This
expression exhibits three selective pressures driving the evo-
lution of altruism. The first term on the right side of equation
(3) quantifies the pressure for increased investment in altru-
ism. The second term measures the pressure for opening free
space in an individual’s neighborhood. The last term mea-
sures the pressure for reducing the physiological cost of in-
vesting in altruism.

Extensive computations suggested that the pressure for
opening space, albeit not vanishing, is negligible compared
to the two other selective components (Fig. 4). Thisimplies
that qox =~ Ty, hence a = 0 in equation (3) (see Appendix
5). This aso implies that as long as the mutant phenotype
stays rare, the resident correlation structure is redistributed
over the pairings of mutants with their own type and the
resident type: Qgx = 8y + Ggy. Thus, the mutant is less
aggregated than expected when common, and therefore rare
mutants are less likely to interact among themselves during
theinitial phases of invasion (Fig. 3). Globally, the evolution
of altruism is not limited by competition for empty sites
within the invasion structure, and the condition for an adap-
tive increase in altruism, ds(y)/oy > 0, is equivalent to

aC(uy)
auy

(1 - ¢)qy|y > (4)

y=Xx

This condition is a spatial form of Hamilton’s rule (see also
Ferriere and Michod 1995, 1996; Frank 1998; van Baalen
and Rand 1998). The right side is the marginal cost of al-
truism, and the left side measures the marginal benefit of
altruism, weighed by the average frequency Gy, of recipient
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neighborsthat are phenotypically identical to thefocal mutant
individual. For a haploid mutant population descended from
a single mutation event, the identity in phenotype is equiv-
aent to the identity by descent, and G, provides a measure
of relatedness (Day and Taylor 1998).

The mutant relatedness can be expressed as a function of
theresident population structure (Appendix 5), henceinterms
of the basic demographic, mobility, and lattice parameters,
according to the following equality

o dd
WY T a1 = $)mioy

Thus, relatedness is higher in a population with lower qqy,
which promotes the invasion of even more altruistic phe-
notypes. Insofar as the local frequency Qg correlates nega-
tively with the investment u,, this relation establishes a pos-
itive ecological feedback on the evolution of altruism: a neg-
ative effect of altruism investment on the local frequency Qo
increases the relatedness of mutants, thereby enhancing the
selective pressure for increased altruism. Also, equation (5)
shows that there is a direct negative effect of mobility on
mutant relatedness and an indirect effect through gg. Both
effects add up to decrease mutant relatedness and weaken the
selective pressure that favors altruism. Finally, increasing the
neighborhood size, n, decreases Gy, a larger neighborhood
size hampers the evolution of altruism.

©)

CANONICAL EQuUATION OF ADAPTIVE DYNAMICS

We use the results of the previous section to develop a
deterministic model of adaptive dynamics under small mu-
tations. This allows us to identify general patterns in the
adaptive dynamics of altruism, characterize the evolutionary
endpoints, and study transient evolutionary dynamics. In a
large population where mutations are rare and mutational
steps are small, the stochastic mutation-selection process can
be approximated by a deterministic process whose trajecto-
ries are the solution of the so-called canonical equation of
adaptive dynamics (Dieckmann and Law 1996):

9S,(y)
ay

o?_

2 X

duy _
dt

(6)

y=X

The bracketed term captures the effect of mutations, involv-
ing the mutation probability k, the mutational variance o2,
and the equilibrium population frequency p, of a monomor-
phic population of phenotype u,. The local direction of phe-
notypic change is given by the selection derivative (Marrow
et a. 1992) that we approximate according to equation (4)

by

aC(u)
au

as(y)
ay

()

= c_Io|x 1- d))awy -

y=X u=uy

The resting points that satisfy du,/dt = O are called *‘evo-
lutionary singularities’” and correspond to phenotypic states
where the selection derivative vanishes (Marrow et al. 1992).
Thus, at an evolutionary singularity, the marginal cost of
altruism balances exactly the marginal benefit weighted by
mutant relatedness. A singularity u* can be locally evolu-

tionarily attractive (convergence stable) or acts as an evo-
[utionarily repellor.

Classification of Adaptive Dynamics

We develop a classification of the adaptive dynamics of
altruism depending on the cost pattern specified by param-
etersk and . To thisend, we perform anumerical bifurcation
analysis of the evolutionary singularities generated by equa-
tions (6) and (7) with respect to the mobility rate. We obtain
five generic bifurcation diagrams as parameters k and y are
varied (Fig. 5A).

For adecelerating cost of altruism, thereisasingle positive
singularity that is unstable for any mobility rate (Fig. 5B).
For linear costs, two cases can be distinguished. Either the
selfish state undergoes a transcritical bifurcation as mobility
increases, turning from unstable to stable and then coexisting
with an unstable positive singularity. This is characteristic
of weak linear costs (Fig. 5C). Alternatively, the selfish sin-
gularity remains stable irrespective of the mobility rate,
which characterizes strong linear costs (Fig. 5D). For accel-
erating costs, there are also two distinct patterns. For low
values of k and v, there is a range of intermediate mobility
rates over which the adaptive dynamics of altruism possess
one unstable and two stable singularities. As mobility de-
creases, the lower stable equilibrium and the unstable one
collide, leaving the upper stable singularity alone. Such com-
binations of y and k values define slowly accelerating costs
(Fig. 5E). For higher values of k and v, characterizing rapidly
accelerating costs, thereisasingle stable positive equilibrium
for every mobility rate (Fig. 5F).

Generically, natural selection favors altruism in species
characterized by a large intrinsic birth rate, b, and a small
death rate, d. Also, altruism is selected against in species
characterized by a large mobility rate. Selection against the
altruistic trait may even lead to the evolutionary suicide of
the population, if the adaptive dynamics start from an inter-
mediate level of altruism and a high level of mobility (Figs.
5C—F). Although highly mobile organisms could persist on
the ecological time scale provided that they behave suffi-
ciently altruistically, the adaptive process would drive their
altruistic investment down to the point where the population
becomes inviable. Increasing the size of the neighborhood
selects strongly against altruism. The whole patterns are not
sensitive to variations in the mobility cost parameter, v.

Decelerating Costs

With decelerating costs, there is a single, repelling evo-
lutionary singularity for any mobility rate, and adaptive dy-
namics exhibit bistability (Fig. 5B). At the evolutionary sin-
gularity, the positive selective pressure on altruism resulting
from mutant relatedness and the negative pressure exerted by
the physiological cost balance exactly. The evolutionary sin-
gularity increases with the mobility rate, which is due to the
effect of increased mobility on mutant relatedness as de-
scribed by equation (5).

Because the cost pattern is decelerating, a slight increase
of altruism within the range below the singularity is counter-
selected by a cost disproportionately larger than the gain. As
a result, the adaptive dynamics ought to converge to selfish-



8 J.-F. LE GALLIARD ET AL.

A e
' ' ' ' a0
) 5 2
8 F s g
: | e £
ag) i % : E 10-"'
© 08t B ] " < 10%)
v“ - . ‘-w
0 01 02 03 0 0 15 20
Cost parameter « - Mobility rate, m si
GO D L
e 4 i N 3
g S T’ g Q_J: 15t Qo SR
g -1 &' L
—‘E“"-. I>—> : 4 '..E E LA :
< : < < T ?
O Pt I A - ot FO 00
02 4 6% 0 5 10 15 20 0 5 10 ‘
. Mobility rate, m - Mobility rate, m ~ Mobility rate, m

Fic. 5. Adaptive dynamics of altruism. (A) Classification of adaptive dynamics according to cost parameters y and . Lettering refers
to panels B—F showing bifurcation diagrams of the evolutionary singularities with respect to the mobility rate. In B—F, plain black curves
are sets of convergence stable (attracting) singularities; dashed black curves are sets of convergence unstable (repelling) singularities.
Population extinction occurs in black regions. Arrows indicate the direction of selective pressures at particular values of the mobility
rate. Filled circles: attracting evolutionary singularity; open circles: repelling evolutionary singularity; triangles: evolutionary self-
extinction. (B) Species with decelerating costs. Inner singularities are repelling, resulting in bistable adaptive dynamics. (C) Species
with weak linear costs. Below a mobility threshold, altruism invades a purely selfish population and increases monotonically; above the
threshold, the adaptive dynamics are bistable. (D) Species with strong linear costs. Pure selfishness is globally attractive. (E) Species
with slowly accelerating costs. High altruistic investments are selected at low mobility. At higher mobility, an unstable singularity
separates the basins of attraction of two locally attracting singularities that differ dramatically in their level of altruism (high altruistic
investment vs. quasi-selfishness). (F) Species with rapidly accelerating costs. The adaptive dynamics typically converge to a globally
stable singularity. In all cases (not shown in B), the adaptive process can hit a region of extinction when the population originates from
an ancestral state characterized by high mobility and intermediate or high altruism. Values of parameters k and y in B—F are the same,

respectively, as in Figure 2B—F. In all panelsv = 0.1.

ness (Fig. 4A). If the ancestral population state is sufficiently
altruistic, the adaptive process will result in ever-increasing
altruism. Thisis because, with decelerating costs, the cost of
altruism increases more slowly than the benefits of altruism
resulting from increased relatedness (Fig. 4A). In real sys-
tems, the adaptive increase of altruism should be limited by
physiological or functional constraints, and the evolutionary
process is expected to halt at such a limiting trait value.

Linear Costs

The adaptive dynamics of altruism in species with linear
costs can be classified in two categories according to the cost
parameter k (Fig. 5A). For species with low k, costs are said
to be “*weak linear’” and the adaptive dynamics depend on
the mobility rate (Fig. 5C). For low mobility, the selfish state
can be invaded by altruism and the adaptive process leads
to the maximum physiologically feasible investment in al-
truism. Above athreshold on mobility, there exists apositive,
repelling singularity and the adaptive process behaves as in
the case of decelerating costs. If the initial investment in

altruism lies below the singularity, the marginal benefit is
too low to compensate for the marginal cost, and decreased
altruism evolves. Above the singularity, the adaptive process
causes the rise of altruism up to the physiological bound. For
species with high k (**strong linear’’ costs), the selfish state
is evolutionarily attractive at any value of the mobility rate
(Fig. 5D).

This pattern can be understood by comparing selective
pressures (Figs. 4B, C). In the case of species with linear
costs, the marginal benefit of altruism, (1 — ¢)dy,y, increases
monotonously toward &b(1 — ¢) as the altruistic investment
becomes larger. If k is larger than this value, the marginal
costs of altruism always oppose the evolution of altruism
(Fig. 4C). Otherwise, in species with low mobility marginal
benefits are sufficiently high in the selfish state to select for
altruism (Fig. 4B); in species with high mobility, marginal
benefits exceed marginal costs only at high investment in
altruism, and selfishness is locally attractive. The mobility
threshold, where the stability of selfishness switches from
global repulsion to local attraction, is given by the mobility
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rate my of a selfish population at which marginal benefits (1
— ¢)Gyy and marginal costs k equalize:

L b —)
o= &) — d + k@~ 8)’

This relation shows that among slowly reproducing organ-
isms (small b), altruism may evolve only in species that ex-
hibit little mobility. In species with very weak linear costs,
the mobility threshold may not be observed, for it may exceed
the critical value (b — d)/v above which the population be-
comes inviable (Appendix 3, k < 0.05 in Fig. 5A). As a
consequence, selfishness is invaded by altruism at any mo-
bility rate smaller than this critical value, whereas at higher
mobility, the evolution of decreasing altruism always drives
the population to extinction (not shown).

m

)

Accelerating Costs

With accelerating costs, the cost of altruism is negligible
compared to the benefits as long as the investment in altruism
is not too high, and the selfish state is always invadable. This
is in sharp contrast with predictions from well-mixed pop-
ulations, in which selfishness cannot be invaded even by only
slightly altruistic mutants as soon as altruistic individuals
incur a nonzero cost (eq. A14 in Appendix 4). As altruistic
phenotypes gain a foothold in the population, there are two
possible outcomes depending on the combination of cost pa-
rameters.

Under a pattern of slowly accelerating cost (Fig. 5E), al-
truism rises toward a high evolutionary singularity in species
with low mobility. With higher mobility the adaptive dy-
namics regime is bistable: the adaptive process converges to
a high or alow singularity depending on the ancestral state.
Extensive numerical explorations show that the altruism is
always obligate (facultative) at the high (low) singularity.
Under a pattern of rapidly accelerating cost (Fig. 5F), the
adaptive dynamics converge monotonously to alow altruistic
investment, whatever the ancestral state (including selfish-
ness). The selected altruistic trait is found to correlate neg-
atively with mobility. The evolved altruistic interactions shift
from facultative to obligate as the cost parameters y and/or
K increase.

The analysis of selective pressures helps us to understand
these results (Figs. 4D, E). With slowly accelerating costs,
when mobility is low, the marginal benefits start high and
increase slowly (Fig. 4D). Then mutant relatedness easily
opposes the initially low but faster-growing marginal cost.
The selective force that favors altruism keeps dominating as
the investment in altruism increases, until the marginal costs
and benefits of altruism balance each other, which occurs at
a high value of altruism. At higher mobility rates, the initial
level of relatedness is lower, yet it remains sufficient for
altruism to invade (Fig. 4D). The increase of relatednesswith
altruism is slower, which causes the selective pressures to
balance at a low-altruism singularity. Beyond this point, the
negative pressure exerted by the cost grows smoothly, while
the positive pressure catches up rapidly across a range of
intermediate investments (Fig. 4D). This generates a second
unstable singularity, above which the net selective pressure
turns positive again and favors the increase of altruism until

a third, attractive singularity is reached at high altruistic in-
vestment. With rapidly accelerating costs, the selective pres-
sures balance at a low-altruism singularity (Fig. 4E). Above
the singularity, the net selective pressure against altruism
increases, whereas the positive ecological feedback through
relatedness remains weak.

Although in general there is no analytical expression for
the singularities, the selected altruistic trait reaches a max-
imum value in the limit where mobility becomes very low,
which is given explicitly by
¢ - ¢)

Ky

This maximum is independent of the organism’s birth and
death rates, and it decreases as the neighborhood size, n,
increases. In species that experience rapidly accelerating
costs, the singularity smoothly rises toward uf,, as mobility
decreases. In contrast, species with slowly accelerating costs
fall into two main categories. quasi-selfish species and oblig-
atory altruistic species. In these obligatory altruistic species,
the level of altruism is approximately equal to u%,,, and thus
primarily depends on cost parameters and habitat connect-
edness.

V(v-1)
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EVOLUTIONARY STABILITY AND LARGE MUTATIONS

The previous analysis based on the canonical equation as-
sumes small mutational steps and does not yet address the
potential invasibility of attractive states. A locally attractive
singularity would give rise to evolutionary branching if it is
invadable (Metz et al. 1996). Evolutionary stability is probed
by inspecting pairwise invasibility plots (PIPs; Geritz et al.
1998) that display the sign of s,(y) as u, and u, vary through-
out the trait space (Fig. 6). Mutation effects are actually
small, but not infinitesimal, and even large mutations may
occur, abeit rarely. The PIPs also describe the invasion po-
tential of mutants that may differ substantially from their
resident progenitors.

For species with decelerating costs, the PIPs show that
selfishness cannot be invaded locally: a slightly altruistic
phenotype may not thrive in a primeval egoistic world. How-
ever, large mutations can move the population out of the
basin of attraction of the selfish state, thus allowing for the
adaptive increase of altruism (Fig. 6A). Even starting from
a purely selfish population, rare mutations of large effect,
together with random drift in afinite size population, makes
this occur with certainty, although the waiting time can be
long. The case of species with linear costs is radically dif-
ferent: even very large mutations may not move the popu-
lation out of the basin of attraction of the selfish state, which
is thus globally evolutionary stable (Figs. 6B, C).

In species with accelerating costs, the PIPs indicate that
the attractive singularities cannot be invaded (Figs. 6D, E).
Starting from any viable trait value, altruism gradually
evolves toward the singularity, which is robust against in-
vasion by any alternative mutant. Large mutations may fail
to invade even if they occur in the direction of adaptation
predicted by the selection derivative (Figs. 6D, E). This will
cause the adaptive process to slow down, all the more as it
approaches the singularity. The nontrivial zero contour of
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Fic. 6. Invasibility of altruism phenotypes at different mobility
rates. Each pairwise invasibility plot represents the sign and zero
contour of spatial invasion fitness as a function of the resident
(horizontal axis) and mutant (vertical axis) trait values. Black
(white) areas indicate combinations of resident altruism and mutant
phenotypes for which spatial invasion fitness s,(y) is positive (neg-
ative). Singularities lie at the intersection of the diagonal line s,(x)
= 0 and nontrivial zero contour s(y) = 0 withy # x. A singularity
x* is locally uninvadable if for any y in the vicinity of x* s.(y) is
negative. A singularity x* is attracting if the spatial invasion fitness
is positive above the diagonal on the left of x* and below the
diagonal on the right of x*. (A) Decelerating costs, with m = 0, m
= 4, and m = 8 from left to right. The singularity is attracting. (B)
Weak linear costs with m = 0, m = 4, and m = 8 from left to right.
At low mobility, the increase of altruism is always favored. At high
mobility, there is one repelling singularity. An initially small in-
vestment in altruism leads to selfishness by mutational steps of any
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fitness flattens in response to increased mobility, indicating
that this evolutionary slowing down (Dieckmann and Law
1996) should be more pronounced in more mobile species.
Overall, the inspection of many generic pairwise invasibility
plots conclude that the continuous evolution of altruism never
undergoes evolutionary branching.

POLYMORPHIC SIMULATIONS

Although our analytical investigation of the evolution of
altruism incorporates salient features of the ecological and
evolutionary processes, it also involves several important
simplifications. We assume an infinite lattice size and de-
scribe the ecological dynamics with the standard pair ap-
proximation (Appendix 2). The derivation of the fitness mea-
surerelies on the small frequency of mutants asthey originate
and on the assumption that the build up of the mutant’ s pseu-
do-equilibrium correlation structure can be regarded as in-
stantaneous (Fig. 3). Furthermore, the deterministic descrip-
tion of the adaptive dynamics is an approximation for the
mean path of a stochastic mutation-selection process (Dieck-
mann and Law 1996). Individual-based simulations that track
the fate of each individual in the population (Appendix 1)
provide a natural way to circumvent these limitations and
can be used to test the robustness of our main findings.

Patterns of invasion can be probed by running alarge num-
ber of stochastic simulations in which a single individual
mutant arises in a stable, resident population (Fig. 7A). We
observe a sharp increase of the mutant local frequency g,
at low values of p,, which corresponds to the rapid phase of
convergence toward the pseudo-equilibrium of the mutant
correlation structure (i.e., Gy,) predicted by the pair approx-
imation (Fig. 3).

The evolutionary patterns predicted by the canonical equa-
tion can be tested by running individual-based simulations
of the mutation-selection process in which the assumption
that mutants arise one at atime is relaxed and averaging over
aset of simulations (Figs. 7B—F). In species with decelerating
costs, we predict that selfishness is invaded by altruistic phe-
notypes after a potentially long waiting time. Individual-
based simulations confirm this prediction and show that the
adaptive increase of altruism starts earlier when mutational
effects are larger (Fig. 7B). Possibly, for very small muta-
tional effects, the corresponding waiting time may be too
long for being observed in simulations of feasible duration.
Keeping mutational variance constant but increasing mobility
or decreasing mutation rate causes a similar increase of the
waiting time for altruism to take off. In species with weak

—

size. (C) Strong linear costs with m = 0, m = 3, and m = 6 from
left to right. Selfishness is attracting and locally and globally evo-
lutionarily stable. (D) Slowly accelerating costs withm = 0, m =
7.5, and m = 15 from left to right. At low mobility, altruism con-
verges to a high singularity that cannot be invaded. For higher
mobility, two evolutionary attracting singularities are separated by
arepelling singularity. (E) Rapidly accelerating costs with m = 0,
m = 4.5, and m = 9 from left to right. The singularity is evolu-
tionarily attracting and cannot be invaded by mutations of any size.
All unspecified parameters in panels A-E are as in Figure 2B—F,
respectively.
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Fic. 7. Individual-based simulations. (A) Invasion dynamics. Deterministic dynamics (dashed curve) paralleled the stochastic simulations
(continuous curve, mean of 1500 runs). Each dot gives the altruist local frequency, dy,, and the altruist frequency value, p,, at one point
in time. Parameter values as in Figure 3 B—F. Adaptive dynamics. (B) Species with decelerating costs. Adaptive dynamics with large
(o0 = 0.5, first rising black trajectory), intermediate (o = 0.1, second rising black tragjectory) and low mutational variance (¢ = 0.01,
gray trajectory). Mobility: m = 0. Mutation rate: k = 0.01. (C) Species with weak linear costs. Average of 10 independent stochastic
trajectories (continuous upper curve) against the deterministic prediction computed from equation (7) (dashed curve) at low mobility (m
=0, k = 0.1, 0 = 0.1). Stochastic adaptive dynamics at high mobility with large mutation effects m = 6, k = 0.05, ¢ = 0.1, lower
trajectory. (D) Species with strong linear costs. Average of 10 independent stochastic trajectories (continuous trajectories) compared to
the deterministic prediction computed from equation (7) (dashed curves) at low mobility (right side of panel; m= 0, k = 0.1, ¢ = 0.02)
and at high mobility (left side of panel; m = 10, k = 0.1, ¢ = 0.02). Triangle indicates population extinction. (E) Species with slowly
accel erating costs and intermediate mobility. Adaptive dynamics starting from alow ancestral altruistic investment u, = 5 or high ancestral
state at u, = 15 diverge. Starting from the same ancestral state, u, = 8 or u, = 10, stochastic trajectories either rise to a high singularity
or decline toward quasi-selfishness. Average from 10 stochastic runs per starting condition. Parameter values: m = 15, k = 0.05, ¢ =
0.1. (F) Rapidly accelerating cost. Average of 10 independent stochastic trajectories (continuous curves) compared to the deterministic
prediction (dashed curves), at low mobility (m = 0, upper curves, simulations run over 600,000 time units) and high mobility (m = 6,
lower curves, simulation run over 900,000 time units). Mutation parameters: k = 0.01, o = 0.01. Unspecified parameters as in Figure

2B—F, respectively.

linear costs, individual-based simulations confirm both the
adaptive increase of altruism at low mobility and the evo-
lutionary stability of selfishness at high mobility, even when
very large mutations are feasible (Fig. 7C). In species with
strong linear costs, convergence to selfishness or evolutionary
suicide, depending on mobility, occurs as predicted by the
canonical equation (Fig. 7D). Species with slowly acceler-
ating costs are characterized by two clear-cut patterns, name-
ly quasi-selfishness versus high altruism. At intermediate mo-
bility, the adaptive dynamics bistability is confirmed by in-
dividual-based simulations run from different ancestral con-
ditions (Fig. 7E). This implies that alternative adaptive
investments can be reached for identical life-history profiles,
dueto different ancestral states or to contingent eventsduring
evolutionary history. Notice also that quasi-selfish states are
practically indistinguishable from the stable selfish state of
a stochastic mutation-selection process. In species charac-
terized by rapidly accelerating costs, the individual-based
simulations closely match the predictions (Fig. 7F). The neg-
ative correlation between selected altruism and mobility ex-
pected in this case is confirmed. Overall, the agreement be-
tween stochastic simulations and the deterministic approxi-

mation is satisfactory. In general, the deterministic approx-
imation converges slower than the stochastic process and
underestimates the adaptive altruistic investment. This may
be due to small systematic errors introduced by the standard
pair approximation.

Random lattices (featuring randomly assigned connections
between sites) have been proposed for modeling social net-
works (Rand 1999). The alternative of a regular habitat ge-
ometry, where interactions are limited to the geographically
closest sites, compromises the use of the standard pair ap-
proximation to derive correlation equationsfor the popul ation
dynamics (van Baalen 2000). Individual-based simulations
involving aregular square lattice indicate that our main find-
ingsarenot altered qualitatively, whereas selected trait val ues
tend to be higher (results not shown).

Discussion

We study the adaptive dynamics of a quantitative trait that
measures the individual investment in altruism. The habitat
is constant and homogeneous, but selective pressures arise
from the phenotypic heterogeneity of the population. Altru-
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ism evolves from selfishness under a gradual kin selection
process. This pattern is similar to the continuous evolution
of cooperative investment observed in a spatial evolutionary
game (Killingback et al. 1999). However, our model is not
restricted to accelerating costs and pure viscosity, which
would make up the most favorable case for therise of altruism
in a selfish population. In fact, we show that the qualitative
and quantitative features of the adaptive evolution of altruism
depend on the patterns of the cost and their interactions with
mutation, individual mobility, and habitat structure. Even
when an accelerating cost pattern allows altruism to evolve
easily from selfishness (Killingback et al. 1999), the adaptive
increase of altruism appears to be often halted at very low
levels. In contrast, when the cost pattern is decelerating, the
selfish state will usually be displaced upon to the occurrence
of rare mutations of large effects.

Kin Selection, Cooperation, and Competition

The conceptual path followed here to define and measure
fitness differs from the usual approach of kin selection theory
(for reviews, see Frank 1998; Michod 1999), although the
results from both angles can be formulated in similar terms.
Starting from demographic and behavioral processes oper-
ating at thelevel of individualsand their neighbors, wefollow
van Baalen and Rand (1998) by defining fitness as the in-
vasion exponent of a system of correlation equations for the
spatial dynamics of a mutant population. This notion extends
the concept of invasion fitness defined for well-mixed pop-
ulations (Metz et al. 1992; Rand et al. 1994; Ferriere and
Gatto 1995). In our model, invasion fitness is found to com-
pound the per capita intrinsic growth rate and the per capita
neighbor-modulated growth rate (Frank 1998) that accounts
for the respective effects of competitive and cooperative in-
teractions between a mutant focal individua and mutant ver-
sus resident neighbors.

In the terminology of kin selection, this invasion fitness
is analogous to a direct fitness function from which one can
derive a direct fitness gradient and decipher the selective
pressures that operate on the trait under consideration (Frank
1998). We identify three selective pressures acting on altru-
ism: the direct physiological cost to the individual, the in-
direct beneficial effect of altruistic interactions, and the in-
direct negative effect of competition for space. According to
the analysis of Taylor (1992a,b) and Queller (1994), spatial
kin selection models raise a critical difficulty for the evo-
lution of cooperation, because costs of competing for space
with relatives exactly cancel out the benefits of altruism.
Similarly, Wilson et al. (1992, p. 340) concluded ‘‘local pop-
ulation regulation often, if not always, cancels the effects of
relatedness.”” We arrive at the conclusion that the effect of
competition with relatives can become negligible in organ-
isms with a continuous life cycle, which reemphasizes that
kin selection is effective in explaining the evolution of un-
conditional altruism (see also Taylor and Irwin 2000).

This result holds independently of the level of individual
mobility; and therefore cannot be attributed to relaxing the
pure-viscosity hypothesis of traditional kin selection models,
according to which only offspring are dispersed (Hamilton
1964). Thus, why is the indirect cost of kin competition so

low in our model? Help is processed by any recipient to
produce offspring in sites that are unlikely to be located in
the donor’s neighborhood because of the random structure
of the habitat. Even with more regular habitat structure, the
availability of free sitesto host any donor’ s offspring is made
likely by individual mortality that keeps reopening sites ir-
respective to social interactions between neighbors.

One key feature of our model therefore lies in the fact that
the habitat offers empty sites for the local spread of altruistic
mutants. This occurs because the stochastic death process
keeps reopening space in the neighborhood of any helping
individual. Consequently, the population does not reach a
steady state of saturation, and the sel ective pressure generated
by kin competition remains negligible. Such a dominant ef-
fect of the availability of free space on the evolution of al-
truism was anticipated by Taylor (1992b) and Queller (1992,
1994), who introduced the notion of ‘‘population elasticity’’
to refer to it. In a recent study of a contest of selfishness
versus altruism, Mitteldorf and Wilson (2000) included a
similar effect as generated by environmental stochasticity and
came to the same conclusion. However, these authors as-
sumed an initial mixture of egoists and altruists instead of a
single mutant in a resident background population, which
does not address the crucial phase of the invasion process.

It is unlikely to make much difference whether it is de-
mographic stochasticity or environmental stochasticity that
underlies the site-opening process, as long as there is no
feedback of the adaptive trait dynamics on that stochastic
process. This is the case both in our model and in the study
by Mitteldorf and Wilson (2000) because the process of site
opening amounts to a form of individual mortality, whereas
the altruistic trait affects fecundity. In a different setting
where altruism would impact the individual mortality rate,
such a feedback could exist depending on whether sites are
opened by demographic or environmental stochasticity. The
adaptive increase of altruism would reduce the death rate—
hence the rate of site opening by demographic stochasticity.
As a consequence, the selective pressure of local competition
against altruism would be enhanced, as can be demonstrated
by an extension of our analysis (results not shown) and by
the studies of Nakamaru et al. (1997, 1998) and Taylor and
Irwin (2000). By contrast, the rate of site opening due to
environmental stochasticity could remain independent of the
adaptive change in altruism. Environmental stochasticity
might then become critical for the evolution of altruism.

Because the selective pressure resulting from competition
for open space turns out to be negligible, the criterion for
mutant invasion amounts simply to comparing the marginal
physiological cost of altruism to the marginal benefit with-
drawn from interaction with the mutant’s own kind. Thisis
a variant of Hamilton’s rule (Hamilton 1964), where the co-
efficient of relatedness is given by the local frequency of
mutants neighboring a focal mutant during the invasion pro-
cess. The appropriate definition of relatedness is the proba-
bility of the recipient of a focal mutant’s act to be a mutant
also; this has been shown in kin selection models involving
pairwise interactions (Day and Taylor 1998; Frank 1998).
However, such kin selection models assume that relatedness
is constant and that the phenotype of a mutant has no effect
on relatedness, which obviously cannot be true when invasion
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TABLE 2. Synthesis of the evolution of altruism.

Physiological cost Adaptive dynamics

Evolutionary outcome from a selfish ancestral state

Decelerating costs bistability

Weak linear costs monotonic increase at low mobility

bistability at high mobility

monotonic decrease

monotonic convergence at low mobility
bistability at high mobility

monotonic convergence

Strong linear costs
Slowly accelerating costs

Fast accelerating costs

o selfishness always displaced if finite mutations arise

® waiting time for the adaptive rise of altruism increases as mutation
rate or mutational variance decreases, and mobility increases
evolution toward physiologically maximum investment in altruism
evolution toward physiologically maximum investment in altruism
if mobility is low

persistent selfishness if mobility is high

persistent selfishness

evolution toward high altruistic investment if mobility is low
evolution toward quasi-selfishness if mobility is high

evolution toward low altruistic investment, correlating negatively
with mobility

is a dynamical process and altruism impacts the distribution
of individuals across space. The approach first advocated by
van Baalen and Rand (1998) and followed up in this study
shows that the same concept of relatedness holds nonethel ess.
In effect, relatedness is a dynamic variable for which the
relevant equilibrium value can be expressed as a function of
basic features of the organism’s life cycle and behavior (also
see Ferriere and Michod 1995, 1996; Hutson and Vickers
1995; van Baalen and Rand 1998).

Adaptive Patterns of Altruism

The pattern of physiological costs, individual mobility, the
mutation process, and habitat connectedness all interact to
determine the adaptive dynamics of altruism (Table 2). The
consideration of decelerating costs is more relevant to study
the rise of altruism from selfishness. In species with decel-
erating costs, altruism is under the most stringent conditions
to evolve from selfishness. However, once altruism is estab-
lished by the mutation-selection process, the population in-
variably evolves toward the physiologically maximum in-
vestment. In contrast, the assumption of accelerating costsis
more relevant to study the determinants of adaptive variation
in atruism. In species with accelerating costs, altruism
evolvesright away from selfishness (Killingback et al. 1999);
but contrary to the case of decel erating costs, the evol utionary
endpoint is predicted to vary according to the physiological
and ecological parameters.

Following from this dichotomy, an important result is that,
in general, any ancestral selfish population will evolve some
degree of altruism. In the case of accelerating costs, the evo-
lution of altruism is not influenced by the mutation process.
On the contrary, assuming that in the primeval selfish state
the cost of altruism is decelerating, the adaptive initiation of
altruism depends primarily on the mutation process. We
found that higher mutation frequency and larger mutational
steps decrease the waiting time for altruism to evolve. For a
given mutation process, the waiting time also increases with
mobility, as higher mobility carries a larger direct cost and
lowers the indirect benefit of altruism. The study of alinear
cost function, which can be interpreted as a degenerate case
in between decelerating and accelerating cost patterns, pin-
points the fallacious consequences that result from restricting
attention to such a simple case (e.g., Roberts and Sherrat
1998). Incorporating a strong linear cost in the model com-

pletely hides the potential effect of the genetic process on
the displacement of selfishness. The assumption of weak lin-
ear costs yields a type of bistable adaptive dynamics similar
to the case of decelerating costs. However, large mutations
have no effect in this case.

Mobility is expected to be an important factor of adaptive
variation in altruism, as shown by the study of accelerating
costs of altruism. First, mobility is found to impact the speed
of the adaptive process—thealtruistic trait evolvesat aslower
pace among more mobile individuals. Second, mobility is a
significant determinant of the evolutionary endpoint. In spe-
cies with rapidly accelerating costs, the selected altruistic
trait value correl ates negatively with mobility. In specieswith
slowly accelerating costs, mobility has a profound qualitative
effect. High altruistic investments evolve in species with low
mobility, whereas quasi-selfishness evolves in species with
high mobility. The finding of altruism being associated with
low mobility is in line with previous insights into the evo-
lution of cooperation in the iterated prisoner’s dilemmagame
(Dugatkin and Wilson 1991; Enquist and Leimar 1993; Hut-
son and Vickers 1995; Ferriere and Michod 1995, 1996),
although the mechanisms involved are different. In these
studies, mobility opposes the evolution of altruism by re-
ducing the probability of repeated interactions between the
same partners. On the empirical side, many independent stud-
ies have related the evolution of complex social systemswith
reduced mobility. For example, the emergence of cooperative
breeding in birds may have been driven by delayed dispersal
in a context of intense competition for space (habitat-satu-
ration hypothesis, Emlen 1982, 1997). Also, African mole-
rat populations exhibit strong levels of philopatry, and the
eusocial species of this mammal group live in the harshest
habitats, namely arid zones where benefits of group living
are high and dispersal is low (Jarvis et al. 1994; Spinks et
al. 2000).

In species with slowly accelerating costs and low mobility,
most variations of altruism between species are expected in
response to differences in physiological costs and the degree
of habitat connectedness. Our model outlines the importance
of describing and measuring these parameters (Heinsohn and
Legge 1999). Controlled experiments including the analysis
of a broad range of levels of investment in altruism would
enhance our knowledge of the shape and values of costs of
altruism. In reality, the costs of cooperation may impact dif-
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ferent life-history traits at different periods of theindividual’s
life, and these experiments would require multivariate ap-
proaches and long-term studies.

In contrast, in species with slowly accelerating costs and
high mobility, quasi-selfishness is expected to evolve. This
state is eventually indistinguishable from a stabl e selfish pop-
ulation in which slightly altruistic phenotypes would chron-
ically spread by mutation and drift. High altruistic invest-
ments could still be observed by the phylogenetic conser-
vation of an ancestrally altruistic state, whereas a slow en-
vironmental change favors an increase in mobility (Fig. 5E).
High altruistic investment would have evolved under the ear-
ly low mobility and be preserved throughout the subsequent
environmental increase of mobility. In support of the role of
phylogenetic conservation, recent comparative analyses of
sociality have demonstrated a phylogenetic component of
sociality in birds (Edwards and Naeem 1993) and different
groups of arthropods (Crespi 1996; Wcislo and Danforth
1997). High levels of investment in sociality seems to be
maintained in more varied ecological contexts once they
evolve from cooperative ancestors. Possibly, a slow, gradual
environmental change could even cause the loss of altruistic
behavior at very high mobility through the catastrophic ex-
tinction of the population (Fig. 5E). An environmentally driv-
en loss of sociality may provide another explanation for the
uneven distribution of social species across taxa (Velicer et
al. 1998).

Our analysis highlights the critical importance of mobil-
ity, which we modeled as a fixed parameter. This simpli-
fying assumption may apply to species in which mobility
is strongly constrained by the environment, the develop-
mental program, or the genetic system. Otherwise, mobility
and altruism should be entangled in a coadaptive process,
the dynamics of which will be investigated in aforthcoming

paper.
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APPENDIX 1
Polymorphic Individual-Based Model

Here we describe the stochastic, individual-based model of poly-
morphic population dynamics that forms the basis of our study. The
habitat structure is generated by randomizing the edges of aregular,
square lattice of 30 X 30 sites with Moore neighborhoods (which,
locally, gives a so-called Cayley or Bethe lattice). The state of any
site is either empty or occupied by atypei individual with a certain
phenotype u;. The demographic parameters at time t of such an
individual located at z are the birth rate

n (z t
bz ) = [b(m) + >, % C(ui)l—”f’"(z L
k=1 n n
the intrinsic death rate d, and the mobility rate
i(z t
mezy = m2ed (A2)

where k (varying from 1 to n) labels each neighboring site, uy is
the altruistic investment of a neighbor or zero if that site is empty
at that moment, and ng;(z, t) denotes the number of empty sites
neighboring atypei individual located at z at timet. The local birth
rate and movement rate are multiplied by the proportion of empty
sites within the neighborhood.

The simulation starts by distributing individuals of an ancestral
phenotype randomly over half of the lattice. Mutations generate
variability with a probability k per birth event. The mutant phe-
notype is obtained by adding a mutation effect drawn randomly
from a normal probability distribution, with zero mean and muta-
tional variance o2. When a negative investment in altruism is pro-
duced, the mutant phenotype is reset to selfishness. We use the
minimal process method (Gillespie 1976) to simulate the time-con-
tinuous stochastic dynamics of the population. This means that the
waiting time between two events is drawn from an exponential
distribution, with the inverse of its mean given by the total sum of
event rates per unit time. Typically the completion of such a sto-
chastic simulation requires around a day of computation on the
fastest personal computer available at the time this work was con-
ducted.

APPENDIX 2
Spatial Population Dynamics

Here, we derive an analytical model of the polymorphic popu-
lation dynamics. The frequency of occupied sites varies through
time along with the neighborhood configuration. The configuration
of the neighborhood of a focal individual is given by the states of
all pairs containing that individual, which themselves typically de-
pend on the states of higher-order structures that contain those pairs
(triplets, quadruplets, and so on). This kind of dependence cascades
through all orders and spatial scales. Therefore, a full description
of the lattice dynamics requires an infinite hierarchy of dynamic
equations, also called correlation equations (Dieckmann and Law
2000). The system, however, can be closed at any order of descrip-
tion by making use of appropriate approximations. We close the
system at the order of pairs with the standard pair approximation
(Matsuda et al. 1992, Ferriere and Le Galliard 2001). This is the
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simplest approximation, as it assumes that third-order correlations
just vanish, and it has been used to construct correlation equations
for spatial games (Nakamaru et al. 1997) and social interactions
(Matsuda et al. 1992).

We first describe the temporal dynamics of the frequency of
occupied sites. We assume that a fixed number of phenotypes are
present in the population initially. We use the indices i and j to
label phenotypes, and more generally the indices k or | to designate
the state of a site, including the empty state 0. We proceed by
averaging the local birth rate (eg. A1) over the lattice, which after
some algebra yields the average birth rate of atypei individual at
time t:

bi(t) = |b(m) + EJ: U1 — &) — C(w)| g,  (A3)

where ¢;i(t) is the local frequency of phenotype j around a focal i
individual at time t, the sum is taken over all phenotypes in the
population and ¢ = 1/n. The mean change in the frequency of the
i phenotype at time t during an infinitesimal time step dt then is

dp: _
%(t) = [Bi(®) — d]pi(®) = Ni(®pi (D).

(A4)

We now describe the temporal dynamics of the local frequency
of sites. Because local frequencies are simply determined by pair
frequencies according to

Aki(Y) = pO/piD),

where p,(t) designates the frequency of ki pairsat timet, it isenough
to describe the dynamics of the frequencies of pairs involved in
equation (A5) to obtain equations for the local frequenciesinvolved
in equation (A4). Aninventory of all different eventsthat may affect
any type of pairsat timet yieldsthree elementary fluxes (van Baalen
and Rand 1998; Rand 1999). The first is the average per capita
input rate of atypei into a 0j pair with j # i:

aij(t) = (1 = $)[Big(t) + mMlgijo;(t) = afj(®)ijo; (1)

The second flux corresponds to the average per capita input rate of
atypei into an Oi pair:

Bi() = dbio(t) + (1 — &)[Bio(t) + M (D). (A7)

The third flux is the average per capita output rate of atypei from
an ij pair:

(A5)

(AB)

3ii() = d + (1 — d)mMqy;(D).

The term bg(t) involved in these fluxes is the average birth rate of
atypei individual inside ai0 pair, given by

Bio(t) = b(m) + EJ: U (1 — )gjiot) — C(uy).

(A8)

(A9)

From equations (A7), (A8), and (A9), we can obtain the dynamics
of the frequencies for the three general types of pairs, 0j, ij, and
jJ. Unfortunately, the dynamics of these pair frequencies depend

on higher-order configurations because gy = pwi/pii- Using the
standard pair approximation, we assume that gy = i, which
gives
dpo; (t) ,
?—‘Jt = {aj(®dojot) — [Bj() + 3;(®)]} po;(t)

+ k%j) 3 (Opi () + 3;(Dp;; (D), (A10a)
dpi; () :
# = [ (1) + «j (1)doj0(t)] Poj(t)

= [;® + & ®lp;®, 1##(0j) and (A10b)
dp;() _

G 2B;(Opo; () — 28;(V)p;; (D). (A10c)

APPENDIX 3
Monomorphic Population

A monomorphic version of the analytical model can be derived
from equations (A4) and (A10). We assume there is only one phe-
notype, and we denote by x the state of an occupied site. We are
interested here in the feasible population equilibria. According to
equation (A4), the nontrivial population equilibrium ggx must sat-
isfy the quadratic equation

[b(m) + u (1 — &)L — Go) — C(UY]dox — d = 0. (Al

The spatial population is also characterized by a second, inde-
pendent statistic, ggo. From equation (A10), gy Satisfies

Qoo = dyax. (Al12)

We now analyze the viability and stability of the equilibria if
b is sufficiently larger than d. The resident population is inviable
when no real solution exists for gy, which gives afirst extinction
boundary A = 0 and the extinction domain A < 0 (where A denotes
the discriminant of the quadratic equation A11). In the areawhere
A > 0, there are two subdomains. In the subdomain defined by
b(m) — d — C(uy) > 0, the maximal root of (A11) corresponds to
a viable equilibrium that is globally stable. In the disjunct sub-
domain of obligate altruism, this solution is locally stable and
coexists with the locally stable, trivial solution. A saddlepoint
separates these two locally attractive solutions. The resident pop-
ulation goes extinct when the saddlepoint collides with the upper
boundary, which leads to a second extinction domain adjacent to
the first one.

APPENDIX 4
Dimorphic Population

Here we make use of the general polymorphic equations (A4)
and (A 10) to describe the population dynamics when there are only
two phenotypes, indexed by x and y. Deriving a closed dynamical
system requires equations for the two global frequencies p, and p,
and for the three local frequencies gy, dy,, and dy,,. Using equations
(A10) and (A5) for the dynamics of local frequencies and (A4) for
the dynamics of global frequencies yields

M = M(O)px(D), (A133)
dt

% = MOy, (A130)
dqg:(t) = 2Bx(Odox(1) — [28x(1) + N1 (D), (A13c)
dai

qdlty © = (o) + 050000100

= [3y(t) + 3x() + Ny(D]axy(t), and (A13d)

d

qgty 2,00y ) — 12,0 + A0y (). (A13e)

As pointed out by van Baalen and Rand (1998), the mean-field
version of system (Al3a—e) with selfishness (x type) and altruism
(y type) interacting on the lattice is given by

% = {[b(m) + uy(1 — &)p, — C(O)] Po — } Py (A149)
and
d
Epy = {[b(m + uy(1 — $)p, — C(uy)lpo — d}py. (A14b)

This system readily shows that selfishness is uninvadable be-
cause it benefits from the same amount of altruism without pay-
ing the costs. This serves to highlight that spatial population
heterogeneity is a key prerequisite for the invasion of altruism
in a selfish world.
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APPENDIX 5
Invasion Sructure and Fitness

Let Toy, Gy, and Gy, denote the pseudo-equilibrium local fre-
quencies characterizing the mutant correlation structure during in-
vasion. These terms are the steady states of equations (Al3a—€)
when x is aresident type at ecological equilibrium and y isa mutant
type at low frequency, or

dag,®
Xo||ty = (e + &y0oj0)Toy = (Oy + 8y + Ay)8yy = 0 (A153)

and

dayy M) o

qgty() = 28,80y — (28, + X,)8yy = O (A15b)

Noting that Gy, = 0 when the mutant is rare, the nonlinear system
involves three unknowns (qo|y, qxw, and qy,x) and two equations,
along with the constraint g, = g Gyyy

The nonlinear system (A15) can be used generlcally to evaluate
numerically the spatial invasion fitness. However, one further an-
alytical step can be taken by introducing the Taylor expansion of
spatial invasion fitness up to the first order:

= 5 + (y - 92Y

i (A16)

+ oy — Xx).
y=X

Su(Y)

For the degenerate mutant, y = X, we can solve analytically the
nonlinear system (A15) using symbollc resolution. This yields the
solutions gy = Qo Oyy = Gyy given as equation (5) in the text,
and s(y) = s,(X) = 0. We now consider aslightly perturbed resident
investment, that is, u, = u, + &, oy = qoIX + ag, and Gy = Qyy +
be. The term a measures the marginal gain or loss of open space
in a mutant’s neighborhood relative to a resident. The term b mea-
sures the marginal gain or loss of relatives in a mutant’s neigh-
borhood relative to a resident. Plugging these approximations in
the spatial invasion fitness defined by equation (1) yields, after some
algebra,

(1_ ¢)Ux_—2_

X

S(Y) = Eamx{(l — $)yy — a

_qw—qw}

&€

, (A17)

from which we derive the selection derivative (3) at the limit where
e vanishes. Next, we use the nonlinear system (A15) to solve for
the a and b terms introduced before and to evaluate numerically
the different components of (A17).



