ORIGINAL ARTICLE

doi:10.1111/j.1558-5646.2008.00548.x

LIMITED DISPERSAL, BUDDING DISPERSAL,
AND COOPERATION: AN EXPERIMENTAL

STUDY

Rolf Kiimmerli,"»2 Andy Gardner,! Stuart A. West," and Ashleigh S. Griffin'
'Institute of Evolutionary Biology, University of Edinburgh, West Mains Road, Edinburgh EH9 3JT, United Kingdom

2F-mail: rolf.kuemmerli@ed.ac.uk

Received July 1, 2008
Accepted September 30, 2008

Numerous theoretical studies have investigated how limited dispersal may provide an explanation for the evolution of cooperation,

by leading to interactions between relatives. However, despite considerable theoretical attention, there has been a lack of empirical

tests. In this article, we test how patterns of dispersal influence the evolution of cooperation, using iron-scavenging in the bacterium

Pseudomonas aeruginosa as our cooperative trait. We found that relatively limited dispersal does not favor cooperation. The reason

for this is that although limited dispersal increases the relatedness between interacting individuals, it also leads to increased local

competition for resources between relatives. This result supports Taylor's prediction that in the simplest possible scenario, the

effects of increased relatedness and local competition exactly cancel out. In contrast, we show that one way for cooperation to

be favored is if individuals disperse in groups (budding dispersal), because this maintains high relatedness while reducing local

competition between relatives (relatively global competition).
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Explaining cooperation is fundamental for understanding the evo-
lutionary transitions from associations of replicator molecules to
single-celled organisms to complex animal societies (Maynard
Smith and Szathmary 1995; Hamilton 1996; Frank 2003; West
et al. 2007a). Why should an individual carry out a costly cooper-
ative behavior that benefits other individuals? Hamilton’s (1963,
1964) theory of kin selection provides an explanation for how
cooperation can be favored if interacting individuals are likely to
share the gene for the cooperative behavior, for example, if they
are relatives. By helping a close relative reproduce, an individual
passes its genes to the next generation, although indirectly. This
theory is encapsulated in a pleasingly simple form by Hamilton’s
(1963, 1964) rule, which states that altruism is favored when rb —
¢ > 0; where c is the fitness cost to the altruist, b is the fitness ben-
efit to the beneficiary and r is their genetic relatedness. Hamilton
(1964, 1972) originally suggested that a high relatedness could
arise in two ways: (1) direct kin recognition between individuals,
or (2) limited dispersal (population viscosity) can keep relatives
together, and so could favor indiscriminate altruism.

The possible role of limited dispersal in favoring cooper-
ation has attracted much theoretical attention (Hamilton 1964,
1971, 1972, 1975; Pollock 1983; Grafen 1984; Murray and Ger-
rard 1984; Goodnight 1992; Kelly 1992; Nowak and May 1992;
Queller 1992; Taylor 1992a,b; Wilson et al. 1992; Kelly 1994;
Nowak et al. 1994; Queller 1994; Frank 1998; van Baalen and
Rand 1998; Mitteldorf and Wilson 2000; Griffin and West 2002;
West et al. 2002b; Hauert and Doebeli 2004; Rousset 2004;
Gardner and West 2006; Killingback et al. 2006; Lehmann and
Keller 2006; Ohtsuki et al. 2006; Traulsen and Nowak 2006;
Grafen 2007a,b; Lehmann et al. 2006, 2007a,b; Taylor et al. 2007;
Alizon and Taylor 2008; Grafen and Archetti 2008; Johnstone
and Cant 2008; Lion and van Baalen 2008; Shaw and Gardner
2008). Limited dispersal could potentially be a very important
mechanism because it does not require any mechanism for kin
discrimination (Hamilton 1964), and so could occur even in the
simplest of organisms. This has led to limited dispersal being sug-
gested as an important driving force in numerous specific cases,
including the evolution of ATP pathways (Pfeiffer et al. 2001), the
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transition from single cells to multicellular organisms (Michod
1997; Michod and Roze 2001; Pfeiffer and Bonhoeffer 2003), co-
operative behaviors in bacteria and other micro-organisms (Crespi
2001; West et al. 2006), the evolution of eusociality in social in-
sects (Bourke and Franks 1995), cooperative breeding in verte-
brates (Griffin and West 2002), lower levels of aggression between
competitors (Murray and Gerrard 1984), and even mutualistic co-
operation between species (Doebeli and Knowlton 1998; Bever
and Simms 2000; West et al. 2002a).

In contrast, other theoretical models have suggested that lim-
ited dispersal will not necessarily favor the evolution of cooper-
ation (Kelly 1992; Queller 1992a; Taylor 1992a,b; Wilson et al.
1992). The reason for this is that limited dispersal can also lead
to local competition between kin, which selects against coopera-
tion (West et al. 2002b). In two pivotal papers, Taylor (1992a,b)
built upon previous simulation work (Wilson et al. 1992) to show
that, in the simplest possible scenario, the effects of dispersal on
relatedness and competition exactly cancel, and so the dispersal
rate has no influence on selection for cooperation. The reason
for that is although low rates of dispersal result in genealogical
closeness (and hence genetic relatedness) between social partners,
the extra progeny created by cooperation will compete locally for
resources, and so cooperative groups will be characterized by
more intense competition. Put simply, there is no point helping a
sibling if its increased reproductive success comes at the cost of
another sibling. Since then, a large body of theory has been de-
veloped, showing that the relative importance of the relatedness
and competition effects, and hence whether limited dispersal fa-
vors cooperation, will depend upon biological details (Goodnight
1992; Kelly 1992; Kelly 1994; Queller 1994; Frank 1998; van
Baalen and Rand 1998; Mitteldorf and Wilson 2000; Taylor and
Irwin 2000; West et al. 2002b; Le Galliard et al. 2003; Gardner
and West 2006; Lehmann et al. 2006; Grafen 2007a,b; Lehmann
2007a,b; Johnstone and Cant 2008; Shaw and Gardner 2008).

Despite considerable theoretical attention, there has been a
lack of empirical work testing the predictions for how population
structure should influence the evolution of cooperation. Indeed,
Hamilton (1996) left it as a major unsolved problem. An excep-
tion is a previous experimental study of Griffin et al. (2004),
which showed that higher relatedness favored cooperation, and
that increased local competition between relatives selected against
cooperation. However, although this study showed that related-
ness and competition can both matter, these two factors were
manipulated independently and it did not test how their relative
importance varies with the dispersal rate, which was equally high
in all treatments. In natural populations, relatedness and the scale
of competition emerge as a result of population demography, and
will not usually be independent (Taylor 1992a,b).

Our aim here is to provide the first experimental tests of; (1)
how the individual dispersal rate influences selection for cooper-
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ation, and (2) whether selection for cooperation can be increased
if individuals disperse in groups of relatives, termed budding dis-
persal (Goodnight 1992; Gardner and West 2006; Lehmann et al.
2006). Budding dispersal can favor cooperation because it com-
bines relatively high relatedness and relatively low competition
between social partners (Gardner and West 2006). High relat-
edness is maintained because individuals disperse in groups of
relatives. Kin competition is low because more productive social
groups give rise to more dispersing buds, which compete globally
(at the scale of the whole population) for resources. Dispersal
in small kin groups has been observed in a number of coopera-
tive species, including unicellular microorganisms (Pfeiffer and
Bonhoeffer 2003), social insects (Peeters and Ito 2001), coopera-
tive breeding birds (Williams and Rabenold 2005; Sharp et al.
2008), humans (Haldane 1932), nonhuman primates (Bradley
et al. 2007), bats (Metheny et al. 2008), and other mammals
(Clutton-Brock 2002).

We test these predictions using an experimental evolution
approach with Pseudomonas aeruginosa bacteria. The social trait
that we examine is the production of iron-scavenging molecules
termed siderophores (Budzikiewicz 2001; Cornelis and Matthijs
2002; Griffin et al. 2004; Visca et al. 2007). Iron is a major
limiting factor for bacterial growth, because most iron in the
environment is in the insoluble Fe(III) form and, in the context of
bacterial parasites, is actively withheld by hosts (Guerinot 1994;
Ratledge and Dover 2000; Miethke and Marahiel 2007). We have
previously shown that the production of the primary siderophore
(pyoverdin) is a cooperative trait subject to kin selection.
Specifically, pyoverdin production is metabolically costly to the
individual cell, but provides a benefit to the local group (Griffin
et al. 2004; Harrison et al. 2006; Ross-Gillespie et al. 2007). We
construct replicate populations, divided into 12 subpopulations,
each of which we initiate with a mix of cooperators, which
produce pyoverdin and noncooperating mutants (cheats), which
do not produce pyoverdin. We then experimentally manipulate
the type of dispersal between populations, to simulate relatively
limited dispersal, relatively high dispersal, and budding dispersal
(Fig. 1). The consequences of the different dispersal regimes
for the relative fitness of cooperators and cheats were then
followed. Finally, we built a population genetic model that could
be parameterized with our experimental data, to elucidate the
underlying selective forces.

Material and Methods

STRAINS

We used P. aeruginosa strain ATC 15692 (PAOL1) as the pyoverdin
(pvd) producer, and strain PA06609 (PAO9) as the pvd-negative
cheat. PAO9 is a pvd-mutant derived by UV-mutagenesis from
methionine auxothroph PAO6409 (Hohnadel et al. 1986), which in
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Figure 1. Experimental design manipulating bacteria dispersal under three different regimes (relatively limited, relatively high, and
budding dispersal) in populations consisting of 12 subpopulations (for simplicity only four subpopulations per dispersal regime are
shown). At the beginning, each subpopulation contained a mix of cooperators and cheats (light gray), whereas subpopulation composition
changed over the course of the experiment (dark gray and white symbolize monocultures of cooperators and cheats, respectively). For
relatively limited dispersal (d = 0), we randomly selected three colonies from each subpopulation that seeded a new subpopulation.
For relatively high dispersal (d = 1), we randomly chose 36 colonies from a mix of all subpopulations and randomly arranged them
in 12 triplets, with each triplet seeding a new subpopulation. For budding dispersal, we randomly chose 12 budding groups among
all subpopulations with each budding group consisting of three colonies coming from the same subpopulation and seeding a new
subpopulation together. With budding dispersal, individual subpopulations could seed zero, one, or more than one new subpopulation
with highly productive subpopulations having a higher probability to seed more than one new subpopulation. We carried out 12
successive dispersal events each after a 24-h competition phase. The whole experiment of 12 dispersal events under three different

dispersal regimes was repeated six times.

turn was generated by transposon mutagenesis from PAO1 (Rella
et al. 1985). Before experiments started, both strains were grown
overnight in 30 mL glass universals containing 6 mL standard
King’s medium B (KB) in an orbital shaker (200 rpm) at 37°C.
Both strains grow to similar cell densities under these conditions
(Griffin et al. 2004).

EXPERIMENTAL DESIGN

We experimentally manipulated dispersal behavior by allowing
bacteria to either disperse individually within subpopulations (rel-
atively limited dispersal), individually between subpopulations
(relatively high dispersal), or as groups between subpopulations
(budding dispersal). For each dispersal regime, we initially cre-
ated a population consisting of 12 subpopulations with half of
the subpopulations consisting either of a 2:1 or a 1:2 ratio of co-
operators and cheats, resulting in a 1:1 overall population ratio
of cooperators and cheats. Each subpopulation (approx. 10° cells
from overnight KB cultures) was grown in a 30 mL tube con-
taining 6 mL of Casamino acids medium (CAA; 5 g casamino
acids, 1.18 g K,HPOy4 * 3H,0, 0.25 g MgSO4 * 7TH; 0, per litre)
supplemented with 20 mM NaHCO3; (sodium bicarbonate) and
100 pgmL~" human apo-transferrin (Sigma) (Meyer et al. 1996;
Griffin et al. 2004). Apo-transferrin, combined with bicarbonate,
is a powerful natural iron chelator (Schlabach and Bates 1975). It
was used to bind the free Fe(III) in the CAA media, which prevents

nonsiderophore-mediated uptake of iron by bacteria. Subpopula-
tions were then grown for 24 h in a static incubator at 37°C, during
which time approximately five to seven generations take place.

After 24 h, subpopulations from the limited and budding dis-
persal regime were individually plated onto KB agar, whereas
equal volumes from each high dispersal subpopulation were
mixed before plating onto a single KB plate (Fig. 1). Plates were
incubated overnight at 37°C, after which time we quantified the
number of PAO1 and PAO9 colony forming units (CFU) on each
plate. Colonies of PAO1 and PAO9 differ in their morphology and
can also easily be distinguished based on color differences: PAO1
colonies are green due to the presence of fluorescent pyoverdin
molecules, whereas colonies of PAO9 are white due to the absence
of pyoverdin molecules.

We then let bacteria disperse according to the three dispersal
regimes (Fig. 1). For relatively limited dispersal, we randomly
selected three colonies from each plate that seeded a new sub-
population. For relatively high dispersal, we randomly chose 36
colonies from a mix of all subpopulations and randomly arranged
them in 12 triplets, with each triplet seeding a new subpopulation.
These two dispersal patterns represent the extremes from Taylor’s
(1992a,b) dispersal (d) parameter range: d = O for relatively lim-
ited dispersal (no dispersal between subpopulations) and d = 1 for
relatively high dispersal (complete dispersal between subpopula-
tions). We chose the extremes of the parameter range to maximize
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experimental power. For budding dispersal, we randomly chose
12 budding groups each consisting of three colonies among all
subpopulations, with the constraint that the three colonies form-
ing a budding group derived from the same subpopulation, and
with each budding group seeding a new subpopulation. Impor-
tantly, individual subpopulations could contribute zero, one, or
more than one budding group to the new generation whereby the
likelihood of a subpopulation being chosen was proportional to
its CFU. Thus, more productive subpopulations (high CFU) had
a higher probability to seed more than one new subpopulation.
To be able to compare the effect of dispersal on the evolution of
cooperation, we kept the number of founder colonies (three) per
subpopulation constant across dispersal regimes. The effects of
changing the number of founders are analyzed by Gardner and
West (2006), showing that smaller numbers of founders lead to
higher within-subpopulation relatedness and to increased proba-
bility of cooperation being favored.

For stochastic sampling of subpopulations and type of bac-
terial strain (cooperator or cheat) we used the random number
generator implemented in Excel (Microsoft). To control for initial
starting frequencies of cheats and cooperators before the subse-
quent growth phase in CAA, randomly selected colonies were
separately inoculated into 200 1l KB media on a microtitre plate
and grown over night at 200 rpm and 37°C. Cell densities did
not differ between strains when grown under these conditions
(ANOVA: F 14 =0.08, P = 0.78).

Growth in CAA followed by transfer (i.e., dispersal event)
was repeated 12 times, allowing between 60 and 84 bacterial
generations under experimental conditions. The whole experiment
of 12 dispersal events under three different dispersal regimes was
repeated six times.

FITNESS OF COOPERATORS

Relative fitness (v) of cooperators in 2:1 and 1:2 ratio subpopula-
tions was calculated as v = x>(1 — x1)/x1(1 — x;), where x; is the
initial proportion of cooperators and x; is their final proportion.
The fitness value of v therefore signifies whether cooperators in-
crease in frequency v > 1, decrease in frequency v < 1, or remain
at the same frequency v = 1. As with our previous experiments
(Griffin et al. 2004; Ross-Gillespie et al. 2007), data on the rela-
tive fitness of PAO1 cooperators in an iron-limited environment
confirmed that pyoverdin production has the characteristics of a
cooperative trait that provides a benefit to the local group, but
can be exploited by individuals (cheats) that produce less or no
pyoverdin (strain PAO9 in our experiment). The exploitability of
pyoverdin production is best demonstrated in mixed subpopula-
tions in which relative fitness of PAO1 cooperators compared to
PAOO9 cheats was significantly lower than 1 (for 2:1 ratio of co-
operators and cheats, v = 0.52 & 0.02 (mean =+ SE), one-sample
t-tests: 1169 = —22.5, P < 0.0001, for 1:2 ratio of cooperators and
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cheats, v = 0.70 & 0.02: t53, = —15.9, P < 0.0001). By contrast,
the benefit of pyoverdin production became obvious when sub-
populations consisted only of cooperators or cheats, whereby pure
cooperator subpopulations grew to significantly higher densities
(CFU = 220.2 £ 6.4) than pure cheat subpopulations (CFU =
160.5 £ 3.2, two-sample t-test: 590 = 7.6, P < 0.0001). That
subpopulations with more cooperators grow to higher densities
was also found for mixed cultures in which subpopulations with
a 2:1 ratio of cooperators and cheats grew to significantly higher
densities (CFU = 226.8 % 6.3) than subpopulations with a 1:2
ratio of cooperators and cheats (CFU = 174.6 &+ 5.7, two-sample
t-test: 1401 = 7.1, P < 0.0001). Overall, there was a significant
difference in the CFU-counts between subpopulations that con-
sisted of zero, one, two or three cooperators (ANOVA: F3 g9; =
43.6, P < 0.0001). Post-hoc pairwise comparisons (P-values ad-
justed using the false discovery rate control method; Benjamini
and Hochberg 1995) revealed that CFU-counts significantly dif-
fered between any two subpopulation types (P < 0.035), except
for subpopulations with two and three cooperators for which there
was no significant difference in the CFU-counts (P = 0.42).

STATISTICAL ANALYSIS

For each dispersal regime and dispersal event, we determined the
proportion of cooperators selected for the next CAA growth phase
and used these values as the response variable in our analysis. As
each dispersal regime was replicated six times, we obtained 18
independent datapoints that we compared in univariate analy-
ses of variance (ANOVA). Factor levels were reduced from the
full model by stepwise deletion (model simplification following
Crawley (2002). Although the distribution of the response variable
did not significantly deviate from a normal distribution (Shapiro-
Wilk test on logarithmic transformed values: W = 0.93, P =
0.22), the homogeneity of variances was not satisfied (Bartlett
test: K = 6.44, P = 0.040). Thus, to check the robustness of the
results obtained from ANOVA analyses, we also conducted ran-
domization tests. To do so, we first classified the obtained F-value
from the ANOVA as the observed F-value (Fops). We then per-
formed 10,000 randomizations of our datapoints and performed
an ANOVA and extracted the F-value after each randomization
step. This provided us with a distribution of F-values based on our
dataset, with the probability of getting F-values greater or equal to
the observed F-value (1> pobs) being P = (1 4 ngspobs)/10000. All
statistical computations were conducted using R 2.7.0 (available
on http://www.r-project.org/).

We further used the number of cooperators and cheats after
each dispersal event to calculate the relatedness within subpopula-
tions. Comparing dynamics of relatedness between the different
dispersal regimes across dispersal events is important because
relatedness is not manipulated directly in our experiment, but
rather it is determined by the dispersal regime and, in particular,
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is allowed to evolve. A general point here is that the relatedness
that matters is that for the cooperative trait being examined, (i.e.,
whether or not individuals produce pyoverdin in our case) and
not relatedness across the whole genome (see Results; Hamilton
1964, Grafen 1985). Relatedness with respect to any trait is for-
mally defined as the ratio of the covariance of genetic breeding
value for the trait between social partners and the variance in
genetic breeding values, or

_cov(x, x') )

~ cov(x, x)’

where x is the genetic breeding value of the focal individual,x’
is the genetic breeding value of its social partners, and cov is
the statistical covariance (i.e., cov(x,x') = E(x x x') — E(x)E(X)
and cov(x,x) = E(x?) — E(x)?, where E denotes an expectation or
arithmetic mean; Frank 1998). We may arbitrarily assign cooper-
ators a breeding value of x = 1 and cheats x = 0; hence, E(x?) =
E(x) = E(x'), and r = (E(x x x') —=E(x)*)/(E(x) — E(x)?). Noting
that subpopulations can exist in four different states according
to whether they have been founded by 0, 1, 2, or 3 cooperator
colonies, we can reexpress relatedness as

3 3 2
Y mili/3)7 - (Z i (z‘/3>)
;= i=0 i=0
3 3 2’
D omii/3) - (Z m (i/3>>
i=0 i=0

where m; is the frequency of subpopulations that are founded

2

by i cooperator colonies. The values of 7; are known for every
dispersal event of each replicate of the experiment, allowing us to
describe the temporal dynamics of relatedness. Note that, because
r = 0/0 if Ty = 1 or w3 = 1, then relatedness is undefined if
either cooperators or cheats succeed in going to fixation. When
calculating the average of relatedness (in a particular generation)
over a number of replicates, we discarded those replicates in which
fixation of cooperators or cheats had occurred.

SIMULATION ANALYSIS

We performed numerical simulations for each of the three disper-
sal regimes, providing a complete description of the population in
terms of the frequency and distribution of cooperators and cheats
over subpopulations and over time. We used our counts of CFU
from the limited and budding dispersal regimes to calculate the
absolute fitness (w) of cheating and cooperating strains in sub-
populations founded by 0, 1, 2, or 3 cooperative colonies, which
yielded the values of six fitness parameters. Stochastic sampling
of clones to form each new subpopulation was implemented using
a Mathematica random number generator, with the probability of
success of the clone being determined by its fitness as in our em-
pirical experiment (Fig. 1). We performed 10° replicates for each

of the three dispersal regimes and calculated the average values
for the proportion of cooperators and relatedness as well as the
range containing 95% of all simulated outcomes. Our experiment
examined the extreme points of Taylor’s (1992a,b) model, com-
paring selection for cooperation with the dispersal rates d = 0
and d = 1. To complement this, and assess the generality of our
results, we also used the parameters estimated in our experiment
to simulate the evolution of cooperation for intermediate levels of
dispersal (d = 0.1, 0.25, 0.5).

Results

DISPERSAL REGIME AND THE EVOLUTION OF
COOPERATION

We found that cooperation was favored by budding dispersal,
but not by relatively limited dispersal (Fig. 2). The proportion
of cooperators after 12 dispersal events differed significantly be-
tween the three dispersal regimes (ANOVA: F, 5 = 5.14, P =
0.020; randomization test: P = 0.018). Cooperation was equally
disfavored with relatively limited and high dispersal, which jus-
tified the collapsing of these two factor levels (stepwise deletion:
Fi5.16 = 0.56, P = 0.47). In contrast, budding dispersal favored
the evolution of cooperation—the proportion of cooperators after
12 dispersal events was significantly higher with budding disper-
sal compared to individual (relatively limited and high) dispersal
(Fig. 2; F1,16 = 9.99, P = 0.006; randomization test: P = 0.007).
In addition, the variance in the proportion of cooperators varied
significantly across dispersal regimes, with the variance across
budding dispersal replicates being significantly higher than the
variance across relatively limited and high dispersal replicates
(F-test to compare two variances: F'5 ;; = 5.26, P = 0.021).

1.0

Proportion of cooperators

0.0

DO D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12
Dispersal event

Figure 2. Dispersal regimes and the evolution of cooperation. The

proportion of cooperators (mean + SE) after 12 dispersal events

in P. aeruginosa populations with relatively limited dispersal (d =

0, bars), relatively high dispersal (d = 1, squares), and budding

dispersal (circles).
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Figure 3. The evolution of cooperation: comparing experimental
data with simulated data. Experimental data for relatively limited,
relatively high, and budding dispersal are based on six replicates
(solid lines) and simulated data are based on 10° replicates (mean
indicated by dashed line). Shaded areas indicate the range con-
taining 95% of all simulated outcomes.

Examining the relative success of cooperators and cheats in
the different dispersal regimes, there was a good fit between our
experimental data based on six replicates and the simulation data
based on 107 replicates (Fig. 3). All experimental replicates of the
limited and budding dispersal regimes, and five of the six high
dispersal replicates lay within the 95% range of all simulated out-
comes. Consistent with our experimental data our model predicts
a higher variance in the proportion of cooperators in the budding
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Figure 4. Intermediate dispersal rates and the evolution of coop-
eration. Simulated data (10° replicates) are based on fitness values
from our experiment. Solid lines indicate intermediate dispersal
rates (d = 0.1, 0.25, 0.5) between subpopulations, whereas gray
dashed lines represent the two extremes from Taylor’s (1992a,b)
dispersal parameter range: d = 0, no dispersal between subpopu-
lations, and d = 1, complete dispersal between subpopulations.

dispersal regime (variance = 0.171) than in the relatively limited
(0.008) and high (0.011) dispersal regimes. In addition, simula-
tions for intermediate levels of dispersal revealed that cooperation
was disfavored across the entire range of d-values (0 < d < 1;
Fig. 4).

DYNAMICS OF WITHIN SUBPOPULATION
RELATEDNESS

Our experimental design allowed us to examine how different
dispersal regimes influence the evolution of relatedness within
subpopulations. Relatedness is a statistical measure (regression)
of the genetic similarity of two individuals within a subpopula-
tion, relative to the population average (see Methods). The relat-
edness that matters for social evolution (the » term in Hamilton’s
rule) is that for the trait being considered and not the genome-
wide relatedness, nor the genealogical relationship between in-
dividuals (Hamilton 1964, 1975; Grafen 1985; Gardner et al.
2007). Normally, relatedness at different loci should be similar
across the genome, which is why pedigrees or molecular mark-
ers are commonly used to measure r (Queller and Goodnight
1989). An advantage of microbes is that genetic knockout mu-
tants can be generated, which allows r to be directly manipulated
at the locus of interest, whereas the rest of the genome is ini-
tially held constant (i.e., pyoverdin production in our case, West
et al. 2006). If new mutations occurred at other loci during our
experiment, the population structure imposed would lead to re-
latedness being the same at the mutated loci as at the pyoverdin
locus.
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Figure 5. Dispersal regimes and the evolution of within subpopu-
lation relatedness. Mean relatedness values (+SE) across six repli-
cates are given for relatively limited dispersal (bars), relatively high
dispersal (squares), and budding dispersal (circles). Open symbols
connected by dotted lines indicate relatedness values based on a
reduced number of replicates. This is because eight of 12 popula-
tions of the high and budding dispersal regime became fixed for
either cooperators or cheats between D6 and D12, with related-
ness being no longer defined for those populations. This leads to
underestimated relatedness values for budding dispersal due to
the populations with high relatedness being eliminated.

At the beginning of our experiments, relatedness was low
in all populations. However, after just a few dispersal events,
relatively limited and budding dispersal led to a high within-
subpopulation relatedness (Fig. 5). For example, under relatively
limited dispersal, relatedness reached an equilibrium value of
r = 1 after 11 dispersal events. In contrast, relatedness did not
increase in the relatively high dispersal regime (Fig. 5). Thus,
relatedness after the fifth dispersal event differed significantly
between the three dispersal regimes (ANOVA: F, s = 28.15,
P < 0.0001). Stepwise deletion revealed that relatedness did not
differ significantly between the relatively limited and budding
dispersal regime, which justified the collapsing of these two factor
levels (Fis5,15 = 2.41, P = 0.142). In contrast, relatedness was
significantly higher in these dispersal regimes than in the relatively
high dispersal regime (F 16 = 41.6, P < 0.0001). We analyzed
relatedness values from the fifth dispersal event because, in the
following dispersal events, eight of 12 populations from the high
and budding dispersal regime became fixed for either cooperators
or cheats. This meant that relatedness was no longer defined for
those populations, and the relatedness values for budding dispersal
would have been underestimated, due to those populations with
high relatedness being more likely to fix cooperators and hence
being eliminated from the relatedness calculations.

Examining the evolution of relatedness, there was a close
match between relatedness values from our simulations and the
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Figure 6. The evolution of relatedness: comparing experimental
data with simulated data. Experimental data for relatively limited,
relatively high, and budding dispersal are based on six replicates
(solid lines) and simulated data are based on 105 replicates (mean
indicated by dashed line). Shaded areas indicate the range con-
taining 95% of all simulated outcomes. Eight of 12 populations of
the high and budding dispersal mode became fixed for either co-
operators or cheats between D6 and D12, with relatedness being
no longer defined for those populations.

experimental values (Fig. 6). For all replicates of the relatively
limited, relatively high, and budding dispersal regimes, the ob-
served relatedness after the fifth dispersal event lay within the
95% range of all simulated outcomes.
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Discussion

Limited dispersal has two potential influences on the evolution
of cooperation and other social behaviors (Hamilton 1964, 1971,
1972, 1975; Taylor 1992a,b; Wilson et al. 1992). One effect is
that interactions will tend to occur between relatives, which fa-
vors cooperation, and the other is that competition for resources
will also tend to be among relatives, which opposes the evolution
of cooperation (reviewed by West et al. 2002b). Our experimen-
tal results provide support for Taylor’s (1992a,b) prediction that
these effects cancel out, with the individual dispersal rate hav-
ing no influence on the level of cooperation (Figs. 2 and 4). We
also provide support for the prediction that a potential solution to
this problem is if individuals disperse as groups, termed budding
dispersal (Goodnight 1992; Gardner and West 2006; Lehmann
et al. 2006). In that case, budding dispersal favors cooperation
because it allows a high relatedness to be maintained, while re-
ducing competition between relatives. Budding dispersal occurs
in arange of cooperative species from unicellular organisms to hu-
mans (Haldane 1932; Peeters and Ito 2001; Clutton-Brock 2002;
Pfeiffer and Bonhoeffer 2003; West et al. 2006; Sharp et al. 2008)
where it could help favor cooperation.

LIMITED, HIGH, AND BUDDING DISPERSAL

As predicted by theory (Taylor 1992a,b; Wilson et al. 1992), the
individual dispersal regime (relatively limited or relatively high)
had no influence on the evolution of cooperation (Fig. 2). In the
relatively limited dispersal regime (d = 0, no dispersal between
subpopulations), the three colonies used to initiate each subpop-
ulation come from the same subpopulation, leading to high re-
latedness (i.e., all subpopulations consisted of either cooperators
or cheats after a few dispersal events). However, cooperation is
predicted to be disfavored with this dispersal regime because lim-
ited dispersal also leads to competition between relatives within
subpopulations (local competition). Put another way, although
cooperative subpopulations are more productive, the benefits of
cooperation cannot be exported. In contrast, in the relatively high
dispersal regime (d = 1, complete dispersal between subpop-
ulations), there is relatively low competition between relatives
(global competition), and this means that more productive sub-
populations contribute more to future generations. However, co-
operation is disfavored in this regime because the three colonies
used to initiate each subpopulation come from different subpop-
ulations, leading to a relatively low relatedness (i.e., cooperators
and cheats were often found in the same subpopulation with cheats
successfully exploiting cooperators).

Taylor’s (1992a,b) models predicted that the dispersal rate (d)
has no influence on selection for cooperation. Although in broad
agreement, our simulation analyses, using the parameters from
our experiments, show two relatively minor differences compared
to Taylor’s model. First, the decrease in cooperator frequency is
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slightly lower with smaller d-values (Fig. 4). The reason for this
is that cooperators, although selectively disfavored, can become
established by chance in some subpopulations, and are dislodged
only after cheats have dispersed into those subpopulations. Con-
sequently, the number of dispersal events required for extinction
of cooperators increases as the dispersal rate decreases toward
zero. We could demonstrate this effect in simulations based on
1000 replicates with 96 dispersal events, where cooperation be-
came extinct in all replicates with d > 0, but with the time to
extinction increasing with smaller d-values (for d = 1 and d =
0.5 extinction after 56 dispersal events, for d = 0.25 extinction af-
ter 71 dispersal events and for d = 0.1 extinction after 78 dispersal
events). Second, with d = 0, our simulations suggest that some
cooperators will be maintained in the population (equilibrium
proportion of cooperators = 0.168). This is a result of our severe
bottlenecks, where each subpopulation is founded by only three
clones. This bottleneck allows cooperators, although selectively
disfavored, to become fixed in some subpopulations due to ran-
dom genetic drift. However, in the longer term and more natural
conditions, new cheating mutants would emerge and spread with
the effect of cooperation being also eliminated in populations with
d=0.

In contrast, cooperation is favored in the budding disper-
sal regime because it combines relatively high relatedness with
relatively low competition between relatives (Gardner and West
2006). Relatedness is high because the three colonies used to
initiate each subpopulation come from the same subpopulation.
Competition between relatives is low because each subpopulation
can contribute to more than one new subpopulation, with more
productive subpopulations making a greater contribution to the
next generation of subpopulations. There has been some disagree-
ment in the theoretical literature over the consequences of budding
dispersal—while some have suggested that it would select for co-
operation (Goodnight 1992; Gardner and West 2006; Lehmann
et al. 2006), others have suggested that it would select against it
(Pollock 1983), or that it is not clear what should happen (Haldane
1932). Our experimental results provide clear empirical support
for the prediction that budding dispersal favors cooperation. It
should be noted that exactly the same predictions for the different
dispersal regimes can be made from a kin or group selection per-
spective, as they are mathematically equivalent (Hamilton 1975;
Grafen 1984; Wade 1985; Frank 1986; Queller 1992b; Gardner
et al. 2007; Lehmann et al. 2007a; West et al. 2007b, 2008). We
have used a kin selection approach because we find this easier
to link to empirical parameters such as genetic relatedness, and
because this is the approach that has been taken by the majority
of theoretical work in this area (West et al. 2008).

How does our experiment relate to previous empirical work?
Griffin et al.’s (2004) experiment manipulated relatedness and the
amount of local competition between relatives independently, and
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so although it showed that they both influenced selection for co-
operation, it did not examine how their relative importance varied
with the dispersal rate (see also Giron et al. 2004). Specifically,
Griffin et al. (2004) kept dispersal high in all treatments by pool-
ing subpopulations before composing the next generation. This
was done to disentangle the effects of competition and dispersal,
but precluded a direct test of Taylor’s model. West et al.’s (2001)
comparative study on fig wasps showed that, in the extreme case
of completely local competition, relatedness had no influence on
the level of fighting between males. Experimental studies have
shown that lower dispersal rates favored lower parasite virulence
(Kerr et al. 2006; Boots and Mealor 2007). Virulence can be
thought of as a social trait, with lower virulence a form of coop-
erative self-constraint, to share resources more prudently (Herre
1993; Frank 1996, 1998). Consequently, the optimal level of vir-
ulence is predicted to be influenced by the dispersal rate (Boots
and Sasaki 1999), although it remains unclear why the effects
of relatedness and competition in Kerr et al. (2006) and Boots
and Mealor (2007) did not cancel out, as in Taylor’s (1992a,b)
models. Limited dispersal has been shown to favor the produc-
tion of antibiotic bacteriocins in bacteria (Chao and Levin 1981).
A clearer prediction can be made in this case, as kin discrimi-
nation is also involved, and bacteriocin production is a spiteful
behavior, and so favored rather than disfavored by local com-
petition (Gardner and West 2004; Gardner et al. 2004). Finally,
Wade (1976, 1977, 1982) and Wade and McCauley (1980) carried
out a number of experiments on group selection using Tribolium
beetles. Their aim was to examine how the pattern of dispersal
influenced the rate at which populations responded to artificial
selection on population size. Consequently, their experiments did
not test how the pattern of dispersal influenced the relative suc-
cess of cooperators and cheats, and hence the predictions made
by Taylor’s (1992a,b) model and its budding extension (Gardner
et al. 2006). However, some of the dispersal patterns examined
are very similar—for example, Wade’s (1976) and Wade’s and
McCauley’s (1982) treatments A and C are analogous to our bud-
ding and relatively limited dispersal regimes. It is noteworthy that
almost all of the papers discussed above are laboratory experi-
ments. Determining the importance of different dispersal regimes
for the evolution of cooperation in natural populations will be the
major task in the future (West et al. 2002b).

THE EVOLUTION OF RELATEDNESS AND THE
DYNAMICS OF COOPERATION

Our experimental study allowed us to examine the short-term evo-
lutionary dynamics of relatedness, and the resultant selection for
or against cooperation. Previous theory in this area has examined
the evolutionary end point, and not the evolutionary dynamics—
i.e., models have examined when cooperation is favored, and
not how it gets there (Taylor 1992a,b; Gardner and West 2006;

Lehmann et al. 2006). To determine how well the dynamics of our
experimental results fit predictions, we extended the population
genetic model of Gardner and West (2006) to predict the dynam-
ics when starting with a mixture of cooperators and cheaters and
using the fitness parameters from our experiment. We found a
close match between the predicted values of our model and our
experimental data (Figs. 3 and 6). Specifically, our model pre-
dicts an increase in the proportion of cooperators over time with
budding dispersal, but a decrease with relatively limited and high
dispersal (Fig. 3).

Our model can also explain why the budding dispersal regime
shows an initial decrease in the proportion of cooperators (Fig. 2),
as well as a high variation in overall cooperator success (Fig. 3C).
In the budding dispersal regime, relatedness is initially low and
therefore the proportion of cooperators is predicted to decline due
to cheaters exploiting cooperators in mixed populations. How-
ever, relatedness increases over time as stochastic sampling ef-
fects lead to the formation of subpopulations that consist entirely
of cooperators or cheats, which allows cooperators to spread. The
high variance in cooperator success is due to the possibility that
cooperation is driven to such a low frequency during the initial
low-relatedness phase that it is lost from the population altogether,
before it could be selected to go to fixation in the high related-
ness phase. We would predict that such stochastic effects would
become weaker with a larger number of subpopulations, as would
be expected to occur in nature.

ACKNOWLEDGMENTS

‘We thank H. Kokko and two anonymous reviewers for valuable comments
on the manuscript; G. Ballantyne for help in the laboratory; and A. Ross-
Gillespie, N. Jiricny, and P. Taylor for discussion. This work was funded
by the Royal Society, The Leverhulme Trust, the Swiss National Science
Foundation and a Marie Curie Intra-European Fellowship.

LITERATURE CITED

Alizon, S., and P. Taylor. 2008. Empty sites can promote altruistic behavior.
Evolution 62:1335-1344.

Benjamini, Y., and Y. Hochberg. 1995. Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J. R. Stat. Soc. A.
57:289-300.

Bever, J. D., and E. L. Simms. 2000. Evolution of nitrogen fixation in spatially
structured populations of Rhizobium. Heredity 85:366-372.

Boots, M., and A. Sasaki. 1999. ‘Small worlds’ and the evolution of viru-
lence: infection occurs locally and at a distance. Proc. R. Soc. Lond. B
266:1933-1938.

Boots, M., and M. Mealor. 2007. Local interactions select for lower pathogen
infectivity. Science 315:1284-1286.

Bourke, A. F. G., and N. R. Franks. 1995. Social evolution in ants. Princeton
Univ. Press, Princeton, NJ.

Bradley, B.J.,D. M. Doran-Sheehy, and L. Vigilant. 2007. Potential for female
kin associations in wild western gorillas despite female dispersal. Proc.
R. Soc. Lond. B 274:2179-2185.

Budzikiewicz, H. 2001. Siderophores of the human pathogenic fluorescent
Pseudomonads. Curr. Top. Med. Chem. 1:1-6.

EVOLUTION APRIL 2009 947



ROLF KUMMERLI ET AL.

Clutton-Brock, T. H. 2002. Breeding together: kin selection and mutualism in
cooperative vertebrates. Science 296:69-72.

Cornelis, P., and S. Matthijs. 2002. Diversity of siderophore-mediated iron
uptake systems in fluorescent pseudomonads: not only pyoverdines.
Environ. Microbiol. 4:787-798.

Crawley, M. J. 2002. Statistical computing: an introduction to data analysis
using S-Plus. John Wiley & Sons Ltd., West Sussex, UK.

Crespi, B. J. 2001. The evolution of social behavior in microorganisms. Trends
Ecol. Evol. 16:178-183.

Doebeli, M., and N. Knowlton. 1998. The evolution of interspecific mutu-
alisms. Proc. Natl. Acad. Sci. USA 95:8676-8680.

Frank, S. A. 1986. Hierarchical selection theory and sex ratios: 1. general
solutions for structured populations. Theor. Popul. Biol. 29:312-342.

. 1996. Models of parasite virulence. Q. Rev. Biol. 71:37-79.

. 1998. Foundations of social evolution. Princeton Univ. Press, Prince-

ton, NJ.

. 2003. Perspective: repression of competition and the evolution of
cooperation. Evolution 57:693-705.

Gardner, A., and S. A. West. 2004. Spite and the scale of competition. J. Evol.
Biol. 17:1195-1203.

. 2006. Demography, altruism, and the benefits of budding. J. Evol.
Biol. 19:1707-1716.

Gardner, A., S. A. West, and A. Buckling. 2004. Bacteriocins, spite and
virulence. Proc. R. Soc. Lond. B 271:1529-1535.

Gardner, A., S. A. West, and N. H. Barton. 2007. The relation between multilo-
cus population genetics and social evolution theory. Am. Nat. 169:207—
226.

Giron, D., D. W. Dunn, I. C. W. Hardy, and M. R. Strand. 2004. Aggression
by polyembryonic wasp soldiers correlates with kinship but not resource
competition. Nature 430:676-679.

Goodnight, K. F. 1992. The effect of stochastic variation on kin selection in a
budding-viscous population. Am. Nat. 140:1028-1040.

Grafen, A. 1984. Natural selection, kin selection and group selection. Pp.
62-84 in J. R. Krebs and N. B. Davies, eds. Behavioural ecology: an
evolutionary approach. Blackwell Scientific Publications, Oxford, UK.

. 1985. A geometric view of relatedness. Oxf. Surv. Evol. Biol. 2:28-

90.

. 2007a. Detecting kin selection at work using inclusive fitness. Proc.

R. Soc. Lond. B 274:713-719.

.2007b. An inclusive fitness analysis of altruism on a cyclical network.
J. Evol. Biol. 20:2278-2283.

Grafen, A., and M. Archetti. 2008. Natural selection of altruism in inelastic
viscous homogeneous populations. J. Theor. Biol. 252:694-710.

Griffin, A. S., and S. A. West. 2002. Kin selection: fact and fiction. Trends
Ecol. Evol. 17:15-21.

Griffin, A., S. A. West, and A. Buckling. 2004. Cooperation and competition
in pathogenic bacteria. Nature 430:1024-1027.

Guerinot, M. L. 1994. Microbial iron transport. Annu. Rev. Microbiol. 48:743—
772.

Haldane, J. B. S. 1932. The causes of evolution. Princeton Science Library,

Princeton, NJ.
Hamilton, W. D. 1963. The evolution of altruistic behavior. Am. Nat. 97:354—
356.
. 1964. The genetical evolution of social behaviour. J. Theor. Biol.
7:1-52.
. 1971. Selection of selfish and altruistic behaviour in some extreme
models. Pp. 57-91 in J. F. Eisenberg and W. S. Dillon, eds. Man and
beast: comparative social behaviour. Smithsonian Press, Washington,
DC.
. 1972. Altruism and related phenomena, mainly in social insects.
Annu. Rev. Ecol. Syst. 3:193-232.

948 EVOLUTION APRIL 2009

. 1975. Innate social aptitudes of man: an approach from evolutionary
genetics. Pp. 133-153 in R. Fox, ed. Biosocial anthropology. Malaby
Press, London.

. 1996. Narrow roads of geneland volume i: evolution of social be-
haviour. Freeman, New York.

Harrison, F.,, L. E. Browning, M. Vos, and A. Buckling. 2006. Cooperation
and virulence in acute Pseudomonas aeruginosa infections. BMC Biol.
4:21.

Hauert, C., and M. Doebeli. 2004. Spatial structure often inhibits the evolution
of cooperation in the snowdrift game. Nature 428:643—646.

Herre, E. A. 1993. Population structure and the evolution of virulence in
nematode parasites of fig wasps. Science 259:1442-1445.

Hohnadel, D., D. Haas, and J. M. Meyer. 1986. Mapping of mutations affecting
pyoverdine production in Pseudomonas aeruginosa. FEMS Microbiol.
Lett. 36:195-199.

Johnstone, R. A., and M. A. Cant. 2008. Sex-differences in dispersal and the
evolution of helping and harming. Am. Nat. 172:318-330.

Kelly, J. K. 1992. Restricted migration and the evolution of altruism. Evolution
46:1492-1495.

. 1994. The effect of scale dependent processes on kin selection: mating
and density regulation. Theor. Popul. Biol. 46:32-57.

Kerr, B., C. Neuhauser, B. J. M. Bohannan, and A. M. Dean. 2006. Local
migration promotes competitive restraint in a host-pathogen “tragedy of
the commons.” Nature 442:75-78.

Killingback, T., J. Bieri, and T. Flatt. 2006. Evolution in group-structured
populations can resolve the tragedy of the commons. Proc. R. Soc.
Lond. B 273:1477-1481.

Le Galliard, J.-F., R. Ferriere, and U. Dieckmann. 2003. The adaptive dy-
namics of altruism in spatially heterogeneous populations. Evolution
57:1-17.

Lehmann, L. 2007. The evolution of trans-generational altruism: kin selection

meets niche construction. J. Evol. Biol. 20:181-189.

Lehmann, L., and L. Keller. 2006. The evolution of cooperation and altruism—
a general framework and a classification of models. J. Evol. Biol.
19:1365-1376.

Lehmann, L., N. Perrin, and F. Rousset. 2006. Population demography and
the evolution of helping behaviors. Evolution 60:1137-1151.

Lehmann, L., L. Keller, and D. J. T. Sumpter. 2007a. Inclusive fitness explains
the evolution of helping and harming behaviors on graphs. J. Evol. Biol.
20:2284-2295.

Lehmann, L., L. Keller, S. A. West, and D. Roze. 2007b. Group selection and
kin selection: two concepts but one process. Proc. Natl. Acad. Sci. USA
104:6736-6739.

Lion, S., and M. van Baalen. 2008. Self-structuring in spatial evolutionary
ecology. Ecol. Lett. 11:227-295.

Maynard Smith, J., and E. Szathmary. 1995. The major transitions in evolution.
Freeman, Oxford.

Metheny, J. D., M. C. Kalcounis-Rueppell, K. J. Bondo, and R. M. Brigham.
2008. A genetic analysis of group movement in an isolated population
of tree-roosting bats. Proc. R. Soc. Lond. B 275:2265-2272.

Meyer, J.-M., A. Neely, A. Stintzi, C. Georges, and 1. A. Holder. 1996.
Pyoverdin is essential for viruence of Pseudomonas aeruginosa. Infect.
Immun. 64:518-523.

Michod, R. E. 1997. Cooperation and conflict in the evolution of individuality.
I. Multilevel selection of the organism. Am. Nat. 149:607-645.

Michod, R. E., and D. Roze. 2001. Cooperation and conflict in the evolution
of multicellularity. Heredity 86:1-7.

Miethke, M., and M. A. Marahiel. 2007. Siderophore-based iron acquisition
and pathogen control. Microbiol. Mol. Biol. Rev. 71:413-451.

Mitteldorf, J., and D. S. Wilson. 2000. Population viscosity and the evolution
of altruism. J. Theor. Biol. 204:481-496.



DISPERSAL AND THE EVOLUTION OF COOPERATION

Murray, M. G., and R. Gerrard. 1984. Conflict in the neighbourhood: models
where close relatives are in direct competition. J. Theor. Biol. 111:237—
246.

Nowak, M. A., and R. M. May. 1992. Evolutionary games and spatial chaos.
Nature 359:826-829.

Nowak, M. A., S. Bonhoeffer, and R. M. May. 1994. Spatial games and the
maintenance of cooperation. Proc. Natl. Acad. Sci. USA 91:4877-4881.

Ohtsuki, H., C. Hauert, E. Lieberman, and M. A. Nowak. 2006. A simple rule
for the evolution of cooperation on graphs and social networks. Nature
441:502-505.

Peeters, C., and F. Ito. 2001. Colony dispersal and the evolution of queen
morphology in social hymenoptera. Annu. Rev. Entomol. 46:601-630.

Pfeiffer, T., and S. Bonhoeffer. 2003. An evolutionary scenario for the tran-
sition to undifferential multicellularity. Proc. Natl. Acad. Sci. USA
100:1095-1098.

Pfeiffer, T., S. Schuster, and S. Bonhoeffer. 2001. Cooperation and competition
in the evolution of ATP-producing pathways. Science 292:504-507.

Pollock, G. B. 1983. Population viscosity and kin selection. Am. Nat. 122:817—
829.

Queller, D. C. 1992a. Does population viscosity promote kin selection. Trends
Ecol. Evol. 7:322-324.

. 1992b. Quantitative genetics, inclusive fitness, and group selection.

Am. Nat. 139:540-558.

. 1994. Genetic relatedness in viscous populations. Evol. Ecol. 8:70-
73.

Queller, D. C., and K. F. Goodnight. 1989. Estimating relatedness using
genetic markers. Evolution 43:258-275.

Ratledge, C., and L. G. Dover. 2000. Iron metabolism in pathogenic bacteria.
Annu. Rev. Microbiol. 54:881-941.

Rella, M., A. Mercenier, and D. Haas. 1985. Transposon insertion mutagenesis

of Pseudomonas aeruginosa with tn5 derivative: application to physical
mapping of the arc gene cluster. Gene 33:293-303.

Ross-Gillespie, A., A. Gardner, S. A. West, and A. S. Griffin. 2007. Frequency
dependence and cooperation: theory and a test with bacteria. Am. Nat.
170:331-342.

Rousset, F. 2004. Genetic structure and selection in subdivided populations.
Princeton Univ. Press, Princeton, New York.

Schlabach, M. R., and G. W. Bates. 1975. The synergistic binding of anions
and Fe3+ by transferrin. J. Biol. Chem. 250:2182-2188.

Sharp, S. P., M. Simeoni, and B. J. Hatchwell. 2008. Dispersal of sibling coali-
tions promotes helping among immigrants in a cooperatively breeding
bird. Proc. R. Soc. Lond. B 275:2125-2130.

Shaw, C. M., and A. Gardner. 2008. Nice natives and mean migrants: the evo-
lution of dispersal-dependent social behaviour in viscous populations. J.
Evol. Biol. 21:1480-1491.

Taylor, P. D. 1992a. Altruism in viscous populations—an inclusive fitness
model. Evol. Ecol. 6:352-356.

. 1992b. Inclusive fitness in a homogeneous environment. Proc. R.
Soc. Lond. B 249:299-302.

Taylor, P. D., and A. J. Irwin. 2000. Overlapping generations can promote
altruistic behavior. Evolution 54:1135-1141.

Taylor, P. D., T. Day, and G. Wild. 2007. Evolution of cooperation in a finite
homogeneous graph. Nature 447:469—472.

Traulsen, A., and M. A. Nowak. 2006. Evolution of cooperation by multilevel
selection. Proc. Natl. Acad. Sci. USA 103:10952-10955.

van Baalen, M., and D. A. Rand. 1998. The unit of selection in viscous
populations and the evolution of altruism. J. Theor. Biol. 193:631-
648.

Visca, P, F. Imperi, and I. L. Lamont. 2007. Pyoverdine siderophores: from
biogenesis to biosignificance. Trends Microbiol. 15:22-30.

Wade, M. J. 1976. Group selection among laboratory populations of Tribolium.
Proc. Natl. Acad. Sci. USA 73:4604-4607.

. 1977. An experimental study of group selection. Evolution 31:134—

153.

. 1982. Group selection: migration and the differentiation of small

populations. Evolution 35:949-961.

. 1985. Soft selection, hard selection, kin selection, and group selection.
Am. Nat. 125:61-73.

Wade, M. J., and D. E. McCauley. 1980. The phenotypic and genotypic
differentiation of small populations. Evolution 34:799-812.

West, S. A., E. T. Kiers, E. L. Simms, and R. F. Denison. 2002a. Sanctions and
mutualism stability: why do thizobia fix nitrogen? Proc. R. Soc. Lond.
B 269:685-694.

West, S. A., I. Pen, and A. S. Griffin. 2002b. Cooperation and competition
between relatives. Science 296:72-75.

West, S. A., A. S. Griffin, A. Gardner, and S. P. Diggle. 2006. Social evolution
theory for microorganisms. Nat. Rev. Microbiol. 4:597-607.

West, S. A., A. S. Griffin, and A. Gardner. 2007a. Evolutionary explanations
for cooperation. Curr. Biol. 17:R661-R672.

. 2007b. Social semantics: altruism, cooperation, mutualism, strong

reciprocity and group selection. J. Evol. Biol. 20:415-432.

.2008. Social semantics: how useful has group selection been? J. Evol.
Biol. 21:374-385.

Williams, D. A., and K. N. Rabenold. 2005. Male-biased dispersal, female
philopatry, and routes to fitness in a social corvid. J. Anim. Ecol. 74:150—
159.

Wilson, D. S., G. B. Pollock, and L. A. Dugatkin. 1992. Can altruism evolve
in purely viscous populations? Evol. Ecol. 6:331-341.

Associate Editor: H. Kokko

EVOLUTION APRIL 2009 949



