J. theor. Biol. (2000) 206, 355-368
doi:10.1006/jtbi.2000.2132, available online at http:/www.idealibrary.com on ||][§|,®

Relatedness in Trait Group Models of Social Evolution
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Genetic relatedness is a central concept in the study of social evolution. Though originally
defined in terms of genealogy, the modern version of relatedness accommodates genetic
similarity of any origin. This paper examines relatedness in group structured modes, in which
a trait affects the fitness of all group members. Such traits can be divided into two types, based
on whether their group fitness effects encompass all group members including the actor
(“whole-group traits”), or only group members other than the actor (“other-only traits”). Both
trait types are common in nature as well as in theoretical models, but they have rarely been
distinguished clearly. The average relatedness of recipients to actors differs for the two trait
types within the same population and even the same individual, leading to different selection
pressures and evolutionary outcomes. Total relatedness in group-structured models can be
partitioned into two components: structural relatedness due to the size and number of groups
in the population, and assortative relatedness due to the distribution of genotypes among
groups. Each component differs for whole-group vs. other-only traits, both in terms of their
values and the factors that influence them. Some key differences include: positive relatedness
requires positive assortment for other-only but not for whole-group traits; negative relatedness
is possible for other-only but not whole-group traits; relatedness depends on average group
size for whole-group but not other-only traits, and non-random assortment into groups affects
relatedness more strongly for other-only than whole-group traits. Recognizing the distinction
between these trait types resolves some apparent contradictions in the literature, and clarifies
the limits of some previous results.
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Introduction

The phrase “social evolution” refers to situations
in which an individual’s genotype affects the fit-
ness of other individuals as well as itself. A classic
example is an altruistic trait, which confers a cost
on the actor and a benefit to other individuals.
One very general tool for studying social evolu-
tion is the concept of inclusive fitness. This ap-
proach partitions fitness effects into two compo-
nents: one affecting only the actor and the other
affecting other individuals, with the second
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component weighted by relatedness to the actor.
A social trait is selectively favored when it satis-
fies Hamilton’s rule: rb — ¢ > 0, where b is the
fitness effect on recipients of the act, — ¢ is the
fitness effect on the actor, and r is the relatedness
of the recipients to actor (Hamilton, 1964). The
sign of r indicates what kind of social effects are
selected for (beneficial when r is positive, detri-
mental when r is negative), and its magnitude
indicates how important social effects are in
determining what evolves.

The concept of relatedness has itself evolved
over the years. It was originally conceived as the
expected proportion of genes identical between
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two individuals due to recent common descent,
as calculated from a pedigree (Hamilton, 1964).
Later, Hamilton (1970, 1972) redefined related-
ness in a more general way as a statistical
measure of genetic similarity regardless of its
source. The coefficient of relatedness () was
redefined as the regression slope of recipient
genotype on actor genotype. Here a “recipient” is
any individual whose fitness is affected by the
social effects of the trait, and “genotype” is de-
fined either as the frequency of a given allele (as in
population genetics), or as the “breeding value”
of a phenotypic trait (as in quantitative genetics).
Instead of recent common descent, this coefficient
measures the extent to which actors are either
more similar to recipients than to average mem-
bers of the population (positive r), or less similar
(negative ).

The two concepts of relatedness are sometimes
distinguished by using the terms “relationship” to
denote the original narrower notion of common
ancestry, and “relatedness” to denote statistical
similarity regardless of its source (Grafen, 1985,
p. 41). Under certain simplifying assumptions the
two definitions coincide, but when they do not it
is the modern statistical definition rather than the
original genealogical version that makes inclus-
ive fitness theory work (Hamilton, 1975; Grafen,
1991). In this paper, the term “relatedness” will
mean genetic similarity as measured by the
regression coefficient.

This paper addresses relatedness in the context
of subdivided or group-structured populations.
In particular, it compares two kinds of social
traits that have each been modeled many times,
but are rarely distinguished. These two trait types
differ in terms of the factors that influence re-
latedness, the values that relatedness can take,
and the kinds of social effects that can evolve, and
failing to distinguish between them has led to
confusion in the past.

Relatedness in Group-structured Models

Relatedness was originally framed in terms of
interactions between specific individuals, but it
has been extended by Hamilton (1975) and others
to contexts in which a population is divided into
groups, and the trait in question affects the fitness
of all members of the actor’s group. Because these

models define group membership in terms of the
fitness effects of a particular trait, they are often
referred to as “trait group” models (Wilson,
1975). For simplicity, it is generally assumed that
all recipients receive an equal share in the
trait’s “social” fitness effects. Whether a trait
with a given individual cost and total group
benefit is positively selected depends on the
average relatedness of recipients to actors.
Hereafter, the term “relatedness” will be used as
shorthand for average relatedness of recipients to
actors.

Depending on the nature of the trait in ques-
tion, the recipients of the group fitness effect may
or may not include the actor itself. In other
words, a given trait may provide a benefit to all
group members except the actor, or to all group
members including the actor. I will refer to these
two types as “other-only” and “whole-group”
traits, respectively. Both situations are frequently
encountered in nature (Table 1) and both have
been treated many times in theoretical models
(Table 2). The distinction between whole-group
and other-only traits is rarely noted, but it has
important implications both for how relatedness
is calculated, and for how it is influenced by
various factors.

Calculating Relatedness

The earliest models of group-structured
populations were whole-group models (Table 2).
However, Hamilton developed the regression
coefficient of relatedness in the context of other-
only traits (Hamilton, 1964), and continued to
use other-only traits in his models of group-
structured populations (Hamilton, 1975). Some
later formulations of relatedness were also
first applied to other-only traits (here termed
“Covariance ratios”; Table 3). At least two for-
mulas for the relatedness coefficient were
developed in the context of whole-group traits:
the “Proportion of variance” formula, and the
“Subjective difference” formula for single-locus
two-allele haploid systems (Table 3).

Each of these formulas was originally de-
veloped in the context of one of the two trait
types, but most can be applied to either trait
type simply by defining recipients appropriately.
The exception is the “Proportion of variance”
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TABLE 1

Proposed empirical examples of traits with other-only and whole-group fitness effects

Trait Reference
Whole-group traits
Predator inspection in fish Dugatkin (1990)

Quorum sensing in bacteria
Virus “cheater” strains*
Improvement in food supply
Prudent predation
Parasite avirulence
Group provisioning
Bacterial exoenzymes
Social alliances and coalitions
Dolphins
Lions
Primates
Social engineering
Policing
Punishment
Within-individual conflict*}
“Petite” mitochondria
Cytoplasmic sex determinants
Segregation distorters
Transposons

Other-only traits
Cannibalism*
Infanticide*
Alarm calling
Food calling
Food sharing
Reduced lifespan
Sterility

Eusocial colonies

Cell differentiation in metazoans
Bacterial fruiting body production

Suicidal aid
Brain worm
Honeybee sting
Distastefulness to predators
Apoptosis in yeast
Bacterial anticompetitor toxins

Brookfield (1998)
Turner & Chao (1999)

Gilpin (1975), Hemptinne & Dixon (1997)
Frank (1996a), Miralles et al. (1997)
Rissing et al. (1989)

Jones et al. (1993)

Connor et al. (1992)
Packer & Pusey (1982)
Bradley (1999)

Frank (1995b. 1996b)

Boyd & Richerson (1992), Clutton-Brock & Parker (1995)
Hurst et al. (1996)

Albert et al. (1996)

Hurst (1993)

van Boven & Weissing (1999)

Zeyl & Bell (1996)

McCauley & Wade (1980)

Breden & Hausfater (1990)

Sherman (1977), Hoogland (1983)
Wilson (1977a), Evans & Marler (1994)
Wilkinson (1984)

Kirchner & Roy (1999)

Bourke & Franks (1995), Seeley (1995)
Buss (1987)
Vellicer et al. (2000)

Wilson (1997b)

Seeley (1995)

Hamilton (1964), Edmunds (1974)

Frohlich & Madeo (2000)

Chao & Levin (1981), Riley & Gordon (1992)

* Here the label refers to the selfish rather than the cooperative form of the trait.
+ Here the entities analogous to individuals are subunits of the organism, and the organism plays the role of

a group.

formula, which applies only to whole-group traits.
The other formulas in Table 3 can be rewritten in
a general form by replacing either Gy (average
genotype of all group members including actor)
or Gy (average genotype of other group mem-
bers) with the more general notation Gy (average
genotype of recipients). To apply the generalized
formula correctly one must use the appropriate
definition of G for the trait at hand; either G, for
other-only or Gy for whole-group traits.

The relationship between G, and Gy depends
on actor genotype and group size. For whole-
group traits, the average genotype of recipients
includes the contribution of both self and others,
weighted by their relative frequency among re-
cipients. For an actor in a group of size n, self
makes up 1/n of the total set of recipients, with
others making up the remaining (n — 1)/n. Thus,
for whole-group traits the average genotype of
recipients can be represented as the weighted
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TABLE 2
A chronological list of some inclusive fitness models of group-structured popula-
tions based on whole-group and other-only traits

Whole-group
trait

Reference

Both
trait types

Other-only
trait

Haldane (1932)

Wright (1945)

Williams & Williams (1957)
Hamilton (1964)

Wright (1969; p. 127)
Hamilton (1970)

Eshel (1972)

Boorman & Levitt (1973)
Levin & Kilmer (1974)
Charnov & Krebs (1975)
Hamilton (1975)

Wilson (1975)

Cohen & Eshel (1976)
Matessi & Jayakar (1976)
Wilson (1977a)

Bell (1978)

Wilson (1979a)

Wilson (1980)

Grafen (1984)

Nunney (1985)

Breden (1990)

Wilson (1990)

Taylor (1992)

Wilson et al. (1992)
Frank (1996b)

Taylor & Frank (1996)
Frank (1997)

Michod (1997)

Wilson & Dugatkin (1997)
Day & Taylor (1998)
Pepper & Smuts (2000)

FKX R X XXX
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average of the genotypes of self and others:

Gy +(n—1)Gy
_ ) ,

Gy (1)

Because the average genotype of recipients
differs for whole-group vs. other-only traits, re-
latedness differs for the two trait types within the
same population, and even within the same indi-
vidual. For whole-group traits the average re-
latedness of recipients to actor is an average over
self and others, weighted by the frequency of each
among the recipients. Relatedness to self is al-
ways 1, and we can let r° denote the average
relatedness of other group members to the actor.
Then for other-only traits, average relatedness of
recipients to actors is simply r°. For whole-group

traits in a population with uniform group size n,
it is

1+mn—1r
B —

r =

2)

When group sizes vary, the relationship between
" and r° is complicated by the distribution of
genotypes among groups of varying size, as de-
scribed below (Fig. 3). However, relatedness is
always at least as high for whole-group as for
other-only traits of the same individual. Rear-
ranging eqn (2) shows that under uniform group
size relatedness is greater for whole-group than
other-only traits by (1 — r°)/n, which is non-zero
when r° < 1, or whenever there is genetic vari-
ation within groups.
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TABLE 3
Some formulations for the relatedness coefficient

Description Formula References
Regression coefficient B(Go, Gy) Hamilton (1972)
C()U(GA, Go)
or —
Var(GA)
C i tio 4 Cov(Gy, P
ovarianee ratio CovlGa, Fo) Orlove & Wood (1978), Queller (1985)
Cov(Gy, Py)
Cov(Py, G, . .
Covariance ratio B M Michod & Hamilton (1980), Seger (1981), Queller (1985)
Couv(Gy, Py)
Var(G
Proportion of variance ar(Gy) Breden (1990), Frank (1995a, 1997)
Var(Gy)

Subjective difference Ave, (Gy) — Ave,(Gw)

Wilson (1977a), Wilson et al. (1992), Kelly (1992), Taylor (1992)

Abbrev: G4 = genotype of actor (defined as either allele frequency or breeding value); Gy = average genotype of actor’s
whole group; Gy = average genotype of other group members excluding actor; Py = phenotype of actor; P, = average
phenotype of other group members excluding actor; f = regression coefficient; Cov = covariance; Var = variance;
Ave, = average across all type x actors; Ave, = average across all type y actors.

The relationship between whole-group and
other-only relatedness can be used to derive
a modified “Proportion of variance” formula
(Table 3) for other-only traits. If we assume
uniform group size, we can substitute the
“Proportion of variance” formula for r" into
eqn (2) and rearrange, yielding

o n *Var(GW) B 1
d _<n—1 Var(GA)> n—1 3)

If group size varies, however, there is no fixed
relationship between the ratio of variances and
other-only relatedness. (See Fig. 3 for an example
in which the variance ratio changes while other-
only relatedness remains constant.)

Population Structure as a Source of Relatedness

Relatedness in group-structured models can be
influenced by many processes, including patterns
of group formation and extinction, migration be-
tween groups, reproduction, offspring dispersal,
and death. However, the resulting pattern of re-
latedness that exists at any given time can be
decomposed into just two components. The first
is population structure, defined as population

size and group sizes. The second is the pattern of
assortment, or how genotypes are distributed
among groups. It is useful to partition the coeffi-
cient of relatedness into a sum of two values
corresponding to these components. Relatedness
due to population structure is “structural related-
ness”, or ry= E(r), defined as the expected
relatedness of recipients to actors for a given
population structure under the assumption that
individuals assort into groups randomly with
respect to genotype.

CALCULATING STRUCTURAL RELATEDNESS

To calculate structural relatedness one needs
to know expected relatedness to both self and
other group members, and the frequency of self
vs. others among recipients. Relatedness to self is
always one. Relatedness of the rest of the global
population to an actor is —1/(N — 1), where
N = global population size (Hamilton, 1971; for
derivation see Appendix A). Under random as-
sortment, other group members are a random
sample of global population minus the actor, so
that expected relatedness to other group mem-
bers equals relatedness to the rest of the global
population. Thus, structural relatedness for
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other-only traits is

=7 ()

To find structural relatedness for whole-group
traits we can substitute eqn (4) into eqn (2) and
average across group sizes. The result can be
expressed in terms of either average group size or
number of groups:

N—n g—1

N EAN—D) N=T )

where N is the global population size, i the
average group size, and g the number of groups
in the global population (for derivation see
Appendix B).

Comparing eqns (4) and (5) shows that within
the same population, structural relatedness is
greater for whole-group than other-only traits by
g/(N — 1). Thus, relatedness is expected to differ
most for the two trait types when groups are
small (Fig. 2). Note that structural relatedness is
completely determined by population size and
average group size, and is unaffected by allele
frequency or variance in group size.

EFFECTS OF GROUP SIZE

Equations (4) and (5) show that group size
affects relatedness for whole-group but not other-
only traits. For example, in an infinite population
structural relatedness is zero for other-only traits
but is 1/ for whole-group traits (Fig. 1; Appen-
dix B). This is because the relative contribution of
actors to the average recipient genotype is always
zero for other-only traits, but varies with group
size for whole-group traits, making up 1/n of
other group genotype, where n is the group size.
As group size falls the influence of actor’s geno-
type on average recipient genotype increases, and
therefore so does the expected relatedness of
recipients to actors.

EFFECTS OF POPULATION SIZE

Population size affects relatedness for both
trait types, but in slightly different ways. In an
infinite population relatedness to the rest of
the population is zero. Under random assort-
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F1G. 1. Effects of group size on structural relatedness (r;)
in infinite populations. For other-only traits r; =0, (----);
and for whole-group traits r, = 1/in (——).

ment, other group members are a random sample
of the global population, so that expected re-
latedness to the rest of the group is also zero.
(That is, the actor is no more or less similar to
other group members than to an average member
of the global population.) In contrast, in a finite
population the average genotype of the rest of the
population depends on the actor’s genotype. Any
deviation of actor’s genotype from the global
average Gy is offset by a deviation with the
opposite sign by the rest of the population. In
other words, the sign of G, — Gy is opposite that
of Go — Gy. This is illustrated by rearranging

eqn (1):
(G4 — Gw) = — (Go — Gy)(n — 1). (6)

If we think of the global population as a single
group, eqn (6) shows that actor genotype is nega-
tively correlated with the average genotype of the
rest of the global population, so that relatedness
is negative. Thus, under random assortment, ex-
pected relatedness to the rest of the group is also
negative.

Population size affects relatedness more
strongly for other-only than for whole-group
traits in the same population. This is because
others make up a larger proportion of recipients
for other-only than for whole-group traits (1 vs.
(n — 1)/n). The effect of population size on whole-
group traits diminishes as groups get smaller,
vanishing at n =1 because the frequency of
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FIG. 2. Effect of population size on structural relatedness
for whole-group traits (——) and other-only traits (- - - -) for
various average group sizes (n). For equations see eqns (4)
and (5). The extreme left end of each line, although included
for completeness, does not actually correspond to a popula-
tion divided into multiple groups in which the trait can be
expressed. (Note that solitary individuals are treated differ-
ently for the two trait types. For the whole-group traits the
actor is the only recipient, so that relatedness is 1. For
other-only traits there is no recipient and relatedness is
undefined. Thus, for other-only traits, the effective N
for calculating relatedness is the number of non-solitary
individuals.)

others among recipients decreases to zero as
group size decreases to one (Fig. 2).

Population size has little effect on relatedness
unless populations are quite small, i.e. well under
100 individuals (Fig. 2). This condition is unlike-
ly to be met when populations include an entire
species or deme. However, for Hamilton’s rule to
apply correctly under local competition, related-
ness must be calculated relative to the local
competitive neighborhood rather than the entire
interbreeding population (Queller, 1994). In such
cases, the relevant population size may be small
enough to affect the outcome.

Assortment as a Source of Relatedness

Relatedness in group-structured populations
depends not only on the size and number of
groups, but also on how individuals are distrib-
uted among those groups—specifically whether
they are distributed randomly with respect to
genotype. When genetically similar individuals
tend to be in the same groups the population is
said to exhibit positive assortment, and when

dissimilar individuals tend to be together more
often than expected, the population is said to
exhibit negative assortment. [ Equivalent terms
include “assortation” and “dissortation” (Hamil-
ton, 1971, 1975), and “underdispersion” and
“overdispersion” (Bell, 1978)].

MEASURING ASSORTMENT

To measure assortment, Hamilton (1975)
assumed other-only fitness effects and infinite
population size, and defined assortment as the
regression of recipient genotype on actor geno-
type. This of course is also the coefficient of
relatedness. As eqn (4) shows, under these as-
sumptions structural relatedness is zero, so that
non-zero relatedness can indeed only be due to
assortment. How can relatedness due to assort-
ment be measured in a more general way that
also applies to finite populations and to
whole-group traits? By definition, relatedness in
group-structured models is influenced only by
population structure and assortment. We can
therefore define relatedness due to assortment as
all relatedness not accounted for by population
structure:

e (7)

where r, is the relatedness due to assortment,
r the total relatedness, and r, the structural re-
latedness. In other words, r, is the deviation of
the relatedness coefficient from its expected value
under random assortment. This measure sub-
sumes Hamilton’s (1975) measure of assortment
as a special case for ry = 0. Its expected sign is
zero when assortment is random, and it is posit-
ive when group members are more similar than
expected and negative when they are less similar
than expected.

Under this definition, what constitutes non-
random assortment actually differs for the two
trait types in the same population at the same
time. For other-only traits, assortment can be
non-zero only if other group members are more
(or less) similar to actors than expected. For
whole-group traits, however, assortment can also
be non-zero if self makes up a larger (or smaller)
proportion of recipients than expected. This
occurs if the genotype of interest tends to occur in
smaller (or larger) groups than would be expected
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FI1G. 3. An illustration of how distribution with respect
to group size can contribute to assortment for whole-group
but not other-only traits. Each letter represents a single-
locus haploid individual of type A or B that is part of
a group (O) within a population (). For other-only traits
expected relatedness under random assortment is r = — 0.2
[eqn (4)]. In both populations total relatedness r* = — 0.2,
and assortative relatedness is % = r° — r? = 0. This lack of
assortative relatedness is expected, because there are no
other A’s for the single A individual to assort with non-
randomly. In contrast, for a whole-group trait relatedness is
higher in Population 1 (r* =0.4) than in Population
2 (" =0.1). In both populations, expected relatedness is
ry = 0.2 [eqn (5)]. Thus, for the whole-group trait assort-
ment is positive in Population 1 (#}) =" —ry =0.2) and
negative in Population 2 (v} =" — ry = — 0.1). To express
this result in terms of the “Proportion of variance” formula
(Table 3), the genetic variance between groups is greater
than expected under random assortment in Population 1,
and less than expected in Population 2.

if distributed randomly. A bias toward smaller
groups generates positive assortment, and a bias
toward larger groups generates negative assort-
ment. Thus, for whole-group but not other-only
traits, even a single individual of a given type can
assort either positively or negatively with itself
(Fig. 3).

ASSORTMENT HAS A GREATER IMPACT
ON OTHER-ONLY THAN WHOLE-GROUP TRAITS

Assortment affects relatedness more strongly
for other-only than whole-group traits. For any
given population with uniform group size n, the
difference is a factor of (n — 1)/n (Appendix C).
This reflects the fact that for other-only traits all
recipients are subject to the effects of assortment,

while for whole-group traits size only non-self
recipients are subject to the effects of assortment,
and non-self individuals make up (n — 1)/n of the
recipients.

Assortative relatedness also has a wider range
of potential values for other-only than for whole-
group traits. Consider first the range of positive
assortment. Under maximal positive assortment
each group consists of genetically identical indi-
viduals. Recipients are therefore identical to
actors, resulting in relatedness of 1 for both trait
types. Thus, for both trait types the upper bound
on r is 1, and by the definition of r,, the upper
bound on r, is 1 — r,. Because r, is greater for
whole-group than other-only traits in the same
population, maximal assortative relatedness is
greater for other-only than whole-group traits.

Assortative relatedness can also range lower
for other-only than whole-group traits. Under
extreme negative assortment each group has the
same average genotype. For whole-group traits
this means that recipient genotype always equals
the global average genotype, so that relatedness
is zero. Thus, the lower bound on " is 0, and
the lower bound on assortative relatedness is
ry =0—ry =—ry. In contrast, for other-only
traits structural relatedness cannot be greater
than zero, so total relatedness under negative
assortment is always negative. How negative it
can be depends on group size. This can be seen by
analogy with eqn (A.5) in Appendix A, which
states that relatedness of the rest of the popula-
tion to an actor is r = — 1/(N — 1), where N is
the population size. Under maximum negative
assortment every group has the same average
genotype, so that each group plays the role of
a population in eqn (A.5). For uniform group
size n, relatedness of the rest of the group to
actor takes the same value in each group of r’ =
— 1/(n — 1). Thus, the lower bound on 7 is
—1/(n — 1), and the lower bound on assortative
relatedness under uniform group size is
re=r"—ri=—1/(n—1) —rs.

Of course, these bounds on r, are theoretical
limits, subject to the constraints that the actual
distribution of genotypes in a given population
permits assortment of individuals into groups of
genetically identical individuals for maximal r,,
and groups that each have the same average
genotype for minimal r,. The bounds on average



RELATEDNESS IN TRAIT GROUP MODELS 363

TABLE 4
Range of possible values for relatedness and its components in group-structured
populations. Some inequalities assume that group size is uniform

Structural Assortative Total
Trait type relatedness relatedness relatedness
Other-only —1<r<0 —1n—1)—ri<rd<1 -7 —1/n—-1)<r<l1
Whole-group 0<m<l —r<r<1l—ry 0<r«i
L3 . only traits (Fig. 5). Although negative relatedness
< 1of e is possible for other-only traits under any popu-
g I lation structure, it falls significantly below zero
;E: os L only when the population is quite small (Fig. 2),
k| - or there is strong negative assortment among
2 of small groups (Fig. 4).
g r i
2 =05 '.’
E Discussion
~1.0 L. . 1 P B B B ) o
0 5 10 15 20 25 To summarize, the relatedness of recipients to

Group size, n

FIG. 4. The potential range of assortative relatedness (r,)
as a function of group size. Dashed lines indicate upper and
lower bounds for other-only traits, and solid lines indicate
upper and lower bounds for whole-group traits. Lower
bounds assume infinite population size, and upper bounds
assume the minimal population size of twice the group size.

1.0

oF

Total relatedness, r

_1‘0 PR S SR T I ST SR TR T [ T T S T I T—'Y i PR S 1
0 5 10 15 20 25

Group size, n

FI1G. 5. The bounds on total relatedness as a function of
group size for whole-group traits ( ) and other-only
traits (- - - -). Lower bounds assume extreme negative assort-
ment and upper bounds represent extreme positive assort-
ment. Inequalities are from Table 4.

relatedness and its components are summarized
in Table 4 and illustrated in Figs 4 and 5. A cru-
cial difference between the two trait types is that
total relatedness can be negative only for other-

actors differs even for whole-group vs. other-only
traits of the same actor. This is an example of the
more general phenomenon that relatedness can
differ among traits or loci in the same individual
when genetic similarity is caused by anything
other than common ancestry in an outbred popu-
lation (Grafen, 1991; Queller, 1996). Relatedness
is generally higher for whole-group traits, espe-
cially in small groups, in small populations, and
under negative assortment. To clarify the sources
of these differences we can partition relatedness
into structural relatedness due to group size and
population size, and assortative relatedness due
to departures from random group composition.
Each component is subject to different influences
and has different bounds for other-only vs.
whole-group traits. As a result the two trait types
differ in their evolutionary responses to popula-
tion size, group size, and assortment pattern.
These differences have received surprisingly
little attention, perhaps because most studies of
selection in group-structured populations have
considered only one trait type (Table 2). These
studies do not always stress that the critical
quantity with regard to inclusive fitness effects is
relatedness between actor and recipients of group
fitness effects. Many phrases used to describe
recipients, such as “group members” or “group of
interactants”, are ambiguous as to whether or not
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TABLE 5
Some statements that are valid for one trait type but not the other. The term “relatedness” refers to
average relatedness of recipients to actors in group-structured populations

Other-only Whole-group

traits traits
Relatedness is zero in randomly assorting infinite populations True False
Relatedness is zero only when all groups have the same average genotype False True
Relatedness can be negative True False
Relatedness can be positive without positive assortment False True
Relatedness falls with increasing group size, all else being equal False True
Relatedness equals the proportion of total genetic variance that falls into the between- False True

group component

Traits conferring a within-group disadvantage can spread under random assortment False True

they include actors. As a result, the literature
contains various statements about relatedness
that can appear contradictory. A clear distinction
between whole-group and other-only traits helps
to reconcile these apparent conflicts (Table 5).

Some previous findings based on consideration
of only one of the two trait types are valid
for both, but lead to predictably different
conclusions for the two types. For example,
Hamilton (1970) showed that negative related-
ness is necessary for the evolution of spiteful
behaviors, which lower the absolute fitness of
both actor and recipients. The fact that average
relatedness cannot be negative for whole-group
traits thus has implications for the kinds of social
traits that can evolve. Whole-group traits cannot
evolve to be spiteful, and can be selected for only
if they benefit the groups they reside in. In
contrast, other-only traits need not provide a
group benefit to be favored, and can evolve to be
spiteful.

Other findings are only valid for one trait type.
For example, Breden (1990) showed that Hamil-
ton’s rule can be derived from a covariance
model, leading to an equation for allele frequency
change in terms of costs, benefits, and related-
ness. However, this analysis relies on the
“proportion of variance” formulation of related-
ness (Table 3), and is therefore valid only for
whole-group traits. Other authors have also used
this formulation of the relatedness coefficient
without explicitly noting that it applies only to
whole-group traits (Frank, 1995a, 1997).

Another example of conclusions that are valid
for only one trait type concerns the role of non-
random assortment. Some authors have stated

that when assortment is random, relatedness is
zero and there is therefore no effect of grouping
on evolutionary outcomes (Grafen, 1984; Nun-
ney, 1985; Linhart, 1999), while others have
claimed that grouping patterns can change evolu-
tionary outcomes even under random assortment
(Wilson, 1990). The first statement is true for
other-only traits, while the second is true for
whole-group traits. In a similar vein, Hammer-
stein (1995) criticized Frank’s (1995b) model of
policing on the grounds that when interactions
involve non-kin, i.e. when assortment is random,
relatedness will be zero, making policing unlikely
to evolve. This argument would be correct for
other-only traits, but the policing trait that Frank
modeled is a whole-group trait, for which related-
ness in large populations is actually 1/n rather
than zero (Frank, 1996b).

Even some widely held assumptions are true of
one trait type but not the other. For example, the
quality of being either altruistic or not is a fixed
characteristic of whole-group but not other-only
traits. This point requires a brief digression into
terminology because two definitions of the term
“altruism” are in common usage. These have
been distinguished as “weak” vs. “strong” altru-
ism (Wilson, 1979b, 1990). For a trait to be
weakly altruistic requires only that it confers an
individual cost, so that it reduces the actor’s
fitness relative to the rest of its group. In contrast
a trait is strongly altruistic only if the net effect of
its individual cost and group benefit is a reduc-
tion in the actor’s direct fitness. Previous authors
have assumed that a given trait is either strongly
altruistic or not, independent of its social context.
This assumption is valid for other-only traits,
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which are always strongly altruistic because they
confer only costs on the actor. It is not valid for
whole-group traits, however, if the total group
benefit is fixed. Whole-group traits are strongly
altruistic when the actor’s share of the group
benefit is less than the individual cost. This de-
pends partly on group size, so that the same
whole-group trait may be strongly altruistic in
large groups but not in small groups (Pepper
& Smuts, 2000). Strong altruism is therefore not
a characteristic of the trait alone, but is codeter-
mined by population structure.

The concept of relatedness in evolutionary
biology still lives an odd double life. On the one
hand, the primary literature is in complete agree-
ment that the more general concept of related-
ness as genetic similarity is the correct predictor
of evolutionary outcomes, rather than the nar-
rower idea of relatedness through common
descent. In the words of Hamilton (1975,
pp. 140-141), “[K]inship should be considered
just one way of getting positive regression of
genotype in the recipient.... Thus the inclusive
fitness concept is more general than ‘kin selec-
tion’.” The modern concept of relatedness accom-
modates both structural and assortative compo-
nents. Among sources of assortative relatedness,
common descent is clearly predominant in na-
ture. However, “the special role of relatives is
a powerful result of the theory, not a restricting
assumption” (Grafen, 1991, p. 9). On the other
hand, textbooks on evolution continue to men-
tion only the older and narrower concept of
genealogical relatedness (Ridley, 1996; Bell, 1997;
Hartl & Clark, 1997; Futuyma, 1998; Maynard
Smith, 1998; but see Frank, 1998). Although it
reflects the emphasis placed on kinship in empiri-
cal research, this restricted view of relatedness
obscures the full meaning and utility of this
powerful concept.

I thank Barbara Smuts for many valuable
discussions. Thanks also to Stephen Frank, Michael
Lachmann, Barbara Smuts, David Wilson and two
anonymous reviewers for helpful comments on earlier
drafts.
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APPENDIX A

Average Relatedness of the Rest of the
Population to an Actor

We can express the average genotype of the
rest of the population, excluding the actor, in
terms of the genotypes of the global population
and the actor. The genotype of the total popula-
tion is an average of the contributions of actor
and other individuals, weighted by their relative
frequencies:

_ Ga+ (N —1)Go

Gr v A

where Gp, G4, and Go are the average genotypes
of the global population, the actor, and the rest of
the population excluding the actor, respectively,

and N is the global population size. This can be
rearranged as

G4 — Gp

Go = Gp — ———.

— (A.2)

The general formula for the regression coefficient
is

=D =5

ﬂ(ya x): Z(X—)E)z

(A.3)

To calculate relatedness we substitute G4 for
x and G, for y. However, averaging across all
possible actors in the population, G, = G and
Go = Gp. Thus, the average relatedness of the rest
of the global population to the actor is

2(G4 — Gp)(Go — Gp)
Y(Gy—Gp)?

r = p(Go, G4) = (A.4)

Substituting eqn (A.2) into eqn (A.4) and sim-
plifying yields

(A.5)

APPENDIX B

Whole-group Structural Relatedness
under Mixed Group Sizes

To find structural relatedness for whole-group
traits under uniform group size n we substitute
eqn (4) into eqn (2), giving

1 n—1
v _ 70 B.1
- n(N —1) (B-1)

For mixed group sizes, we assume that genotypes
are distributed randomly with respect to group
size. The probability of an individual appearing
in a given group is then proportional to the
group’s size. Average relatedness is a weighted
average of the right-hand side of eqn (B.1) across
groups, with group size as the weighting factor.
This is equivalent to averaging across indi-
viduals. Let the total population consist of N
individuals indexed by i, divided into g groups,
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with n; representing the size of the group contain-
ing the i-th individual. Then whole-group struc-
tural relatedness is

=52 G av )

This can be rearranged as

o Xz (/ng) — (/N — 1) ¥, (0 — 1)/mg

* N

(B.2)

(B.3)

We next substitute identities for the two summa-
tions in eqn (B.3). The first identity is

(B4

where i indexes individuals and j indexes groups.
Using eqn (B.4), the second identity is

n~1

N
—=N-g. (BS
— :Zn g. (BS)

i

Substituting eqns (B.4) an
and simplifying yields

d (B.5) into eqn (B.3)

w_9—1
STN-—-1"

ry (B.6)

To put this result in terms of group size rather
than number of groups, we can substitute N /i for
g, yielding

w:ﬁ%%%. (B.7)

This can be rewritten as

showing that as population size approaches infin-
ity, ry’ approaches 1/i. This was shown by Frank
(1996b) for uniform group size.

APPENDIX C

Assortative Relatedness for Whole-group
vs. Other-only Traits

Let the superscripts " and r° indicate related-
ness for whole-group and other-only traits,
respectively, the subscripts r, and r, represent
relatedness due to population structure and as-
sortment, respectively, with r with no subscript
indicating total relatedness. By the definition of
assortative relatedness given in eqn (7), assor-
tative relatedness for whole-group traits is

ry =r"

—ry. (C.1)
Under the assumption of uniform group size,
from eqn (2) we have

1 — Dr°
R S UL
n n

(C.2)

Because eqn (C.2) is not based on any assump-
tions about assortment, it also holds under ran-
dom assortment. Therefore, it is a spatial case of
eqn (C.2) that

1 (n—Drg

ry =—+
n n

(C.3)

Substituting eqns (C.2) and (C.3) into eqn (C.4)
yields

Y = re. (C4)
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