This expression is always greater than
zero when by > Icl. It is positive because
there is a positive covariance between g;
and W;. Kin selection for altruism is thus
a special case of Price’s model (16) of se-
lection based on covariance mathemat-
ics. Here, the positive covariance be-
tween allele frequency and group fitness
exceeds the negative covariance be-
tween the number of a alleles in a gen-
otype and the genotype’s fitness. How-
ever, for the altruistic gene to spread,
not only must Agg be positive, but it
must also exceed the absolute value of
Agi. That is, selection between family
groups must override the opposing selec-
tion within family groups. Setting
Aqg > TAqil and simplifying yields Ham-
ilton’s rule for family groups, b1/2 > [c|
a7y.

The total change in gene frequency un-
der kin selection, Ag, is

Aq = Agec + Agq; = Npgql(c — b)/
N +b2lg+ 1 - hp - QIW
6)

as was given in Eq. 1 and derived from
other models (/7).

This derivation illustrates that kin se-
lection involves individual and group se-
lection as opposing processes. Hamil-
ton’s rule specifies the conditions under
which group selection in favor of sociali-
ty is sufficiently strong to overcome the
opposing effects of individual select_‘i.on
against sociality. Whether a family is
called a group or a set of kin, this deriva-
tion shows that kin selection involves
two evolutionary processes (opposing
one another in the case of altruism)
which have been classically recognized
(13) as dlﬁerent levels of selection.
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Adaptive Topography in Family-Structured

Models of Kin Selection

Abstract. Adaptive topographies provide a means of summarizing the qualitative
dynamics of evolution. Inclusive fitness servés as an organizing concept in much of

sociobiology. Through the use of Sewall Wright's

¢

‘fitness function,”’ the theoretical

equivalence of these concepts for weak selection in family-structured populations is

demonstrated.

One of the most intriguing extensions
of the Neo-Darwinian research program
is the recent theory of kin selection (/).
There are two key elements of this theo-

ry. First, Hamilton’s rule (I), ¢/b<r,

provides the conditions for increase of
an allele that codes for an ‘‘altruistic’’
behavior between two individuals who
are related by r. In this rule, ¢ and b are
additive increments to the fitnesses of,
respectively, the donor and recipient of
the altruistic act. Hamilton’s rule has
revolutionized research on the evolution
of behavior, and there has been a consid-
erable amount of theoretical work to de-
termine the precise conditions under
which the rule holds (2-12).

The second key element of kinship
theory has received less theoretical at-
tention, although it plays an important
conceptual role in applications. Hamil-
ton (/) claimed that gene frequency dy-
namics proceed along adaptive topogra-
phies (13) determined by the average in-
clusive fitness effect (/). The inclusive
fitness effect of an individual’s behavior
is defined as the sum of the additive ef-
fects of the behavior on the individual fit-
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nesses of the donor and the recipient, the
effects on the latter being weighted by
the degree of relatedness of recipient and
donor. Hamilton’s claim is fundamental-
ly important for, if true, it relates kinship
theory to Wright’s (I3) adaptive topogra-
phy, which is one-of the most useful the-
oretical and conceptual tools in evolu-
tionary biology. However, Hamilton (/)
was not able to demonstrate this claim
rigorously. Consequently, inclusive fit-
ness seems to have fallen into disuse in
recent family-structured models of kin
selection 3-8, 10-12). Yet, other studies
(14) based on Hamilton’s original model
(1) have demonstrated this claim. How-
ever, genetic identity coefficients were
used in these selection models (/4).
Since these coefficients have concrete
meaning only for neutral genes, many
workers have been unwilling to accept
results of selection models based on
them. For this reason, most recent theo-
retical studies of kin selection have fo-
cused on sibling interactions in family-
structured models (3-8, 10-12). In these
models, individual fitness is a function of
the social interactions occurring in the
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family. Although the family-structured
models lack the generality of the ap-
proaches based on identity coeﬂ}iments,
they have the advantage of explicitly
representing the population processes
that give rise to the genetic relationship.
Up to now, there has been no demon-
stration of any role for inclusive fitness
in these, more traditional, models (I5).
Consequently, inclusive fitness has not
been used as a theoretical tool, and there
is some concern that this concept may
not be firmly rooted in the theory of gene
frequencies. In this report we construct a
““fitness function’’ (I6) for kin selection
in family-structured models. The graph
of the fitness function is equivalent to the
adaptive topography. We show that this
fitness function is identical with the
mean inclusive fitness effects, provided
that these effects are additive and that
the adult frequencies can be approxi-
mated by their Hardy-Weinberg propor-
tions. The assumption of Hardy-Wein-
berg proportions at the adult stage is
commonplace in these models (¢4, 5, 8, 9,
16-18) and allows the use of a single
equation for gene frequency .instead of
the more rigorous equations for adult
genotypic frequency 3, 6, 7, 10-12).
This assumption holds for weak selec-
tion (/9), as well as in certain special cas-
es of strong selection (20).

The basic equation for gene frequency
change at a single locus under selection
is (I6)

Ap =

( P) z W (1

d

In this equation p is the frequency of the
allele under consideration A, with
(1 — p) the frequency of the alternate al-
lele a. The genotypes are indexed by a
single. subscript i (¢ =1, 2, 3 corre-
sponding to the genotypes AA, Aa, aa
respectively), with f; the frequency of
genotype i, W; the fitness of genotype i,
and the average fitness

W= fiW

The W;s may be arbitrarily complex
functions of environmental or gene fre-
quency variables. Equation 1 gives an
accurate picture of selection at a single
locus if (i) mating is random, (ii) recom-
bination is high with respect to other in-
teracting or linked loci, and (iii) genera-
tions are discrete. Although these condi-
tions limit the theoretical adequacy of
the model (21), the single-locus approach
provides an appealing framework for re-
conciling the evolutionary roles of the
various forces which can change gene
frequencies. In so doing, single-locus
theory has functioned as a strong ‘‘posi-

668

Table 1. Family-structured model. P(ifj) is the
conditional probability for genotype j to inter-
act with a sibling of genotype i and takes into
account the family structure. If the adults are
distributed in Hardy-Weinberg proportions,
then  P(UD)=Y«p+1)2, PQ/1)=1/x1-p?),
P@3/1)="4(1-p)%, P(1/2)="ap(1+p), PQ2/2)=

“a(—pi*p+1), P(3/2)=14p—-1)(p—-2, P(1/3)=

Yap®, PQI3) = p(1-1/2p), P(3/3)="4(p—2)%

See text for further explanation.

Gone fi dfidp W,
AA p* %p Ei:w“P(i/l)
Aa p(-p) 2% ;wnP(i/Z)
aa (I-p)* -2+ ;wmp(i/s)

tive heuristic’’ (22) in evolutionary biol-
ogy (23).

A convenient way of picturing adapta-
tion at this single locus is with Wright’s
adaptive topography (I3) concept, gener-
alized by the use of fitness functions (16),
to study frequency-dependent selection.
Kin selection is a form of frequency-de-
pendent selection (5, 6, 9). The fitness
function F(p) is implicitly defined by Eq.
1 as the indefinite integral

F(p) = J dp X Wit dfl @

so that Eq. 1 becomes

p(l — p) dF

Ap = —
P 2W dp

©)]

The problem for a particular case of se-
lection is to evaluate Eq. 2 and then to
interpret this integral biologically.

The utility of the fitness function can
be seen in Eq. 3. The term p(1 — p)/2W
on the right is always nonnegative and is
0 only if the allele frequency is 0 or 1.
This term can affect the rate of selection,

" but not the qualitative dynamics, which

are determined by dF/dp. Consequently,
the surface of F controls the evolution-
ary outcome of selection at this locus.
The allele increases in frequency if
dF/dp is positive and decreases in fre-
quency if dF/dp is negative. In addition,
internal  equilibria  must  satisfy
dF/dp = 0. The fitness function plays a
role in evolution similar to a potential
function in physics.

In the basic family-structured model
(Table 1), the association-specific fitness
wy; is the fitness of i in association with j.
The w;;’s can be decomposed into specif-
ic models of behavior. In particular,
Hamilton (/) defined behavior in terms of
the increments in fitness accrued by both
participants of an interaction. Let ¢; be
the additive effect of i’s behavior on its

own fitness and b; the additive effect of -
i’s behavior on its associate’s fitness. We
then have

Substituting Eq. 4 into the W;’s of Table
1 and evaluating the integral in Eq. 2,
yields

F(p) = p*c, + '2b, —
2C2 - b2 + C3 + I/Zbg) +
p2cy + by — 2¢5 — bs) + C (5)

where C is the constant of integration.

Following Hamilton (/) we define
e; = ¢; + !/2b; as the inclusive fitness ef-
fect of the ith genotype when i is inter-
acting with outbred siblings to whom it is
related by 1/2. Taking the constant of in-
tegration C = e3;, we can express Eq. 5
as

Fip)=2= Y fe ©)

where é is the average inclusive fitness
effect. Consequently, in these models,
evolution does proceed along topograph-
ies determined by the mean inclusive fit-
ness effect.

By setting the derivative of Eq. 6 equal
to zero, an internal equilibrium p satis-
fies

N €3 — €

p= e, + e; — 2e, @
From Eq. 7, for there to be an internal
equilibrium there must be heterozygote
superiority or inferiority in the inclusive
fitness effects. When Eq. 6 is dif-.
ferentiated twice, we find that p (Eq. 7) is
a global maximum in the mean inclusive
fitness effect if there is heterozygote su-
periority in these effects. Consequently,
the standard equilibrium equation of
population genetics can be used to study
social selection in family-structured pop-
ulations, so long as inclusive fitness is
substituted for individual fitness.

To extract Hamilton’s rule from this
model, let A be the altruistic allele and a
the nonaltruistic allele, by assuming
e;=c + ab, e, = h(c + 2b), and e; =
0 (24). The fitness function (Eq. 6) then
becomes F(p) = p*(1 — 2h)(c + /2b) +
2ph(c + '/2b) 25) and so dFldp = 2(c +
1ab)p + h(g — p)l, whereq =1 —p. If
h is interpreted as the probability that a
heterozygote performs an altruistic act
(0 < h = 1), then dF/dp is positive so
long as —c/b < 1/2 (26, 27).

RicHARD E. MicHOD
ROBERT ABUGOV
Department of Ecology and
Evolutionary Biology,
University of Arizona,
Tucson 85721

SCIENCE, VOL. 210



References and Notes

1. W. D. Hamilton, J. Theor. Biol. 7, 1 (1964). .

2. These conditions include (i) additivity in the fit-
ness effects (see Eq. 4 and Table 1, column 4),
(ii) weak selection, (iii) incomplete dominance,
(iv) random mating, and (v) infinite population
size, for the model considered here.

. P. R. Levitt, Proc. Natl. Acad. Sci. U.S.A. 72,

4531 (1975).

. F. M. Scudo and M. T. Ghiselin, J. Genet. 62, 1

(1975).

E. L. Charnov, J. Theor. Biol. 66, 541 (1977).

. L. L. Cavalli-Sforza and M. W. Feldman, The-

or. Popul. Biol. 14, 268 (1978). )

B. Charlesworth, J. Theor. Biol. 72,297 (1978).

M. J. Wade, Proc. Natl. Acad. Sci. U.S.A. 75,

6154 (1978); Am. Nat. 113, 399 (1979).

. R. E. Michod, J. Theor. Biol. 81, 223 (1979).

, Genetics, in press.

. M. K. Uyenoyama and M. W. Feldman, Theor.

Popul. Biol. 17, 380 (1980).

, ibid., in press.

. S. Wright, Proc. Int. Congr. Genet., 6th, 1, 356
(1932). '

. H. C. Harpending, Am. Nat. 113, 622 (1979); B.
Charlesworth, in Evolution of Social Behavior;
Hypotheses and Empirical Tests, M. Markl, Ed.
(Dahlem Workshop Reports, 1980); R. Abugov,
in preparation.

15. However, we have related the family-structured
model to the identity coefficient model and
shown them to be equivalent if selection is weak
and the fitness effects are additive (R. Abugov
and R. E. Michod, J. Theor. Biol., in press).

16. S. Wright, Evolution and the Genetics of Popu-
lations, vol. 2, The Theory of Gene Frequencies
(Univ. of Chicago Press, Chicago, 1969).

—

—_
&~

. , Cold Spring Harbor Symp. Quant. Biol.
20, 16 (1955).

18. A. R. Templeton, Am. Nat. 114, 515 (1979).

19. One of us (R.A.) has shown (thesis, in prepara-
tion) that the analysis of T. Nagylaki [Selection
in One- and Two-Locus Systems (Springer-Ver-
lag, New York, 1977), p. 71] can be extended to
include interfamily selection.

20. J. A. Frelinger, Proc. Natl. Acad. Sci. U.S.A.
69, 326 (1972); and J. F. Crow, Am. Nat.
107, 314 (1973).

21. R. E. Michod, Br. J. Philos. Sci., in press.
ary Change (Columbia Univ. Press, New York,
1974); R. N. Brandon, Philos. Sci. 45,96 (1978).

22. 1. Lakatos, in Criticism and the Growth of
Knowledge (1. Lakatos and A. E. Musgrave)
(Cambridge Univ. Press, Cambridge, 1970).

23. R, E. Michod, Br. J. Philos. Sci., in press.

24. Since ¢ and b are the cost and benefit of the al-
truistic act, ¢ < 0 and b > 0; A is the propensity
with which heterozygotes perform altruistic
acts.

25. Under the stated assumptions of this report, this
expression equals the ‘‘adaptive function™ [Eq.
53 of (12)] proposed elsewhere.

26. There is no internal equilibrium possible for this
case (0 = h =< 1). However, if there is over-
dominance so that heterozygotes are more al-
truistic than homozygotes (h > 1), then an inter-
nal equilibrium exists at p = 2/(2h — 1) and it is
stable if —c/b < 1/2. The existence of this equi-
librium with strong selection has been confirmed
[Eq. 49 of (12)].

27. This research was supported by NSF grant
DEB-79 10191. We are grateful to M. Wade and
S. Wright for criticism and comments.

27 May 1980; revised 1 August 1980

Male Photuris Fireflies Mimic Sexual Signals of

Their Females’ Prey

Abstract. Photuris males emit flashed signals matching those of unrelated sympat-
ric forms (Photinus and Pyractomena species). Some have only one flash pattern
matching that of another species, others mimic at least two species, as well as emit-
ting ‘“‘their own’’ species-specific pattern, They tend to restrict the mimicking sig-
nals, but not their own, to the habitats, seasons, and daily periods of the mimicked
species. Since Photuris females prey on males of other firefly species by mimicking
their females’ flashes, the Photuris males may be using their mimicry to locate and
seduce their own hunting females. This mimicry is without known parallel in other
animal communicative systems. It explains why the genus Photuris has been a frus-
trating mystery to taxonomists, who have long used flash patterns to distinguish

sibling species in other genera.

Fireflies of the American genera Pho-
tinus, Pyractomena, and Photuris
(beetle family Lampyridae) use flashes of
light for sexual communication. In gen-
eral, flying males flash a species-typical
pattern to which perched females of their
species respond with a specific flashed
answer. Males fly toward respondents
and, after a few flash-exchanges, reach
and mate with them (/). Numerous sib-
ling species have been discovered
through studies of male flash patterns
(2). Females of the genus Photuris, in
addition to using flashed signals in their
own sexual communication, mimic fe-
males of other species, attract males,
and eat them (3).

Barber (2) suspected that males of
Photuris lucicrescens emit two distinct
patterns. My field studies over the past
13 years show that, in addition to their
own species-specific flashes, males of
several Photuris species have two or
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more patterns (¢) that mirror the patterns
of males of Photinus and Pyractomena
active at the same time and place. [Figure
1 shows model and mimic flash patterns
(and the Photuris’ own patterns).] This
similarity probably evolved as a con-
sequence of the aggressive mimicry of
the Photuris females (3). Such a complex
of behavioral mimicries is without
known parallel in the animal kingdom.

Male flash pattern similarities are most
obvious when they involve. distinctive
patterns, flickers with specific modula-
tion rates (M rates), or flashes that are
paired at specific time intervals. Most
dramatic is the shifting back and forth by
some Photuris males between their own
species-typical pattern and the patterns
of other species active at the same time
and place. This report records and dis-
cusses this behavior in Photuris males
®).

In early spring in northwest peninsular
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Florida, males of an unnamed Photuris
(VR) (6) mimic two species of Pyracto-
mena: namely, P. barberi (short flickers)
and P. angustata (minutes-long bright
glows). Each mimicked species signals in
pine and grassland less than 3 meters
above the ground, while Photuris VR
males produce a slow three- to seven-
flash phrase (Fig. 1b) at much higher alti-
tudes, especially around the crowns of
pines. During the Pyractomena season,
VR males descend into the Pyractomena
flight space (7) and there emit flickers
and glows closely resembling those of
the. Pyractomena. Individual Photuris
males can often be seen to change their
altitude and signaling pattern at the same
time. Near the end of VR’s season both
Pyractomena are gone, and VR males
then emit flickers and glows only occa-
sionally. The M rate of VR’s flicker is
identical to that of P. barberi at com-
parable temperatures (Fig. 1, a and c;
Table 1) (8).

Photuris AR (Florida panhandle) also
mimics P. angustata’s glow in the appro-
priate space and season and otherwise
emits its own single flash pattern at high
altitudes (Fig. 1h).

At least five Photuris mimic the flicker
of widespread and common Pyracto-
mena angulata (Fig. 1, compare d with
e, f, i, k, and I; Table 1). Three of these
have their own distinctive pattern (Fig.
1, g, j, and n), but Photuris B emits only
the mimicked pattern (Fig. le). The B fe-
males prey on P. angulata and at least
two other species (9). _

One of angulata’s mimics (in Mary-
land), Photuris cinctipennis (10), occurs
in Florida and there emits its own pattern
(Fig. In) ({/1), and mimics two Photinus
(Fig. 1, p to u). Its mimicry is statistically
indistinguishable from the model pat-
terns in both cases. :

Other examples of Photuris con-
vergence on firefly associates include: (i)
A flickering grassland Photinus in Co-
lombia, South America, is mimicked by
a Photuris that occurs with it, and its fe-
males have been observed answering the
Photinus males (Fig. 1, v and w; Table
1). (ii) Photuris jamaicensis appears to
mimic several Photinus in Jamaica, in-
cluding some that are known prey of

Jjamadicensis females ({2), P. evanescens

and P. commissus among them (Fig. 1, x
to z; Table 1). (iii) Photuris A (Florida)
emits a long single flash during the early
évening activity period of its dusk-active
associate and prey Photinus collustrans,
and later switches to a one- to five-pulse
pattern like that of another associate
Photinus lineellus (Fig. 1, a’ and b’). Their
patterns are statistically indistinguish-
able. (iv) Florida Photuris versicolor
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