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A previous analysis of a single-locus, two-allele model of the evolution of habitat
selection revealed that preference evolves toward equalization of parental
investment in offspring placed in two different habitats in which population size is
regulated independently (soft selection). That analysis is extended here to the case
of a single locus with multiple alleles. The major result of this analysis is that regar-
dless of how many alleles are present at equilibrium, new alleles will invade if and
only if they tend to make parental investment in the two habitats more equal. In
other words, the population evolves toward an Evolutionary Stable State (ESS)
characterized by equalization of parental investment. The model may explain the
maintenance of genetic variation for host (habitat) preference exhibited by many
insect species. (1987 Academic Press, Inc.

1. INTRODUCTION

Several authors have used game-theoretical or optimality analyses to
predict how natural selection will mold habitat preference (Levins and
MacArthur, 1966; MacArthur and Pianka, 1966; Charnov, 1976; Pyke
et al, 1977; Jaenike, 1978; Pyke, 1984). These authors have assumed that
behavior associated with habitat selection is plastic, that animals can
estimate the relative abundances and suitabilities of various habitats, and
that habitat preference is altered to maximize fitness. One principle emerg-
ing from these analyses is that when density is regulated independently in
different habitats, the optimal behavior is that which causes individuals to
distribute themselves or their offspring among habitats in a way that
produces equal survivorship in all habitats (Fretwell and Lucas, 1970;
Fretwell, 1972).

With good reason, these analyses omit any direct treatment of the
evolutionary dynamics of genes that influence behavior. Historically,
models of habitat selection have been used to understand the behavior of
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mammals, birds and other organisms with highly plastic, complex behavior
that does not have an obvious genetic component of variation. In these
animals it is not a simple, single behavior that evolves, but a complex
behavioral “norm of reaction” (Dobzhansky, 1970), the modelling of which
is currently beyond the capabilities of population geneticists. Instead, the
optimality approach assumes that natural selection produces flexible
behavior that yields the “optimal” (fitness-maximizing) behavior under the
most common environmental conditions an organism encounters and
attempts to predict the characteristics of that behavior (Dawkins, 1982).
This approach is primarily useful in predicting correlations between
behavioral responses and environmental conditions.

By contrast with birds and mammals, habitat selection by insects and
other invertebrates is often much less plastic. Acceptance or rejection of a
particular habitat can be determined by the presence or absence of one or a
few token stimuli (Beck, 1965; Rees, 1969; Mitchell, 1977; Feeny et al.,
1983) and individual variation in habitat preference often has a strong
genetic component (Tabashnik efal, 1981; Wasserman and Futuyma,
1981; Carson and Ohta, 1981; Tavormina, 1982; Sokolowski, 1982, 1985;
Sokolowski et al., 1984; Jaenike and Grimaldi, 1983; Lofdahl, 1984). Sim-
ple genetic models are thus likely to provide insight into the evolution of
habitat preference in these organisms.

Previously Rausher (1984) described a one-locus, two-allele model of the
evolution of habitat preference when density-dependent regulation occurs
independently in different habitats. Under these conditions, the
requirements for maintenance of genetic variation in preference are
unrestrictive, suggesting that such variation may be common in nature.
Analysis of the model confirmed the prediction from optimality theory
that, at evolutionary equilibrium, survivorship in different habitats is equal,
as long as there is no indirect effect of habitat preference on fecundity.
More generally, it was shown that parental investment per surviving off-
spring is equalized in different habitats.

Although in many cases the equilibria in the two-allele model are
globally stable to perturbation of gene frequencies, it is not clear whether
they are stable to invasion by other alleles and thus whether they represent
Evolutionary Stable Strategies (sensu Maynard Smith and Price, 1973).
The purpose of the present study is to determine whether this is the case.
We show here that regardless how many preference-determining alleles are
present at equilibrium, new alleles will invade if they tend to make sur-
vivorship (or, more generally, parental investment) more equal in different
habitats and will not invade if they increase the difference in survivorship
between habitats. In other words, the ESS for habitat preference is charac-
terized by equalization of survivorship (parental investment) between
habitats. The analysis also suggests the number of alleles present at an ESS
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is determined by a balance between mutation and random perturbation of
gene frequencies due to sampling in finite populations.

2. THE MODEL

The model is deterministic and pertains to an animal population whose
environment is composed of two habitats or niches. Mated females place
offspring in one or both habitats. The offspring develop in their natal
habitat, then mate randomly with respect to habitat of origin. The cycle
then repeats itself. Several additional assumptions are made:

(1) The proportion of eggs or offspring placed by a female in each
habitat is determined by a single autosomal locus with # alleles. Females of
genotype A; A, place a proportion P, of their offspring in habitat I and the
remainder in habitat II.

(2) Within a habitat, genotypes have equal viability. In the analytical
treatment that follows, it is also assumed that genotypes do not differ in
fecundity. Numerical iterations were performed to examine cases in which
genotypes differ in fecundity.

(3) Habitat I contributes a constant fraction ¢ of all individuals in
the mating pool, whereas habitat Il contributes a fraction 1 —c¢. This
assumption of “soft selection” (Wallace, 1968) is similar to that made by
Levene (1953) and others subsequently (Christiansen, 1975; Felsenstein,
1976).

The recursion equations of the model are derived as follows: Let X, be
the genotype frequency of 4,4, and let X, be half the frequency of 4,4, in
habitat I immediately after oviposition. Similarly, let Y, and Y, be the
corresponding frequencies in habitat II. Then X, =%, X, and Y,=3, Y,
are the gene frequencies of allele 4; in habitats I and II, respectively.
Finally, let G,; be the frequency of 4,4, and G, be one half the genotype
frequency of 4,4, in the mating pool.

For any offspring individual in the population, the probability that its
mother was 4,4, and that the mother transmitted allele 4, to it is G;. Con-
sequently, the probability Z; that an individual has 4, transmitted to it by
a mother of genotype 4,4, and that the individual is placed in habitat I is

Z,=P,G,.

The probability, 7, that an individual will be placed in habitat I is then

TI:ZZPUGI'/':ZZ:"

L
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where Z,=3,Z,. Furthermore, the probability that an offspring will
receive allele A, from its father is simply equal to the gene frequency of 4,
in the mating pool (gene frequencies are equal in the two sexes), p,, which
is given by

pi=cX, +(1-c) Y.

Therefore, the probability that an offspring receives 4, from its father, 4,
from a mother that is genotype 4,4,, and is placed in habitat ] is simply
p« PG, The overall probability that an individual is 4,4, and is placed in
habitat I is thus p, >, P;G,;+p, 3, P,;Gy; (note that the second term is
absent if i =k). Dividing this by T, gives the new genotype frequency in
that habitat,

Y PGy pY PuG
2X,r: 7 '/ I+ J J J ,
* T, T,

or, noting that G, =cX;+(l —¢c) ¥

i

. 12[cX,+{1—¢) Yk][Z/Pi/(CXf/‘i“(l —c) Yf/)]

ik = T]
N 12[cX;+ (1 —¢) V][22, PifdcX,+(1—¢) Y,,)] 1)
Tl )
This is equivalent to
T\ Xy =cX Z+ X, Z )+ (1L =Y Z;+ Y. Z,)
Similarly, the recursion equation for Y, is
_ 12[cX + (1 —¢) Yk][Z,-(l ‘Pi/)(('Xg/+(1 —c) Yi/)]
ik —
Ty
4 12[cX;+ (1 =) YL AL = P)cX,+ (1 —c) Yy)]
Tll
_ X+ (- Y ]leXi+ (1 —0) Y- T X}, 2)
Ty ’

where

T11=ZZ(1—P,‘/)[CX:'/+(1‘C) Yij]:l”‘Tr
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Recursion equations for gene frequencies are obtained by summing (1)
and (2) over k to yield

hXi=clZ+ X, T ]+ (1 -o)[Z,+ Y, T]
or
X/ =Z2T+1/2[cX,+ (1 —¢) Y.] (3a)

and

y_ Xt (-0 ¥1-Tx;
' (1-T))

3. ANALYSIS OF THE MODEL

At equilibrium the genotype frequencies in the mating pool, G, are in
Hardy-Weinberg proportions (see Appendix). It is thus sufficient to deter-
mine the conditions under which gene frequencies are at equilibrium in
order to characterize the evolutionary equilibria of the model.

At equilibrium, X} = X; and Y;=Y,. Substituting these equivalents into
(3b) yields

(c=T)X;=(c—-T) 7, (4)
X, =12[Z/Ti+ X, +(1—¢) Y],
and
Z=T[2-aX,~(1-0)Y,].

Equation (4) implies two classes of equilibrium exist. One, corresponding
to the condition ¢— T;=0 or ¢=T;, is designated asymmetric because
gene frequencies are not equal in the two habitats. The condition ¢= T,
implies that survivorship in the two habitats is equal at these equilibria
since it implies that the proportion of all offspring placed in habitat is
equal to the proportion of the total mating pool that develops in habitat I.
The condition ¢ = T, also implies that the set of asymmetric equilibria form
an n— 1 dimensional surface in the gene frequency space p, xp, x -*- X p,
(Fig. 1). A second class of equilibria corresponds to the condition X; =Y,
for all i and is designated symmetric because gene frequencies are equal in
the two habitats.

In the two-allele case, asymmetric equilibria are always locally stable to
perturbation of allele frequencies, whereas symmetric equilibria may be
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Fic. 1. Examples of equilibria and their stability properties for a locus with three alleles.
In all cases depicted the axes are gene frequencies of alleles 4, and 4. Broken lines are asym-
metric equilibria. Solid lines connect initial and final (on line of equilibrium or equilibrium
point in all cases) gene frequencies for a particular run. They cross only because the true tra-
jectories are not plotted. For all cases portrayed the fecundities were equal. The value of ¢ was
0.5 for all cases except D, for which ¢ =0.4. (A) One globally stable line of equilibrium (asym-
metric). The preference (P) values for this run were 0.893, 0.853, 0.178, 0.820, 0.563, and 0.146
for genotypes 4,4, A1 A,, AyA4,, A\ A5, A, A5, and A, A4,, respectively. (B) Two locally
stable lines of equilibrium (asymmetric) with an intervening line of unstable equilibrium (sym-
metric). Preference values are 0.776, 0.052, 0.554, 0.191, 0.840, and 0.797. (C) Similar to (B).
Preference values are 0.120, 0.881, 0.261, 0.784, and 0.804. (D) A single locally stable line of
equilibrium (asymmetric), and a locally stable equilibrium at p,=1.0. Preference values are
0.389, 0.155, 0.405, 0.897, 0.281, and 0.547. (E) A globally stable symmetric equilibrium.
Preferences are 0.872, 0.612, 0.673, 0.355, 0.354, and 0.652. (F) Globally stable two-allele sym-
metric equilibrium. Allele A4, is actively excluded because it fails the criterion of Eq. (7).
Preferences are 0.010, 0.494, 0.281, 0.287, 0.277, 0.129.

stable or unstable (Rausher, 1984). For more than two alleles, stability
criteria have not yet been determined analytically. However, extensive
numerical iterations (see below) suggest that asymmetric equilibria involv-
ing three or more alleles are locally stable in the following sense: pertur-
bation of gene frequencies away from the surface of equilibrium points
represented by the equation ¢ = T leads to subsequent return of gene fre-
quencies to a point on that surface. Moreover, the smaller the perturbation,
the closer the new equilibrium frequencies will be to the pre-perturbation
frequencies (Fig. 1).
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Evolutionary Genetic Stability of Asymmetric Equilibria

In this section we consider the conditions under which n-allele equilibria
are resistant to invasion by an arbitrary new allele, which Eshel and
Feldman (1982, 1984) have termed conditions of evolutionary genetic
stability. Assume that a new allele 4,,, appears at low frequency. Let
g,=X,,,and §,=7Y,, . represent half the frequencies of the heterozygote
A;A, ., in habitats I and II, respectively. Furthermore, let ¢=3,¢, and
0 =30, be the frequencies of 4, , | in the two habitats. Then from (1) and
(2) one obtains, ignoring quadratic terms involving 4,,, 4, ;,

o = [Z/ cg;+ (I—¢) 5,/‘] Zi+ﬁi[21 Pj.n+l[C8j+ (I—-¢) 5/]]

i 2T, (5)
and
5 = [Zl ce;+ (1—=0¢) (5/]([5:'—2[)4‘/5,'[2‘/(] - P/',n+1)["8/+ (1—c¢) 5/]]
! 200 -T1y)
(6)
fori=1,2,.,n

The new allele will increase in frequency if the absolute value of the
largest eigenvalue of the Jacobian of the system (5) and (6) is greater than
1 and decrease if it is less than 1. The Jacobian of this system near an
n-allele asymmetric equilibrium is given in Table I (see Appendix). Its
largest eigenvalue equals 1 and all other eigenvalues equal O (see Appen-
dix).

This result suggests that an asymmetric equilibrium is neutrally stable to
any invading allele. Numerical iterations of equations (3) were performed
to determine whether this inference is valid.

A trial consisted of first choosing P,,, P,,, and P,, randomly, subject to
the constraint that P,, lie between P, and P,, to ensure the existence of a
two-allele asymmetric equilibrium. Gene and genotype frequencies at this
equilibrium were then calculated using the formula on p. 599 of Rausher
(1984) and the Hardy—Weinberg law. Finally, a third allele with values of
P.;, P,;, and P,; chosen randomly from the interval [0, 1] was then
introduced at a frequency of 0.005 and the frequencies at succeeding
generations were calculated until a new equilibrium was reached. For each
two-allele equilibrium, three trials with different third alleles were perfor-
med. A total of 1350 trials were run, 270 at each of five values of ¢: 0.5, 0.4,
0.3, 0.2, and 0.1. A trial was considered to have reached an equilibrium
when the sum of the absolute values of the differences in genotype frequen-
cies over 10 generations was less than 0.000006.

In every trial gene frequencies converged to values lying on the line
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c¢=T,. The total change in gene frequency of the new allele was always
small, averaging 0.00113 (average of |4p|), with a standard deviation of
0.00156. It thus appears that upon introduction of a third allele, deter-
ministic forces cause the population to converge toward a three-allele
asymmetric equilibrium, regardless of the P-values of the third allele.

Because even in large populations random processes will perturb fre-
quencies from this new three-allele equilibrium, further iterations were per-
formed to determine the fate of the new allele upon perturbation. In each of
three hundred trials using a value of ¢=0.5, P,,, P,,, and P,, were chosen
randomly, genotype frequencies were set to those at a two-allele asym-
metric equilibrium and a third allele with randomly chosen P-values was
introduced at low frequency. The recursion equations were iterated until
convergence occurred. Gene frequencies were then perturbed by adding
random numbers over the interval [0, 0.2] to the frequencies of genotypes
involving the third allele. Upon normalization of frequencies, the recursions
were iterated again until convergence occurred. For each trial, five such
perturbations were performed.

In all trials, gene frequencies reconverged to values lying on the line
¢ = T, without elimination of any alleles, though the post-perturbation fre-
quencies were in general different from the pre-perturbation frequencies.
Four representative trials are shown in Fig. 2.

These results suggest that the surface ¢ = T acts as an attractor for gene
frequencies. Further iterations confirm this suggestion. In these iterations,

I |
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FiG. 2. Response of gene frequency (p) of newly-introduced allele to perturbation (¢ =0.5;
see text for details). Abcissa is generation. Vertical lines represent upward perturbation of gene
frequency. (A) Preference values: 0.809, 0.158, 0.414, 0911, 0.156, 0.526. (B) Preference values:
0.915, 0.846, 0.1419, 0.801, 0.772, 0.875. (C) Preference values: 0.052, 0.647, 0.996, 0.775, 0.508,
0.648. (D) Preference values: 0.451, 0.461, 0.696, 0.080, 0.480, 0.960.
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the trajectory from each of 120 starting gene frequency combinations to
convergence was determined. The starting frequencies were chosen
systematically to cover all areas spanned by combinations of p,, p, and p,.

Of 135 trials (45 tnals each with ¢=0.5, 0.4, and 0.3) performed with
randomly chosen P values, 112 (83 %) were characterized by one or two
three-allele asymmetric equilibria. In all cases, these equilibria were locally
attractive (see Figs. la—d, for examples). Of the remaining 23 trials that
lacked asymmetric equilibria, 3 were characterized by a globally stable
three-allele symmetric equilibrium (see Fig. le) and 20 were characterized
by the existence of one or more locally stable two-allele symmetric
equilibria (Fig. 1f).

The main conclusion arising from this numerical work is that asym-
metric equilibria exhibit a neutral stability to invasion by any other allele.
The stability is neutral in the sense that neither the novel allele nor any of
the original alleles is actively eliminated, nor do any alleles increase greatly
in frequency. The only changes in gene frequencies that occur are read-
justments that bring frequencies to values that satisfy the condition ¢ = T).
Since the surface defined by ¢ = T includes the asymmetric equilibrium to
which the novel allele is introduced, gene frequencies immediately after
introduction of the novel allele will not lie far from that surface and the
readjustments required will cause only small changes in gene frequencies.

Evolutionary Genetic Stability of Symmetric Equilibria

For a symmetric equilibrium, gene frequencies are equal in the two
habitats and the Jacobian of (5), (6) is given in Table II. This matrix has
2n — 1 zero eigenvalues and one eigenvalue given by

LIS R [P/ T+ (1)1 =P)/(1 -=T)]—1=0

(see Appendix; note that all terms in the above equation are positive, so
that the eigenvalue is also positive). If we let N=3, X, P,, then the con-
dition for evolutionary genetic stability, A <1, is

(c— T))(N—T,)>0. (7

In other words, the new allele will invade if and only if the average
preference of the heterozygotes involving the new allele (V) deviates less in
the same direction or at all in the opposite direction from the optimum
value ¢: 1 — ¢ than the current ratio of offspring placed in the two habitats
by all females, 7,:1—T,. Under these conditions, an increase in the
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frequency of the new allele should bring the system closer toward the
condition ¢=T;.

Although this stability analysis gives the conditions under which a new
allele can invade a symmetric equilibrium, it does not reveal what the new
equilibrium will be. To obtain some indication of the properties of the new
equilibrium, we performed additional iterations. For each trial, P,;, P,,
and P, were chosen randomly subject to the constraint that a stable two-
allele symmetric equilibrium exists. Genotype frequencies were then set to
those at that equilibrium and a third allele with randomly chosen P-values
(subject to the constraint in (7)) was introduced at low frequency.
Equations (3) were then iterated until convergence occurred. A total of
1350 trials were performed, 270 each at ¢=0.5, 0.4, 0.3, 0.2, and 0.1.

These trials can be divided into four classes. In 55.9% of the trials, gene
frequencies converged toward a three-allele asymmetric equilibrium charac-
terized by ¢ =T;. In 26.2% of the trials, gene frequencies converged toward
a three-allele symmetric equilibrium. In 159% of the trials, one of the
original alleles was eliminated and gene frequencies converged toward a
new two-allele symmetric equilibrium. Finally, in 1.9% of the trials, both
original alleles were eliminated as the new allele went to fixation. In all
cases, however, the proportions of offspring placed in the two habitats was
closer to the optimum ratio ¢: 1 —¢ than they were at the original two-
allele equilibrium. In other words, in all cases the system evolved toward
the optimal placement of offspring.

Genotypes with Unequal Fecundities

The previous analysis assumes that genotypes with different preferences
have the same fecundity. Although this assumption may often be valid
(Rausher, 1984), fecundities may differ if preference for the rarer habitat
decreases oviposition rate and hence total number of eggs laid during a
female’s lifetime.

A biologically interesting special case of unequal fecundities is when
fecundities are inversely proportional to total search time, as when
searching for one type of habitat precludes searching for others (e.g.,
Rausher, 1978, 1980; Stanton, 1982). One way to model this situation is to
assume that, on average, an individual searches for a time S, prior to
ovipositing in a patch of habitat I and for a time Sy; before ovipositing in a
patch of habitat [1 (Rausher, 1984). The mean search time per egg laid is
then, for genotype i,

S(/:Pi/Sl+(1 _Pij) SlI:S][:Pii+(1 _P,;/)¢],

where ¢ = S},/S), 1.e., the parental search time investment in an egg laid in
habitat Il expressed in units of search time for an egg laid in habitat 1. If all
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genotypes live on average a fixed amount of time, L, then the number of
eggs laid is simply FU:L/SU. or

I/F(/:SII:PU“"(I _P(/)¢]/L= [Pij+(1 —P!-,-) ¢]/S’ (8)

where s= L/S,. The recursion equations (1) and (2) are then modified by
substituting P;F; for P; and (1 —P,) F, for (1—P,).

gL
Analysis of this case procedes as before. Equilibria satisfy the condition

Xes—T))=Y{cs—T})

(see Appendix). From this it is apparent that there are again two kinds of
equilibria: asymmetric, corresponding to the condition

S = T[, (9)
and symmetric, corresponding to the condition
X.=7,.

Asymmetric equilibria are characterized by the relationship

TET!/(T1+T11)=C¢/[C¢+(1"C)], (10)
where
Ti=3 3 PiFylcX;+(1=¢) Y,] (11a)

Ty=Y Y (1—P,)F,[cX,+(1—¢)Y,]. (11b)

This relationship implies that parental search-time investment is equal in
the two habitats at asymmetric equilibria (Rausher, 1984). It is derived by
noting that (8) and (11) imply

T, +¢T =s. (12)
Together, (9) and (12) imply
cd/(1 —c)=Ty/Ty,
from which (10) follows. At symmetric equilibria, the difference between t
and c¢/[c¢ + (1 —¢)] is the smallest possible given the genetic constraints
of the system (Rausher, 1984), which is another way of saying that the dif-

ference between total parental investment in the two habitats is minimized
given the genetic constraints.
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Analysis of stability to invasion proceeds as before and yields the result
that there is one non-zero eigenvalue for the matrix describing the
dynamics of a new allele introduced at an n-allele equilibrium. This eigen-
value is

A=%+c[2ﬁinFi]/2T1+(1—c)[zﬁ,-(l—P,-)F,-], (13)

regardless of whether the equilibrium is asymmetric or symmetric.
Consider first the stability of an asymmetric equilibrium to invasion.
Together, (10) and (12) imply that

¢/Ty=1/s, (14a)
(1—c)/(1=Ty)=4¢/s. (14b)

Substituting these into (13) and simplifying yields A =1. Consequently, as
in the case of equal fecundities, a linear stability analysis does not permit a
definite conclusion about stability to invasion by a new allele.

Additional numerical work indicates that in this case of unequal fecun-
dities, asymmetric equilibria exhibit neutral stability to invasion. In a set of
1350 trials, in which a new allele was introduced to a two-allele
equilibrium, the system converged to a new 3-allele equilibrium at which
(10) and (14) were true, with very little change in gene frequencies. Pertur-
bation of this new equilibrium was followed by convergence to a new
3-allele equilibrium also satisfying (10) and (14). Finally, a set of 135 runs
indicated that the line given by (10) is locally attractive whenever it exists.
It thus appears that when an arbitrary allele is introduced at an n-allele
asymmetric equilibrium, the system quickly reaches a new (n+ 1)-allele
asymmetric equilibrium. This in turn implies that (10), and hence equal
parental investment in the two habitats, is an evolutionary stable state.

Next consider introduction of a new allele to a symmetric equilibrium.
From (13), instability occurs if and only if

S+ esN2T + (1 —¢) s{(1 — N)2T > 1, (15)

where N=Y,p,P/[P,+(1—P,)¢]. Since (12) is still valid, Ty=

(s — T1)/#, and this, when substituted into (15) and simplified, yields
(es—T7)(Ns—T;)>0. (16)

This expression, which is completely analagous to (7), says that a sym-

metric equilibrium is unstable to invasion by a new allele if and only if N,
the average number of offspring placed in habitat I by heterozygote females

65331 1-9
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carrying the new allele, is closer to the optimal value cs than is the average
number of offspring placed in that habitat by the population as a whole at
the original symmetric equilibrium.

A set of 1350 numerical iterations equations indicated that introduction
of alleles satisfying (16) resulted in an increase in the frequency of the new
allele until a new equilibrium was reached. In every case, the value of 7 at
the new equilibrium was closer to the optimum given by (10) than was true
at the original equilibrium and parental investment in the two habitats was
more equal.

4. DISCUSSION

The results presented here and earlier (Rausher, 1984; see also Slatkin,
1978) indicate that when population size is regulated independently in two
habitats, habitat preference will evolve toward a state of equal sur-
vivorship, or, when fecundities of different preference genotypes differ,
toward equal parental investment in the two habitats. An intuitive
justification for this result can be obtained by considering the case of equal
fecundities for all genotypes. At an asymmetric equilibrium, the fitness of
all females is equal, since all have the same probability of survival, fecun-
dity, and expected offspring survivorship. Perturbation of gene frequencies
from this equilibrium state increases the number of offspring placed in one
habitat and decreases the number placed in the other. Since the total num-
ber (or proportion) of adults emerging from each habitat is fixed by
independent regulation, offspring survivorship is lower in the first habitat
than in the second. Consequently, the fitness of genotypes placing a large
proportion of their offspring in the first habitat will be lower than that of
genotypes placing a smaller proportion of their progeny in that habitat.
The latter genotypes will increase in frequency, and the overall proportion
of offspring placed in the first habitat will decrease back toward the
original equilibrium.

This heuristic argument can also be used to explain the stability proper-
ties of equilibria challenged by new alleles. Introduction of a new allele to
an asymmetric equilibrium perturbs the population slightly from equal sur-
vivorship in the two habitats because individuals carrying new alleles do
not (except with infinitesimally small probability) place progeny in the two
habitats in equilibrium proportions, c: 1 —¢. Overall survivorship in one
habitat thereby increases, while that in the second decreases. Genotypes
placing a greater proportion of their progeny in the first habitat will then
be favored and gene frequencies will change until a new asymmetric
equilibrium is reached. Even if the preferences (P-values) of the new allele
deviate very far from the “optimal” allocation proportions, c: 1 —c, the
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allele will not be eliminated because near an asymmetric equilibrium there
will be at least one other genotype whose preferences deviate in the same
direction from the optimal proportions. Selection will decrease the fre-
quency of this genotype as well as that of genotypes carrying the “bad” new
allele and a new equilibrium will be reached before the new allele (or any
allele) is eliminated.

At a symmetric equilibrium, by contrast, survivorship is not equal in the
two habitats, the fitnesses of all genotypes are not equal, and genetic
variation is maintained by a type of heterosis. There exist alleles (those
satisfying Eq. (7)) that, at least at low frequency, cause females to place
offspring in the two habitats in proportions that deviate less from the
optimal ¢: 1 —¢ ratio than the population does. In effect, these females
place their offspring in less-crowded habitats. The survivorship of those
offspring is thus greater than that of the average individual in the pop-
ulation and hence the fitness of those females is greater than that of the
average female. Selection thus favors an initial increase in the frequency of
new alleles satisfying (7), which is accompanied by a decrease in the
deviation from the ¢: 1 — ¢ ratio of the population’s allocation of progeny
to the two habitats. Depending on the preferences of the various genotypes,
the population may actually achieve the optimal ratio by reaching an
asymmetric equilibrium. The numerical results presented here indicate that
once an asymmetric equilibrium, and hence a state of equal survivorship, is
reached, further evolution may substitute new alleles and alter the frequen-
cies of preference phenotypes, but will not alter the proportions of offspring
placed in each habitat by the population as a whole. Equalization of sur-
vivorship thus represents an evolutionary stable state.

Genetic Variation at Equilibrium

With two alleles, the conditions for maintenance of genetic variation for
preference are unrestrictive (Rausher, 1984). Oniy if the preferences
(P-values) of both homozygote genotypes deviate in the same direction
from the ratio c¢: 1 —c¢ and the preference of the heterozygote deviates
more in the same direction than that of at least one homozygote will
fixation occur.

The present analysis indicates that if mutation can produce a large num-
ber of alleles at a locus affecting habitat preference, genetic variation at that
locus is virtually inevitable. Consider first a population at an asymmetric
equilibrium. That population is already genetically variable, Introduction
of a new allele leads to a new equilibrium with one additional allele.
However, perturbations (including those of sampling in finite populations)
can cause gene frequencies to move off the surface of equilibrium. In
general, deterministic forces will return gene frequencies to a different point
on that surface. A series of perturbations will thus cause gene frequencies to

633 3] 1.9%
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wander through the equilibrium surface in a more or less random fashion.
Eventually gene frequencies will reach a boundary of the equilibrium sur-
face, corresponding to loss of one or more alleles.

The mean number of alleles present over long periods will probably
reflect a balance between the rate at which new alleles are added by
mutation and the rate at which they are eliminated by perturbations. A
precise determination of the expected number of alleles once this balance
has been achieved is beyond the scope of this paper. Nevertheless, by
analogy with genetic drift (Kimura and Ohta, 1971), it seems likely that
large populations will harbor a larger effective number of alleles than will
small populations. In any event, once an asymmetric equilibrium has been
reached, selection will prevent the number of alleles from being reduced to
less than two by maintaining gene frequencies near the surface of
equilibrium, at all points of which there are at least two alleles with non-
trivial frequencies (see Fig. 1).

Next consider a population at a two-allele symmetric equilibrium. The
iterations presented here suggest that in most cases (>98% of trials),
introduction of a new allele either leads to an increase (>82%) or to no
net change (> 15.9%) in the number of alleles at equilibrium, and hence to
maintenance of or an increase in genetic variation. Rarely (<2 % of trials),
however, a stable, polymorphic symmetric equilibrium can be invaded by a
new allele, A;, that becomes fixed. This new allele can subsequently be
replaced by another new allele, A,, which in turn will become fixed as long
as P, 1— P, deviates less in the same direction from c¢¢: 1 —¢ than do
P:1—P, and P; 1—P; (see Rausher, 1984). This process of “leap-
frogging” toward the optimal ratio ¢¢: 1 — ¢ can continue as long as alleles
with the appropriate preferences exist. However, as the optimal ratio is
approached, the chances that a newly arising allele, 4,, will be such that
P, 1 — P, deviates in the same direction from the optimal ratio as does
P, 1— P, will tend to become smaller than the chance that preferences of
the new allele will deviate in the opposite direction. Once the latter
situation occurs, the population will evolve to a two-allele asymmetric
equilibrium. Thus, while invasion of a symmetric equilibrium can
occasionally lead to elimination of genetic variability, such elimination will
be transitory. Eventually the population will reach a polymorphic, asym-
metric equilibrium, at which considerable genetic variation for preference is
expected, as described above.

Several recent investigations have indicated that many herbivorous
insects are genetically variable for habitat (host) preference (Tabashnik
etal, 1981; Wasserman and Futuyma, 1981; Carson and Ohta, 1981;
Tavormina, 1982; Sokolowski, 1982, 1985; Sokolowski ef al., 1984; Jaenike
and Grimaldi, 1983; Lofdahl, 1984). The model described here provides an
explanation for this variability and also makes the testible prediction that
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the ratio of parental investment in the two hosts should be in the ratio
¢¢/1 — c. Whether this explanation and prediction are valid will depend on
the appropriateness of the model’s assumption that population size is
regulated independently on different hosts. Some field evidence suggests
this may be the case in mushroom-feeding and cactophytic Drosophila that
also exhibit genetic variation for habitat preference (Fellows and Heed,
1972; Mangan, 1982; Jaenike and Grimaldi, 1983; Grimaldi and Jaenike,
1984; Lofdahl, 1984), but for other insects too little is known about pop-
ulation regulation to allow any definitive conclusions on the validity of the
model’s main assumption.

APPENDIX

Hardy—Weinberg Frequencies at Equilibrium

In this section of the appendix 1 demonstrate that whenever the pop-
ulation is at equilibrium, the genotype frequencies in the mating pool are in
Hardy-Weinberg equilibrium.

First define V;; and W, as  the genotype frequencies of 4,4, in habitats
I and 11, respectively after offspring have grown up to be adults but before
dispersal. Define V,;; and W, as the analagous genotype frequencies of 4, 4,.
Then by the asumption that habitats I and Il contribute fractions ¢ and
1 — ¢ to the mating pool, one has

Gi=cV+(1—c)W,. (A1)

Since mortality is random with respect to habitats,

V=X, (A2a)
and

W,=Y; (A2b)

Finally, the frequencies X; and Y, can be expressed in terms of G, p;, and
p; as

XU=%|:P,'2/( ijij;:ijk GikPik]’ (A3a)
1
Y, =1 [piZk Gyl — P,'k);Pj 2 Gl _Pik)jl. (A3b)
1
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Substituting (A2) and (A3) into (Al) then yields the recursion equation for
the genotype frequencies in the mating pool:

G;,-=% i[CZk ijij+(] =y ij(l —ij)}

T, Ty
1, I GikPik+(1‘C)Zk Gu(l—Py)
- T, T,
:%pfﬁj_*_%pjﬁi’ (A4)

where p; and p, symbolize the expressions in brackets. By a similar
argument it can be shown that the recursion equation for gene frequency in
the mating pool is given by

P 2 GuPul (I=c)p; (1 =0)[Xs Gyl — Pyl
=ty t—a3  * =T

(AS)
= %p it %[3 i

Whenever genotype frequencies are in equilibrium, then gene frequencies

are necessarily in equilibrium and p; = p,. Equation (AS5) then reduces to
pi = ﬁi
and (A4) then reduces to
G,=pip;

These are the Hardy—Weinberg frequencies.

Evolutionary Genetic Stability

In this section of the appendix we derive the matrices in Tables I and II
and determine the eigenvalues of those matrices. First, differentiating (4)
and (5) yields

65,_(‘Z,+Cﬁ,~P

ﬁ —— (A6)
Cg; 2T,

e, (1—c) 0k

i il) 7
s, c g (A7)
3, (L= p=Z)+(1~¢) p{1 = P) (A8)
09, 21 -1y ’

00, ¢ 09 (A9)

&, (1—c)ds;

]

where P, is used as a short abbreviation for P,, .
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Using the fact that an asymmetric equilibrium c=T;and 1 —¢=1-T,
and substituting (from Eq. 8)

=X, = 3p(e—P),
)
de; (1—c) o .
'8—5__ c [(X,—%p,(C_P]-)],
M
05i A y 1a
EZP,—CX&W.(C*P,),

S
090, ¢ . - .
F;Z 1—0) [Pi_cXi‘*‘%[’i(C_ P_,‘)]»
’ / -

which gives the matrix A in Table L.

To show that this matrix has 2n — 1 zero eigenvalues and one eigenvalue
equal to 1, one solves the equation O0=det(A —Al). The following
operations on the matrix A — Al provide the solution:

(A10)

(A11)

(A12)

(A13)

(A14)

(1) Multiply last # columns by ¢/(1 — ¢), then multiply last n rows by

(A15)

(1—c¢)/c.
(2) For i=1,.., n, subtract column »r+ i from column 1.
(3) Fori=1,.,n add row i to row n+i.
(4) For i=2,.., n, subtract column n + | from column n+ i,
(5) Fori=2,.,n add row n+itorow n+1.
These operations produce the equation 0 =det(Q), where Q is given by
0 - 0
0 0 —A
o=| 0 0 0 EpHy—4 0 0 0
0 0 0 P -4 0 0
0 0 0 Ps 0 -1 0
[ 0 0 - 0 B 0 0 - -4

Evaluating the determinant gives

0=(—A)>"" (z ,3,-1).

i

(A16)



136 RAUSHER AND ENGLANDER

Since the sum of the gene frequencies equals 1, the largest eigenvalue
equals 1.
At a symmetric equilibrium, X, = Y,. Substituting this into (A10) gives
Z,

Z,=X,T,.

Substituting this into (A6)-(A9) and recognizing that because X,=7Y,,
p;=X,, one obtains

de, X, P,

G _ iy 1 L A17
3, 2 ( +f1)’ (A7)
dk, (1—c)X, P,

R LS Sl i T A8
3%, 2 <+f1>’ (A18)
o, _-o X, 1+1_ij>, (A19)
00, 2 1-T,

i"_f:"_Xf<1+__1_’ff>, (A20)
de; 2 1—T,

which gives the matrix A in Table IL
To find the eigenvalues of this matrix, one again solves the equation
0=det(A—Al) by performing the following operation on the matrix
A— Al
(1) For i=1,.., n, subtract [¢/(1 —¢)] x column # + i from column i.
(2} Fori=1,.,n add [¢/(1 —c)] xrow i to row n+1i.
(3) For i=2,..,n, multiply row n+i by X, then subtract X,xrow

n+ 1.
(4) Fori=2,.., n, multiply column n+ i/ by X,/X, and add to column
n+1.
These operations produce the equation 0 =det(Q) where Q is given by
. 0 o T
0 -4 0
0 0 —A
0o 0 0 12+12Y X[cP/T, 2 o n
0= ’ Lo
+U=c)1=P)(=T)] -4
0 0 - 0 0 —iX, 0
_6 0 - 0 6 0 ;/1/\7]_}
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valuation of the determinant gives

0= (=)t X! [;+%in(c-P,~/T1+ (1= )1 =P/l — T[))—A].
’ (A22)

There are thus 2n—1 zero eigenvalues and one eigenvalue equal to the
expression in brackets. Letting N=3, X,P,, and recognizing that the
equilibrium is unstable to invasion if and only if the largest eigenvalue is
greater than 1, one obtains Eq. (18) as the conditions for instability.

Unequal Fecundities
In this section, we show that equilibria satisfy the condition
Xdes—THy=YAes—T)) (A23)
when fecundities are given by (8).

Summing the genotype recursion equations analagous to (1) and (2)
over k and evaluating at equilibrium yields

i P,F.G

X,:z'/ 21/7:1/ 1/+p21’ (A24a)
I

. 1-PIF.G.

Y,ZZ/( 71;/) i~ if .[;1’ (A24b)
=41

where
Guch,-,-—i—(l - Y,

Isolating the p,/2, equating (A24a) and (A24b), and substituting (s — 7;)
for T, (Eq. (12)) produces

2M(s—TY X, —s Y Py F,Gu+ T Y [P, +(1-P,)] F,G,
i j

/

=2T(s—T) Y, (A25)

But from (A24a),

S P,F,G,=T/2X,—p,) (A26)

Substituting this and (8) into (A25) and simplifying then yields (A23).



138 RAUSHER AND ENGLANDER

ACKNOWLEDGMENTS

I thank Kirk Maloney, Susan Paulsen, Marcy Uyenoyama and two reviewers for insightful
comments on the manuscript. As always, Anne Lacey provided tremendous support of all
kinds during the writing of this paper. This work was supported by NSF Grant BSR-8406870.

REFERENCES

BECk, S. D. 1965. Resistance of plants to insects, Ann. Rev. Entomol. 10, 207-232.

CarsON, H. L., AND OHTA, A. J. 1981. Origin of the genetic basis of colonizing ability, in
“Evolution Today™ (G. G. E. Scudder and J. L. Reveal. Eds.), Proc. Second. Int. Cong.
Syst. Ev. Biol., pp. 365 370.

CHarnNov, E. L. 1976. Optimal foraging, the marginal value theorem. Theorer. Pop. Biol. 9,
129-136.

CHRISTIANSEN, F. B. 1975. Hard and soft selection in a subdivided population, Amer. Nat. 109,
11-16.

Dawkins, R. “The Extended Phenotype,” Freeman, San Francisco.

DoszHANsKY, T. 1970. “Genetics of the Evolutionary Process.” Columbia Univ. Press, New
York.

EsHiL, I, AND FeLDMAN, M. W. 1982. On evolutionary genetic stability of the sex ratio,
Theor. Pop. Biol. 21, 430-439.

EsHEL, 1., AND FELDMAN, M. W. 1984. Initial increase of new mutants and some continuity
properties of ESS in two-locus systems, Amer. Nat. 124, 631 -640.

Feeny, P., ROSENBERRY. L., AND CARTER, M. 1983. Chemical aspects of oviposition bchavior
in butterflies, in “Herbivorous Insects: Host-Seeking Behavior and Mechanisms”
(S. Ahmad, Ed.), Academic Press, New York, pp. 27-76.

FeLLows, D. P.. anp Heep, W. B. 1972, Factors affecting host plant selection in desert-adap-
ted cactiphilic Drosophilu, Ecology 83, 850-858.

FELSENSTEIN, J. 1976. Theoretical population genetics of variable selection and migration, Ann.
Rerv. Genet. 10, 253-280.

FrReTWELL, S. D. 1972. “Populations in a Seasonal Environment,” Princeton University Press.
Princeton, New Jersey.

FRETWELL, S. D.. AND Lucas, H. L. 1970. On territorial behavior and other factors influenc-
ing habitat distribution in birds. I. Theoretical development, Acta Biotheor. 19, 16-36.
GRIMALDL, D., AND JAENIKE, J. 1984, Competition in natural populations of mycophagous

Drosophila, Ecology 65, 1113-1120.

JAENIKE, J. 1978. On optimal oviposition behavior in phytophagous insects. Theor. Pop. Biol.
14, 350-356.

JAENIKE, J., AND GRIMALDI, D. 1983. Genetic variation for host preference within and among
populations of Drosophila tripunctata, Evolution 37, 1023-1033.

LevenE, H. 1953. Genetic equilibrium when more than one ecological niche is available, Amer.
Nat. 87, 331-333.

LeEvINS, R.. AND MACARTHUR, R. L. 1969. An hypothesis to explain the incidence of
monophagy, Ecology 50, 919-911.

LorpaHL, K. L. 1984. A genetic analysis of habitat selection in the cactophilic species,
Drosophila mojavensis, in “Evolutionary Genetics of Insect Behavior” (M. D. Huettel, Ed.),
Plenum, New York.

MACARTHUR, R. H., AND PiaNka, E. R. 1966. On optimal use of a patchy environment,
Amer. Nat. 100, 603-609.



EVOLUTION OF HABITAT PREFERENCE 139

ManGaN, R. L. 1982, Adaptations to competition in catcus breeding Drosophila, in
“Ecological Genetics and Evolution™ (J. S. F. Barker and W. T. Starmer, Eds.), Academic
Press, New York.

MAaYNARD SMITH, J., aND PRICE. G. R. 1973. The logic of animal conflicts, Nature 246, 15-18.

MitcHeLL, N. D. 1977. Differential host selection by Pieris brassicae (the large white butter-
fly) on Brassica oleracea subsp. oleracea (the wild cabbage), Entomol. Exp. Appl. 22,
208-219.

Pyke, G. H. 1984. Optimal foraging theory: a critical review, Ann. Rer. Ecol. Syst. 15,
523-575.

Pyke, G. H.. Puriiam, H. R., aND CHARNOV, E. L. 1977. Optimal foraging: a selective review
of theory and tests, Quart. Rev. Biol. 52, 137-154.

RaUsHER, M. D. 1978. Search image for leaf shape in a butterfly, Science 200, 1071-1073.

RausHEr, M. D. 1984. The evolution of habitat selection in subdivided populations, Evolution
38, 596-608.

Rees, C. J. C. 1969. Chemoreceptor specificity associated with choice of feeding site by the
beetle, Chrysolina brunsvicensis on its food plant, Hypericum hirsutum, Entomol. Exp. Appl.
12, 565-583.

SLATKIN, M. 1978. On the equilibration of fitnesses by natural selection. Amer. Nar. 112,
845-859.

SokoLowski, M. B. 1982. Rover and sitter larval foraging patterns in a natural population of
D. melanogaster, Drosophila Information Service 58, 138-139.

SokoLowski, M. B. 1985. Drosophila larval foraging behavior and correlated behaviors, in
“Evolutionary Genetics of Invertebrate Behavior™ (M. Heuttel, Ed.), Plenum. New York, in
press.

SokoLowskl, M. B., KEnT, C., AND WONG, J. 1984. Drosophila foraging behaviour: develop-
mental stages, Anim. Behav. 32, 645-651.

StanTON, M. L. 1982. Searching in a patchy environment, foodplant selection by Colias p.
eriphyle butterflies, Ecology 63, 839-853.

TasasuNIK, B. E., WHEELOCK, H., RaINBOLT, J. D.. AND WATT, W. B. 1981. Individual
variation in oviposition preference in the butterfly, Colias eurvtheme, Oecologia 50,
225-230.

TavorMiNa, S. T. 1982, Sympatric genetic divergence in the leal-mining insect Liriomyza
brassicae (Diptera: Agromyzidae), Evolution 36, 523-534.

WALLACE, B. 1968. Polymorphism, population size, and genetic load, in “Population Biology
and Evolution” (R. C. Lewontin, Ed.), Syracuse Univ. Press, Syracuse, New York.

WasserMAN, S. S, anNp Futuyma, D. J. 1981. Evolution of host plant utilization in
laboratory populations of the southern cowpea weevil, Callosobruchus maculatus Fabricus
(Coleoptera: Bruchidae), Evolution 35, 605-617.



