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ABSTRACT: We describe a model for the evolutionary consequences
of plasticity in an environmentally heterogeneous metapopulation in
which specialists for each of two alternative environments and one
plastic type are initially present. The model is similar to that proposed
by Moran (1992) but extends her work to two sites. We show that
with migration between sites the plastic type is favored over local
specialists across a broad range of parameter space. The plastic type
may dominate or be fixed even in an environmentally uniform site,
and even if the plasticity has imperfect accuracy or bears some cost
such that a local specialist has higher fitness in that site, as long as
there is some migration between sites with different distributions of
environmental states. These results suggest that differences among
taxa in dispersal and hence realized migration rates may play a here-
tofore unrecognized role in their patterns of adaptive population
differentiation. Migration relaxes the thresholds for both environ-
mental heterogeneity and accuracy of plastic response above which
plasticity is favored. Furthermore, small changes in response accuracy
can dramatically and abruptly alter the evolutionary outcome in the
metapopulation. A fitness cost to plasticity will substantially reduce
the range of conditions in which the plastic type will prevail only if
the cost is both large and global rather than environment specific.

Keywords: phenotypic plasticity, metapopulation, variable environ-
ments, population divergence, ecotypes, environmental cues.

Individual plasticity has been increasingly recognized as a
major source of phenotypic variation in natural popula-
tions. When phenotypic responses to environment are
functionally adaptive, plasticity allows individual geno-
types to maintain fitness under diverse environmental con-
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ditions (Travis 1994 and references therein; Sultan 1995
and references therein). By broadening the environmental
tolerance of genotypes, such adaptive plasticity may have
important consequences for the evolutionary divergence
of populations in distinct habitats. Selection in any pop-
ulation will favor individuals that produce a phenotype
appropriate to the local environment; when alternative
phenotypes are required in different environmental states
and each genotype is associated with a single phenotype,
this process is expected to produce genetically distinct,
locally specialized ecotypes (references in Nagy and Rice
1997). However, if individuals are sufficiently plastic to
produce phenotypes appropriate to more than one envi-
ronment, this type of adaptive population differentiation
may be obviated (Levin 1988; Jain 1990; Novak et al. 1991).
Thus, adaptive plasticity may have important implications
for patterns of local ecotypic diversification and ultimately
allopatric speciation (Sultan 2000). Although numerous
models have been developed to examine the conditions
favoring the evolution of plasticity within a population
(reviewed in Scheiner 1993; Schlichting and Pigliucci 1998;
see also Tufto 2000), the potential impact of plasticity on
population differentiation has not been directly tested.
In this article, we examine the consequences of phe-
notypic plasticity for a metapopulation of a species living
in a spatially variable environment. Previous studies in-
corporating the effects of population structure into models
of plasticity evolution have examined the evolution of re-
action norms over subpopulations varying in their opti-
mum phenotype (e.g., Scheiner 1998; de Jong 1999; Tufto
2000). Our work, in contrast, investigates these effects by
realistically expanding Moran’s (1992) single-population
model to a two-site metapopulation: two geographical lo-
cations connected by migration and differing in the fre-
quency of environmental states. We address for the first
time the following question: When sites differ, will local
populations evolve toward distinct monophenic specialists,
or can a single plastic strategist be favored in both? Mi-
gration has a profound effect on local differentiation
(Wright 1931; Hamrick et al. 1995); in the case of a plastic
type, this effect may be far more complex than a simple
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selection-migration balance (Scheiner 1998). We examine
how evolution in the metapopulation will be influenced
by migration rates, the degree and pattern of environ-
mental heterogeneity, limits to the response accuracy of
the plastic type, possible fitness costs to plasticity, and the
interaction of these biologically critical parameters. These
parameters are briefly explained below.

In contrast to early estimates based on observed dis-
persal, indirect methods for measuring gene flow show
that populations of many plant and animal species are
linked by substantial migration (reviewed by Slatkin 1985;
Hamrick et al. 1995). However, migration rates vary widely
from species to species as well as among different habitats
and years. By testing different migration rates, our model
offers insight into the impact of plasticity in taxa with
different dispersal abilities and, hence, realized rates of
gene flow. We also examine the effect of one-way (direc-
tional) gene flow between populations, which may be com-
mon in natural systems as a result of factors such as wind
direction and differences in site quality (Nagy and Rice
1997; Stanton and Galen 1997; Turelli 1997).

Previous models have found that greater environmental
variability favors plasticity within populations (reviewed
by Scheiner 1993; see also Scheiner 1998). To examine the
possible impact of plasticity on population divergence in
a range of ecological situations, we test various spatial
distributions of alternative environmental states in two
sites, from the extreme case of completely environmentally
distinct sites to maximally heterogeneous sites. We also
examine cases where the sites differ in heterogeneity, which
are undoubtedly an important set of scenarios in nature
(Bazzaz 1996).

Also critical to the adaptive success of a plastic strategy
is the organism’s accurate perception of and response to
environmental conditions. Response accuracy depends on
both the predictability of environmental variation and the
organism’s system of perception and response (Moran
1992; DeWitt et al. 1998). Unreliable cues (the decoupling
of the developmental and selective environments) can sig-
nificantly constrain the evolution of plasticity (Lively 1986;
de Jong 1999; Tufto 2000). Accuracy may be inherently
limited in highly labile environments or when the required
phenotypic response entails a long lag time (Kingsolver
and Huey 1998); in other cases, accuracy may improve as
a result of selective evolution of the organism’s perception
or response mechanisms (Moran 1992). We test the evo-
lutionary impact of a range of response accuracies as well
as of slight (e.g., evolved) shifts in accuracy. Since sites
may differ in environmental distribution, we also test the
effect of unequal accuracies in different environments.

Finally, we specifically test the evolutionary effects of
different possible costs of plasticity (discussed in DeWitt
et al. 1998). The idea is widespread that the capacity for

plastic response requires inherently costly genetic and cel-
lular machinery, resulting in a universal or global cost of
plasticity (Scheiner 1993). Not surprisingly, such a global
cost has a powerful impact on evolutionary predictions
since, in this case, the fitness of a plastic individual will
be less than that of a specialist in every lineage and every
environment, even if the accuracy of plastic response is
perfect (Van Tienderen 1991). At present, little empirical
evidence exists for such inherent costs of plasticity (Tufto
2000 and references therein). However, environment-
specific or local costs may be more likely. For instance, a
plastic response to an extreme environment may be less
adaptively effective than the phenotype of a local specialist
(Newman 1992; Reboud and Bell 1997). In such cases, a
plastic individual will have lower fitness than a specialist
in one but not all environments. We test both global and
local costs of plasticity to understand how either inherently
costly plasticity mechanisms or environment-specific fit-
ness decrements would influence adaptive divergence. We
also examine how the magnitude of each type of plasticity
cost affects the evolutionary outcome.

Model

We modeled a clonally reproducing metapopulation
spread over two disjunct sites, A and B. At both sites, two
environmental states, 1 and 2, occurred at constant fre-
quencies r, and 1 — 7, respectively, where the subscript, s,
denotes the site (A or B). Following Moran (1992), three
types of organisms were hypothesized: two monophenic
specialists, 1 and 2 (one for each environmental state) and
one plastic type, P. The specialists always produced the
same phenotype, i (i € {1,2}) regardless of the environ-
mental state, whereas the plastic type responded to envi-
ronmental cues in producing its phenotype. This response
was appropriate for the environmental state (i.e., pheno-
type 1 was produced in environmental state 1 and 2 in 2)
a proportion, a, of the time, in which j is the environ-
mental state (i.e., j € {1, 2}). These two parameters can be
thought of as the accuracy of the plastic response. Inac-
curacy can arise either because the environmental cues are
misleading or because the individual fails to correctly per-
ceive and/or respond to a reliable cue. The relative fitness
of a (monophenic) specialist with phenotype 7 in envi-
ronmental state j was given by the constant f; (i,j €
{1,2}). We always assumed that fy;,, > fi,, and fy,, >
fui» Which simply says that a specialist does better in its
appropriate environmental state than a specialist for an-
other state. The comparable fitnesses of the plastic type
were the constants f,;. If there is an inherent (global) cost
to plasticity, fp; < fu for all i and j no cost means that
(as in Moran 1992) f;; = fu;
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In site A, therefore, the relative viabilities of the plastic
and two specialist types were

Wea = 1la, for, + (1 — a,)fp,)]
+1- Q)[azfpzz +01- az)fplz]a
Wia = ffun T 0 — 2)funs )

Waa = ffun T = 1) funs

and similar equations (with B in place of A) applied in
site B. These equations are simply those of Moran (1992),
with the subscripts A and B added to denote the two sites.

At each generation, a certain proportion, m, (s €
{A, B}), of the population at each site was derived by mi-
gration from the other site. If the two sites are isolated
from each other, say because of distance (so that m, =
my = 0), then our model reduces to two cases of Moran’s
(1992) model, in which one type always wins out. Moran
showed that the plastic type will be favored only if the
fitness cost of mismatch phenotypes produced by the spe-
cialist is greater than the total fitness decrement to the
plastic type due to mismatches (inaccuracy) and/or in-
herent cost. With nonzero migration rates, however, the
situation is considerably more complicated: more than one
type may persist at a site. More surprising, a type that is
not favored within a site may be fixed: for instance, the
plastic type may be fixed at a site even if its fitness is lower
than that of a monomorphic specialist at that site.

We were unable to fully solve this model analytically,
and so we explored parameter space using simulation (a
listing of the PASCAL computer program may be obtained
on request from H. G. Spencer). In doing so, we assumed
that generations are separate and that in each generation
the proportions of the three types in a site change ac-
cording to their relative fitnesses, before migration occurs.
For example, the frequency of the plastic type in site A in
the subsequent generation, ny,, is given by

= (1—m) MpaWpa
PA — Al
MpaWpp T 1 Wy, T 1,05,
NpsWes
+m )

A >
NppWpp T Wiy + MWy

in which n, is the proportion of type i in site s. This set
of equations was iterated until the changes in proportions
were very small, at which point an equilibrium was con-
sidered to have been reached. (In practice, since the pro-
portions at each site sum to 1, just the absolute values of
differences between the proportions of the plastic type and
type 1 at each site were calculated. The sum of these four
numbers was required to be less than a threshold, usually
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5 x 107%.) Any runs apparently not reaching equilibrium
were investigated further: all runs did eventually reach
equilibrium (i.e., no cases of cycling were discovered).

Because we could not be sure whether the equilibrium
reached for a particular set of parameter values was globally
or just locally stable, we simulated 200 replicate runs that
differed only in their initial proportions. We drew initial
values for the types at each site from a uniform distribution
by using the broken-stick method (Marks and Spencer
1991). The required pseudorandom numbers were pro-
duced by the lagged-Fibonacci generator of Marsaglia et al.
(1990). In all of our simulations, a unique equilibrium was
reached, although convergence was sometimes very slow.
Hence, we could ignore any effects of initial proportions
when discussing equilibria. Nevertheless, the equilibrium
threshold sometimes needed to be set very low (for one set
of parameters < 5 x 107*°) so that the simulations did not
stop at frequencies different from the true equilibrium val-
ues. As part of our program validation, we verified that
when there was no migration (i.e., m, = m; = 0) and no
cost to plasticity (i.e., fp;; = fu;) we obtained results con-
sistent with Moran’s (1992) findings at each site. Similarly,
when migration between the two sites was great enough
(m, = my = 0.5), our system converged to a single-site
system, consistent with Moran’s (1992) results.

Finally, we investigated special cases of equations (2) with
standard analytical techniques, enabling us to draw the fig-
ures exactly. All results were consistent with simulations.

Results

Migration in an Environmentally Heterogeneous
Metapopulation Favors Plasticity

In Moran’s (1992) single-site model, just one of the three
types would be favored and, hence, in the equivalent of
our simulations, become fixed. In the two-site metapopu-
lation, however, more than one type can be present in the
system at equilibrium. Not surprisingly, population struc-
ture in conjunction with environmental differences will
maintain phenotypic variation: with no migration, a dif-
ferent type can be maintained at each site (for suitable
parameter values), an outcome that can be expected to be
robust to low levels of migration. As the migration rate
increases, however, eventually a point is reached where
only one type can be maintained; of course, once m reaches
0.5, the system essentially behaves as a single-site model.
For a wide range of parameters, the plastic strategist is
likely to be the type that is fixed because metapopulation
structure often leads to a high degree of environmental
variation.

An example is shown in figure 1: with no migration,
we get fixation (in all runs) of the type with the highest
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Figure 1: The effect of changing the migration rates between the two
environmentally different sites on the type(s) (1, 2, and P) present at
equilibrium. The proportion of migrants each generation at site A is
given by m,; that at site B, by m,. Other parameter values were constant
atr, = 09,17, = 0.1,a, = a, = 0.8, fp;, = o, = fiu = fu, = 1.0,and
for = fuz = four = fum = 0.7.

fitness at each site, which in the case of the parameters
chosen (low plasticity accuracy and predominance of a
different environment at each site) is a different specialist
for each site. When the two-way migration is increased to
cross a critical threshold, the plastic type becomes fixed at
both sites (in all runs), even though it is not the best type
anywhere. With the symmetries m, = m,; = m, r, =
l=rn,a,=4a,=0 fo, = forr = fun = fuze = fi» and
forr = faz = four = fuz = fio this migration threshold is
given by

m = (fu = fi)lal — a) — (1 — 1]
afi = fol = a) = 2(fy = f)n(l — 1)’

®)

In other words, despite limited accuracy and low envi-
ronmental heterogeneity within sites, conditions in which
specialists have higher fitness within each site, a plastic
type will be fixed throughout the metapopulation as long
as there is a modest rate of migration between the sites.
The precise migration threshold favoring plasticity de-
pends on both response accuracy and environmental dis-
tribution (fig. 2). With greater accuracy of plastic response,
a lower migration threshold is sufficient for the plastic
type to be fixed in the system; as response accuracy de-
creases, higher migration rates are required for the plastic
type to predominate. Similarly, as sites approach complete

environmental distinctness, higher migration rates are re-
quired for the plastic type to be fixed. Nevertheless, these
migration thresholds can be surprisingly low. For example,
even when two sites consist completely of contrasting en-
vironments (i.e., 7, = 1.0 and r; = 0.0)—a scenario ex-
pected to lead to ecotypic divergence—10% migration in
each direction is sufficient to fix a cost-free plastic type in
both sites if the plastic response is accurate as little as
67.30% of the time. In figure 1, where two sites have
different predominant environmental states and a cost-
free plastic type has low response accuracy, a migration
rate of only 3.5% in both directions allows the plastic
strategist to be fixed throughout the system, even though
this type is not the “best” in either site compared with
local specialists.

In none of our simulations were all three types present
at equilibrium. Since only one type can be favored at a
site, the greatest number that can be favored in our two-
site model is two. Of course, it is quite likely that a more
finely divided population (say, with three sites) would
maintain all three types (as might frequency-dependent,
density-dependent, or temporally variable fitnesses).

One-Way Migration Can Overwhelm Local Selection

In the case where only one of the sites receives migrants
(say, because it is downwind or downstream from the
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Figure 2: The effect of environmental predictability (r = r, = 1 — r;
solid line) and the plastic type’s accuracy (a, = a,; dashed line) on the
migration threshold (given by eq. [3]) above which plasticity is favored.
When r was varied, a was fixed at 0.8; when a was varied, r was fixed
at 0.9. Other parameter values were fo,, = fiy = fo, = fu, = 1.0 and

oo = fur = forr = fum = 0.7.
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source site), the result depends on the direction of mi-
gration with respect to site heterogeneity. At the source
site, Moran’s model applies, and whichever type is favored
there becomes fixed. If the source site is homogeneous and
(in the absence of immigration) a specialist is fixed there,
high migration is required for this type to displace the
plastic type from a heterogeneous site. However, even low
levels of migration from a heterogeneous site where a plas-
tic type is favored can cause this type to be fixed over a
local specialist with higher fitness. As a concrete example,
suppose that m, = m>0 and m,; = 0 and, in order to
keep things tractable, that we have certain other parameter
symmetries: a, = a, = &, for = fon = fun = fum =
fiv ferr = finz = fo = fun = fi,. Following  Moran
(1992), it is simple to see that the plastic type will be
favored and hence fixed at site B if a> max(r;, 1 — r3);
if we also have a > max(r,, 1 — r,), it is also fixed at site
A. If, however, 7, > a>1 — r,, such that specialist type 1
is favored at site A, this type will be present at site A only
for low values of m. The boundary between these low and
high migration rates is given by

m = (fu = f) — a)
fio + 10l = f2) .

Below this value, the equilibrium proportion of the plastic
type is given by

)

oy = mlfi, + n(fu — fio)] ’ )
(fo = f)n —a)

a simple increasing linear function of m. (The absence of
1, from eqq. [4] and [5] is due to the fixation of the plastic
type at site B.) And even very infrequent migration (e.g.,
0.5%) from a site where a plastic type is fixed into a totally
homogeneous site (e.g., r, = 1) will maintain both the
plastic type and the local specialist at intermediate fre-
quencies in a stable equilibrium.

Migration Relaxes the Environmental Heterogeneity
Threshold to Favor Plasticity

As has been shown in single-population models, plasticity
is favored by increasing environmental heterogeneity in
the metapopulation. However, migration among sites re-
laxes the heterogeneity threshold for the plastic type to
persist in or dominate the system. Figure 3 presents a
representative example. Moderate rates of migration (in
this case 10% in both directions) cause the plastic type to
be fixed throughout the system in a broad range of en-
vironmental distributions, even when only one site is het-
erogeneous (7, or r, = 1 or 0). When environmental state
2 predominates throughout the metapopulation (r, and r
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Figure 3: The effect of changing the frequencies of the alternative en-
vironmental states at the two sites on the type(s) (1, 2, and P) present
at equilibrium. The frequency of state 1 at site A is given by r,; that at
site B, by r. Other parameter values were constant at m, = m; = 0.1,

a =a, =038, fo, = f;zz = ﬁxm = fuz = 1.0, and f,;, = ﬁ\uz = f;m =
Jum = 0.7

are both small), type 2 is fixed at both sites, as one would
expect. As environmental state 1 becomes increasingly
common at either site, initially the plastic type and type
2 coexist at intermediate frequencies, and then only the
plastic type is present. As r, and r; increase, type 1 appears
in the equilibrium, and eventually (as they approach 1) it
is fixed throughout.

Metapopulation Structure Permits
Suboptimal Types to Fix

As noted above, migration between sites may allow a type
to be fixed at a site even when it does not have the highest
fitness at that site. In figure 3, for instance, with r, =
0.0 and r, = 0.3, only type 2 is present at equilibrium in
both sites, yet wp; = 0.94> w,; = 091 Gw,; = 0.79).
The combination of two-site selection and migration can
also favor the plastic type: for example, with 7, = 0.0 and
r, = 0.7, the plastic type is everywhere fixed, yet w,, =
0.94 < w,, = 1.00.

Accuracy of Plastic Response Is a Crucial Parameter

Small changes in the accuracy parameters can cause abrupt
rather than gradual replacements. When only the two spe-
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cialists are present, they occur at equilibrium frequencies
unaffected by changes in a, and a, (since these parameters
affect only the viability of the absent plastic type). As a
threshold in response accuracy is crossed, one specialist (or
both) abruptly becomes extinct, and the frequency of the
other may also drop. For example, in figure 4, with g, fixed
at 0.60, a, <0.73 gave n,, = 1, = 0.716, n,, = 1,, =
0.284 and 71,, = 1,; = 0.000 (the symmetry of the equi-
librium values reflecting that of the parameter values), yet
a, = 0.74 gave ny,, = 0.794, n,, = 0.206, 1, = 0.919,
n,, = 0.081, and 1,, = m,, = 0.000. Increasing a, further
led to even lower equilibrium frequencies of type 1. Thus,
small differences in the accuracy with which a plastic ge-
notype responds to an environmental cue can lead to whole-
sale changes in the genetic composition of the system.

Not surprisingly, when the accuracy of response to at
least one environmental state is no better than random
(a, or a, = 0.5), the specialists are favored; as the accuracy
of response to environment increases, the plastic type dis-
places the specialist for that environmental state. However,
as we discuss below, accuracy need not be particularly high
for the plastic type to be present or even fixed.

Metapopulation Structure Allows Less
Accurate Plastic Types

In Moran’s (1992) single-site model, the environmental dis-
tribution and plastic accuracy parameters, rand g4, interacted
so that a change in the value of one led to changes in the
range of the other that favored plasticity. A similar result
occurs in our two-site model, as illustrated in the numerical
example of figure 5 (in which m, = m; = m and r =
rn, = 1 — r;). With low plastic accuracy and environmen-
tally distinct, internally homogeneous sites (r close to 0),
only the two specialists will be present. Plasticity is favored
above the critical value for a, (=a,) given by

a, =

oo foo— mfiu 4 ) + [(fo = £ (1= 202(1 = 2m) + (f;, + fio)?m] ™
z(fniflz) ’

(6)

In essence, the greater the environmental heterogeneity
within the two sites (r approaching 0.5), the less accurate
the plastic type needs to be in order to prevail over the
specialists. (Note that as r increases from 0, both sites
become maximally heterogeneous [r = 0.5] and therefore
more environmentally similar to each other.) The effect
of migration can be seen by comparing the lines for
m = 0 (in which case eq. [6] simplifies to a, = 1 — 1, as
in Moran 1992) and m = 0.1. The connected population

1.00
1&P P
a 0.75 —
182
28&P
0.50 |
0.50 0.75 1.00
a,

Figure 4: The effect of changing the accuracies with which the plastic
type produces the appropriate phenotype on the type(s) (1, 2, and P)
present at equilibrium. The accuracy of matching state 1 is given by a,;
that of matching state 2, by a,. Other parameter values were constant at
my = 0.1, my =0.1, r, =09, r, = 0.1, fpu = fpzz = fMll = ﬁuzz =
1'0’ and f;’IZ = fMlZ = ﬁ)zl = fMZl = 0'7'

structure allows a less accurate plastic type to succeed for
a given level of environmental variation within sites (and
a given level of difference in environmental distribution
between sites). This effect is most pronounced when the
two sites consist entirely of distinct environmental states.
Although this situation would tend to favor specialists
whenever the accuracy of plastic response is less than per-
fect, a 10% migration rate reduces to only 0.75 the level
of accuracy required to fix the plastic type in both sites.

When response accuracies to both environments are
equal, only two outcomes are possible: depending on ac-
curacy, environmental distribution, and migration, either
the system will include only the two specialists or the
plastic type will be fixed throughout (fig. 5). When the
accuracies in different environments are unequal, however,
the plastic type may coexist at intermediate frequencies
with the specialist for the environment to which plastic
response is inaccurate. This polymorphic condition is re-
stricted to a relatively narrow range of parameter space
(see also Lively 1986; Wilson and Yoshimura 1994 for sim-
ilar results regarding coexistence of plastic and mono-
morphic types). Indeed, even if the accuracy to one en-
vironment is extremely poor or even random, the plastic
type will be fixed throughout the system as long as the
response to the other environment is relatively accurate
(fig. 5). This result agrees with Lively (1986), who found
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Figure 5: The interactive effect of changing the frequency of alternative
environmental states at the two sites and the accuracy with which the
plastic type produces the appropriate phenotype on the type(s) (1, 2, and
P) present at equilibrium. The two sites have complementary distribu-
tions of the two environmental states: the frequency of state 1 at site A
is given by r; that at site B, by 1 — r. The accuracy of plastically matching
states 1 and 2 is given by a, and a,, respectively. When a, = a,, there
are just two regions, one with just type P present and one with types 1
and 2. The solid line shows the demarcation between these two regions
when m = m, = m, = 0; the dashed line, when m = m, = m, =
0.1. When a,<a,, a third region, in which types 2 and P coexist, is
present. The boundaries of this region are shown for a, = 0.94, and
m = 0.1 by the dotted lines. The fitnesses were constant at f,,, =

Jorr = A = fuze = 1.0 a0d foi, = fuz = four = e = 0.7.

that plasticity could persist as an evolutionarily stable strat-
egy despite very poor accuracy in one of two environ-
ments, providing the average accuracy across environ-
ments was greater than random (50%).

Lower Migration May Favor the Origination of Plasticity

We can also use our model to examine constraints on how
plasticity may evolve. Suppose that a specialist type 1 is
fixed in both sites but that the environment is more var-
iable at the second site. A plastic type, which can better
accommodate environmental variation, may evolve from
the specialist, but whether it persists in the system will
depend both on the accuracy of its response to the en-
vironmental variation and on the level of migration be-
tween the two sites. As a concrete example, consider figure
6 (solid lines), in which site A is overwhelmingly of en-
vironmental state 1 (r, = 0.9) but site B is maximally
variable (r; = 0.5). A plastic type evolving from the spe-
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cialist is likely to have a high accuracy in environmental
state 1 (say, a, = 0.9), but it will not survive unless its
accuracy in state 2 is greater than some threshold depen-
dent on m. With modest levels of migration (~0.015 in
this example), plasticity may be fixed even when the ac-
curacy of response to environmental state 2 is low, indeed,
even when it is worse than random (a, < 0.5). Because a
low level of appropriate response is better than none at
all, the plastic type is sufficiently favored over the inap-
propriate specialist at site B that a modest level of migra-
tion allows it to prevail also at site A, where it is at a slight
fitness disadvantage. Note, however, that increasing mi-
gration will raise the threshold value of a, above which
the plastic type can coexist with the specialist, which in-
dicates that low levels of migration may be necessary for
a very inaccurate plastic type to initially persist in a pop-
ulation. This last result is particularly interesting because
it shows that, in certain cases, higher migration rates may
hinder rather than favor plasticity. Once the plastic type

1.0

Figure 6: The effect of migration (m = m, = my) and the accuracy with
which the plastic type produces the appropriate phenotype in environ-
mental state 2 (a,) on the type(s) (1, 2, and P) present at equilibrium.
The solid lines show the boundaries between the (labeled) regions for
which type 1 and the plastic type are fixed and coexist for a, = 0.9 and
no cost to plasticity (foy = foo = fun = fuzz = 105 foro = furz =
foar = fuzn = 0.7). The dashed lines show the boundaries between these
(unlabeled but analogous) regions for 4, = 1.0 and a 1% global cost to
plasticity (fu1; = fuzs = 1.0, furz = fur = 0.7, and fp;; = 0.99f,,; for all
iand j). The dotted line shows the boundary between the region in which
type 1 is fixed (below the line) and that in which it coexists with the
plastic type (above the line) for a, = 1.0 and a 10% global cost to plas-
ticity (fun = fuze = 1.0, s = fuw = 0.7, and f,; = 0.9f; for all i and
7). Other parameter values were constant at r, = 0.9 and r, = 0.5.
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is present, however, an increase in migration rate will favor
its fixation throughout the system.

Difference between Global and Environmentally Specific
Costs of Plasticity Is Crucial

If plasticity itself bears a cost, such a fitness cost can occur
in two distinct ways. First, it can be global, due to inherent
costs of environmental perception and response mecha-
nisms. In this case, the fitness of the plastic types will be
some constant proportion, ¢, of all the corresponding fit-
nesses of the specialists: f,; = cfy,; for all i and j and
0 < c < 1. Alternatively, the cost of plasticity may be en-
vironment specific; for instance, an extreme environment
may demand a distinctive phenotype that only a canalized
specialist can produce, while there may be no fitness dec-
rement in more moderate conditions.

Our results show that a substantial, global cost can se-
verely reduce the ability of plasticity to prevail over spe-
cialization. In figure 6, for instance, when the cost is small
(1%; ¢ = 0.99), the pattern of transitions is the same as
with no cost: low accuracy (a, = 0) leads to type 1 being
fixed, and as accuracy increases, the plastic type coexists
with and finally displaces it completely. With a higher cost,
however, the boundaries can move quite dramatically.
With a 10% global cost to plasticity (¢ = 0.9), the plastic
type is never fixed (since its fitness is always less than that
of type 1 even in site A); at best (if it is sufficiently ac-
curate), it coexists with type 1. This result suggests that a
substantial cost of plasticity may be a greater hindrance
to its evolution than an inaccurate response to environ-
mental cues. Of course, this conclusion depends on the
scales on which these two factors are measured, but our
scales seem natural in that they are relative to the optimal
value for each factor (e.g., perfect accuracy and relative
fitness of 1, or no cost).

Compared to a global cost, an environmentally specific
cost to plasticity leads to a smaller reduction in the pro-
portion of parameter space in which plasticity is fixed (see,
e.g., fig. 7). Note that an environmentally specific cost has
an asymmetric impact (fig. 7): there is now a region of
parameter space in which the plastic type and type 1 co-
exist, type 2 being forced out by the plastic type over a
wider range of parameter space (because the plastic type
bears no cost in producing phenotype 2). This difference,
however, may be trivial or even nonexistent if the accuracy
of the plastic type’s response is poor; for higher accuracies,
by contrast, the two types coexist for a wide range of local
costs.

A cost to plasticity also raises the threshold for envi-
ronmental heterogeneity necessary to favor the plastic type
(fig. 8): in more homogeneous environments, specialists
are favored unless the cost of plasticity is low, this effect

1.0
0.9
for1 18P
1&2
0.8
1
07 ,
0.6 0.8 1.0
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Figure 7: The effect of a trade-off between plastic accuracy (a = a, =
a,) and the fitness of the appropriate plastic phenotype f,,, on the types
present at equilibrium for global versus local costs of plasticity. The solid
line shows the boundary between the regions for which the plastic type
is fixed (above the line) and types 1 and 2 coexist (below the line) for
a global cost to plasticity (fy, = fus = 1.0, fui» = fuar = 0.7, and
foi = fou fu; for all i and ). The dotted lines show the boundaries between
the labeled regions with an environmentally specific cost to plasticity in
which just the appropriate phenotype in environmental state 1 has a cost

(forr = A = A2 = L0, fors = fuiz = four = fur = 0.7). Other param-
eter values were constant at m, = m, = 0.05, r, = 0.8, and r, = 0.2.

being stronger for global rather than environmentally spe-
cific costs. Likewise, the migration rate required for the
plastic type to dominate the system is greater with an
increasing cost to plasticity (fig. 9). Again, this effect is far
more pronounced with a global than a local cost. Figures
8 and 9 (like fig. 7) show that intermediate environmen-
tally specific costs permit the coexistence of the plastic
type with one specialist. Figures 7-9 also confirm that
changes in accuracy, levels of environmental heterogeneity,
and migration rates all appear to have less effect on
whether or not plasticity is favored than do changes in the
cost of plasticity, particularly global cost.

Real Populations May Not Be at Predicted Equilibria

One aspect of the model that at first appears a technical
matter but that almost certainly has biological relevance
is the slow convergence to equilibrium (see “Model”). If
fitness differences among different types are small (as
would seem likely if we consider parameter values to be
evolvable), many systems need not be at or even close to
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Figure 8: The effect of a trade-off between environmental predictability
(r=r, =1— 1) and the fitness of the appropriate plastic phenotype
fo, on the types present at equilibrium, for global versus local costs of
plasticity. The solid line shows the boundary between the regions for
which the plastic type is fixed (above the line) and types 1 and 2 coexist
(below the line) for a global cost to plasticity (fy,, = fin. = 1.0,
Sz = fumr = 0.7, fo = foru fuy; for all i and j). The dotted lines show the
boundaries between the labeled regions with an environmentally specific
cost to plasticity in which just the appropriate phenotype in environ-

mental state 1 has a cost (fp, = finy = fuz = 1.05 foro = fux = fou =
fuzr = 0.7). Other parameter values were constant at m, = m, = 0.05

and a, = a, = 0.8.

equilibrium. Furthermore, in any finite population, dif-
ferent equilibria could be reached. If, at some point, the
proportion of one of the types falls below the value cor-
responding to a single individual, that type would become
extinct. In the infinite-population model, however, this
type would still be present at the predicted equilibrium.

Discussion

Our model of a two-site metapopulation with two specialists
and a plastic type provides several new and fundamental
insights into the evolutionary dynamics of phenotypic plas-
ticity and local adaptation. In a metapopulation with mi-
gration, plasticity is favored over local specialists in a sur-
prisingly broad range of conditions. In particular, the
threshold for accuracy of plastic response is much relaxed
in a metapopulation as a result of migration, as is that for
environmental heterogeneity. These results reveal for the
first time the importance of metapopulation structure to
the evolution of plasticity. One key implication is that dif-
ferences among taxa in among-site migration rates may play
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a heretofore unrecognized role in their patterns of adaptive
population differentiation. Our results also show that a high,
inherent cost powerfully constrains the evolution of plas-
ticity, such that evolved plasticity is likely to bear only
environment-specific or negligible global costs.

Plasticity versus Local Specialization:
The Effect of Migration

In previous models of plasticity evolution within one site
(reviewed by Scheiner 1993), any inaccuracy or cost to
plasticity is likely to reduce the fitness of a plastic type
below that of a local specialist as long as one environment
is more frequent than the other. These models suggest that
plasticity will be favored only in very variable environ-
ments, or with extremely high accuracy and negligible cost.
Introducing migration among populations, however, dra-
matically broadens the conditions in which plasticity may
be favored. Despite limited accuracy and low environ-
mental heterogeneity within sites—conditions in which
local specialists have higher fitness within each site—a

1.0
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Figure 9: The trade-off between migration rate (m = m, = mj) and the
fitness of the appropriate plastic phenotype f,;, on the types present at
equilibrium for different costs of plasticity. The solid line shows the
boundary between the regions for which the plastic type is fixed (above
the line) and types 1 and 2 coexist (below the line) for a global cost to
plasticity (i, = fue = 1.0, fu, = fuzr = 0.7, and fo; = for, fuy; for all
iand j). The dotted lines show the boundaries between the labeled regions
with an environmentally specific cost to plasticity in which just the ap-
propriate phenotype in environmental state 1 has a cost (fop, = fu;; =
fuzz = 1.0, for, = fuiz = four = fuzn = 0.7). Other parameter values were
constant at a, = a, = 0.8, r, = 0.8, and r, = 0.2.
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plastic type will be fixed throughout the metapopulation
as long as there is a modest rate of migration between
sites. Scheiner’s (1998) model of a one-dimensional cline
with postplasticity dispersal also showed that, in general,
higher migration rates favor plasticity (but see de Jong
1999 and Tufto 2000 for limits to this model).

Our results suggest that the inclusion of realistic mi-
gration rates may substantially alter evolutionary predic-
tions regarding plasticity versus local specialization in sys-
tems where plastic genotypes are available and reasonably
accurate. (Note that in contrast to some previous evolu-
tionary models of plasticity vs. specialization—e.g., Van
Tienderen 1991—in most of our simulations we assume
a conservative plasticity accuracy of 80%.) The evolution-
ary implications of these results depend on the extent of
interpopulation migration in diverse taxa, a subject about
which much remains to be learned (Cain et al. 2000).
Migration distances depend on population size and habitat
as well as on the dispersal capacity, life history, and be-
havior of the species (Slatkin 1985; Hamrick et al. 1995;
Goodell et al. 1997). In both animals and plants, indirect
multilocus estimates reveal extensive gene flow among nat-
ural populations in many taxa (ranging from 1%-80%;
references in Slatkin 1985; Broyles et al. 1994; Hamrick et
al. 1995). Thus, the migration rates explored in our model
fall well within the range of naturally occurring rates in
animal and plant populations.

If, as our model shows, migration may promote plas-
ticity over local specialization, differences among taxa in
migration rates may contribute to differences in patterns
of population (and ultimately species) differentiation. Taxa
with greater dispersal capacities may be more likely to
consist of plastic individuals rather than locally specialized
ecotypic populations. In plants, high migration rates are
characteristic of weedy, colonizing species (Baker 1965,
1974) as a result of both long-range propagule dispersal
and relatively continuous distribution of populations
across wide geographic ranges (Levin 1981, 1995). Along
with high interpopulation migration, colonizing species
are characterized by unusually broad plasticity and often
show little ecotypic differentiation (Levin 1988; Novak et
al. 1991; Bazzaz 1996). This well-known suite of traits may
thus reflect the evolutionary interaction of migration and
plasticity revealed by the model. It would be interesting
to examine the relation of plasticity to migration rates in
widespread animal taxa as well. It is also worth noting
that in both plants and animals, plasticity may be pro-
moted by habitat fragmentation, since interpopulation
gene flow often increases markedly among small, patchily
distributed populations (Nason and Hamrick 1997 and
references therein). Thus continued human-mediated hab-
itat disruption may increasingly promote the evolution of
plasticity over local ecotypes in surviving taxa.

We also examined the evolutionary effects of directional
(one-way) gene flow, which is likely to be common in nature
(Stanton and Galen 1997; Turelli 1997). Previous models
have shown that such migration bias can oppose local ad-
aptation to poor environmental patches (Pulliam 1988;
Kawecki 1995). We show that the specific direction with
respect to site heterogeneity will have a key impact on the
evolution of the metapopulation. Even low levels of migra-
tion from a heterogeneous site (where the plastic type is
favored) can cause this type to be fixed over a local specialist
with higher fitness or, with extremely low migration, to
persist with it in a stable equilibrium. The latter result is
particularly significant because, in nature, occasional gene
flow may occur from many sources. Hence, rare migration
events may maintain genetic variation for plasticity even in
environmentally homogeneous populations.

Accuracy of Plastic Response

As in Moran’s (1992) single-site model, we found that the
greater the environmental heterogeneity in the system, the
less accurate the plastic type must be to prevail over local
specialists. Furthermore, our results show that the presence
of migration relaxes the thresholds for both accuracy and
environmental variability. Indeed, given moderate migra-
tion rates, plasticity will be fixed throughout the system
despite considerable inaccuracy and consequent pheno-
typic mismatches. The surprisingly low accuracy threshold
suggests that plasticity may be favored in metapopulation
systems even when environmental cues are unreliable,
when organisms do not always perceive those cues accu-
rately, or when the response lag time is long enough that
the environment may have changed (Newman 1992;
DeWitt et al. 1998; Kingsolver and Huey 1998). This result
is particularly interesting since response inaccuracy can
significantly constrain the evolution of plasticity within
populations (Moran 1992; Scheiner 1993; Padilla and
Adolph 1996; de Jong 1999; Tufto 2000).

In nature, the external and organismic factors that in-
fluence plastic response accuracy may well differ among
environments (Lively 1986; Weinig 2000). By indepen-
dently varying the two response accuracies in our model,
we found that plasticity could be favored even with ran-
dom accuracy to one environment, provided that envi-
ronment was relatively infrequent or the response to the
other environment was good. Thus, a plastic type may
dominate a heterogeneous metapopulation despite sur-
prisingly poor adaptive plasticity to one environment.

Our results also show that subtle changes in plastic ac-
curacy can profoundly affect the evolutionary outcome in
the metapopulation. For example, slight increases in ac-
curacy can lead to the abrupt replacement of the specialists
by the plastic type throughout the system. This suddenness
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is particularly interesting because such subtle increases
might result from adaptive evolution of the plastic organ-
ism’s environmental sampling or perception ability (Moran
1992; Tufto 2000; see Newman 1992; Tauber and Tauber
1992; Tollrian and Harvell 1999 for examples of complex
cue systems) or of its response timing (Eiguchi et al. 1993).
Accuracy might also slightly increase in just one environ-
ment because of selective change in the organism’s response
to a particular cue or because of an external change that
increases that cue’s reliability. In this case, our model pre-
dicts that either one or both specialists may be abruptly
replaced, depending on response accuracy to the second
environment. Note that response accuracy may also decrease
slightly in a population such that the plastic type will be
lost, for instance if habitat disturbance causes greater en-
vironmental unpredictability (Moran 1992).

The role of response accuracy in this and previous mod-
els suggests some general predictions as to the traits and
taxa in which plasticity rather than local specialists would
be predicted to evolve. Response lag time sufficient to
reduce accuracy below the critical threshold may be most
likely in the case of certain developmental traits, while
physiological and behavioral aspects of plasticity may be
extremely rapid (Kingsolver and Huey 1998; see references
in Sultan 1995; Tollrian and Harvell 1999). Patterns of
plasticity versus specialization may also differ among taxa
for a given trait, since even congeneric species may differ
in the rapidity of a particular plastic response (Bell and
Sultan 1999).

Possible Costs of Plasticity

Our results for a metapopulation confirm previous one-
site quantitative genetic and optimality models (Lynch and
Gabriel 1987; Van Tienderen 1991; Moran 1992) in show-
ing that a cost to plasticity may have a powerful impact
on evolutionary outcomes regarding plasticity versus en-
vironmental specialization. Our results clarify that this im-
pact depends on both the magnitude of such fitness costs
and on whether they occur globally (in all environments)
or only locally. We found that plasticity cost may interact
with response accuracy: the greater the cost, the greater
the accuracy required for the plastic type to be fixed (see
Moran 1992 for a similar result within a single population).
Thus a plastic type bearing a high fitness cost is unlikely
to persist unless it provides highly accurate environmental
matching. In general, the negative impact of increased cost
(especially global cost) on the fixation or persistence of a
plastic type is greater than that of reduced response ac-
curacy (presumably since such a fitness cost applies to
every plastic individual in the system while inaccuracy
affects only some proportion). For instance, a 10% plas-
ticity cost in all environments can completely prevent the

Metapopulation Structure Favors Plasticity 281

plastic type from being fixed. However, such powerful evo-
lutionary effects depend on the magnitude of the cost:
even a global cost will have little effect if it is small (e.g.,
1% fitness reduction in all environments). This result
agrees with that of Gomulkiewicz and Kirkpatrick (1992),
who argued that global plasticity costs will not substantially
constrain the evolution of adaptive plasticity unless they
are large. Thus, to understand the potential evolutionary
importance of plasticity costs, it is essential to know their
likely magnitude.

Global plasticity costs could arise if there were an in-
trinsic “maintenance” cost to the genetic, cellular, or bio-
chemical mechanisms of plastic response (discussed by
DeWitt et al. 1998). At present, empirical evidence in sup-
port of such global fitness costs is scant (Dorn et al. 2000;
Tufto 2000 and references therein). Moreover, even if the
capacity for plastic response did bear inherent costs, it
seems unlikely that such costs would be sufficient to mark-
edly reduce fitness—or, as our model predicts, plastic ge-
notypes of this type would not persist. Indeed, one reason
that global maintenance costs may be difficult to detect
empirically (Gomulkiewicz and Kirkpatrick 1992) is that
they may be extremely small in magnitude (Sultan 1992
and references therein).

Our results show that environment-specific costs of
plasticity constitute a far weaker constraint on the success
of plastic organisms in a metapopulation. Such local plas-
ticity costs may be biologically realistic, since the envi-
ronmental sampling and response costs of plasticity may
vary from one environmental state to another (DeWitt et
al. 1998 and references therein; Kingsolver and Huey
1998). A fitness disadvantage relative to local specialists (a
functional cost or limit to plasticity) may occur for certain
traits in those environments in which either range of phe-
notypic expression or speed of response is likely to be
critical (Newman 1992). Note too that fitness costs or
limits to plasticity arising from genetic architecture, trait
correlations, or response mechanisms and timing are
themselves modifiable by natural selection (Van Tienderen
and Koelwijn 1994; DeWitt et al. 1998; Schlichting and
Pigliucci 1998). Thus, many costs to plasticity are likely
to be environment specific rather than global and to be
selectively minimized, conditions that would reduce their
impact as constraints to the spread of plastic organisms.
The great interest in plasticity costs may be in part because
such costs offer an optimality explanation for the fact that
ogranisms are not infinitely plastic (DeWitt et al. 1998).
However, in addition to possible genetic, biochemical, or
functional costs to plastic systems, a lack of appropriate
genetic variation for these complex response systems
(Tufto 2000 and references therein), together with inherent
and external constraints on their accuracy, may account
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for the fact that plasticity, like other aspects of adaptation,
is imperfect.
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