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Adaptive population divergence is often driven by divergent natural selection, but can be constrained by the homogenizing

effect of gene flow between populations. Indeed, a common pattern in nature is an inverse correlation between the degree of

adaptive phenotypic divergence between populations and levels of gene flow between populations. However, there is essentially

no experimental data on whether this correlation arises because gene flow constrains adaptation or, conversely, because adaptive

divergence causes barriers to gene flow (ecological speciation). Here, | report increased adaptive divergence in cryptic color pattern

between a pair of Timema insect populations following an experimental reduction in between-population gene flow. The reduction

in gene flow arose due to a natural experiment, and thus was not replicated at a second site. However, temporal replication of the

trends among six generations of data, coupled with a lack of increased adaptive divergence for two other population pairs where

gene flow was not manipulated (i.e., control sites), argues that the results did not arise by chance. Estimates of dispersal ability

and population size further support reduced gene flow, rather than increased genetic drift, as the cause of divergence. Thus, the

findings provide experimental evidence that gene flow constrains adaptation in nature.
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Our understanding of evolution in nature often derives from the
reconstruction of historical events (Pagel 1999) or from extrapo-
lating the results of laboratory studies (Rice and Hostert 1993).
However, long-term monitoring and experimentation in natural
populations holds the potential to directly test the processes driv-
ing and constraining evolution in the wild, as exemplified by
recent field studies on the roles of various factors in evolution,
including behavior (Losos et al. 2004), predation (Losos et al.
2004, 2006; Nosil and Crespi 2006), climatic variability (Spiller
et al. 1998; Grant et al. 2002), human disturbance (Hendry et al.
2006), frequency-dependent selection (Olendorf et al. 2006), and
competition (Grant and Grant 2006). A general topic, where ex-
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perimental data from the wild is lacking is the association between
adaptive divergence and gene flow (Risénen and Hendry 2008 for
review). What is the role of gene flow in constraining adaptive
divergence, and vice versa?

The above question is motivated by the observation that in-
verse correlations between the degree of adaptive phenotypic di-
vergence between populations and levels of genetic exchange be-
tween them (i.e., gene flow) are widespread in nature (Mayr 1963;
Riechert 1993a,b; Sandoval 1994a; King and Lawson 1995; Lu
and Bernatchez 1998; Crespi 2000; Hendry et al. 2001; Nosil
et al. 2003; Nosil 2004; Nosil and Crespi 2004; Bolnick et al.
2008; Riasdnen and Hendry 2008). Although it is often assumed
that this correlation arises because gene flow constrains adaptive
divergence (Mayr 1963; Risidnen and Hendry 2008), there is little
direct experimental evidence testing this causal interpretation (to
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my knowledge, only one experiment has manipulated gene flow
in the wild to explicitly test whether gene flow constrains adap-
tation; Riechert 1993a). Such evidence is required because two
general, yet opposing, hypotheses exist for why inverse associa-
tions between adaptive divergence and gene flow are widespread
in nature (Riechert 1993a,b; Hendry et al. 2001; Nosil and Crespi
2004; Risdnen and Hendry 2008). First, gene flow may con-
strain adaptive divergence. Second, reverse causality is possible,
whereby adaptive divergence causes the evolution of barriers to
gene flow between populations. This process of “ecological speci-
ation” also generates an inverse association between the degree of
adaptive divergence and levels of gene flow, and has gained strong
support over the last decade (Funk 1998; Lu and Bernatchez 1998;
Schluter 2000; Funk et al. 2006; Nosil 2007; Nosil et al. 2008).
Experiments are required to disentangle whether gene flow con-
strains adaptive divergence, or vice versa (Résédnen and Hendry
2008).

Here, multiyear field data from a natural experiment is used
to test whether gene flow constrains adaptive divergence in cryptic
color pattern (i.e., camouflage) between populations of Timema
cristinae walking-stick insects living on two different host plant
species (Ceanothus spinosus and Adenostoma fasciculatum).
In this system, the degree of adaptive population divergence in
morphological traits varies markedly among population pairs,
and is inversely correlated with levels of between-host gene flow
(Sandoval 1994a; Nosil et al. 2003; Nosil 2004; Nosil and Crespi
2004; Bolnick and Nosil 2007; Nosil 2008; see Fig. 1 and meth-
ods). This pattern provides the necessary preconditions to test
directly whether this association arises, at least in part, because
gene flow constrains adaptive divergence. Such a test was made
possible by the monitoring of color-pattern morph frequencies
at three different parapatric pairs of populations over a six-year
period, coupled with a “natural experiment,” which reduced
or eliminated gene flow between one of the three population
pairs two insect generations ago. The results provide experi-
mental evidence from nature that gene flow constrains adaptive
divergence.

Methods

STUDY SYSTEM

Timema walking-sticks are wingless, herbivorous insects inhab-
iting Southwestern North America (Vickery 1993; Crespi and
Sandoval 2000). Individuals feed and mate on the host plants
upon which they rest. The current study considers 7. cristinae,
which uses two host plant species (A. fasciculatum: Rosaceae and
C. spinosus: Rhamnaceae). These two host species differ strik-
ingly in foliage and general morphology. Ceanothus is relatively
large, tree-like, and broad-leaved. Adenostoma is small, bush-like,
and exhibits thin, needle-like leaves.
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Figure 1. Previously published evidence for gene flow between
populations of Timema cristinae living on different host plant
species (Ceanothus vs. Adenostoma). (A) The mean frequency
(+1 SE) of the maladaptive color-pattern morph (i.e., striped on
Ceanothus and unstriped on Adenostoma) within allopatric versus
parapatric populations. (B) The mean frequency of the maladap-
tive color-pattern morph within a focal population as a function of
the size of the population that is adjacent to the focal population
(here estimated as the proportion of the total area of the site occu-
pied by the host that is alternative to the focal population, where
total area = area of focal population plus area of adjacent, neigh-
boring population). Gene flow into the focal population increases
as the size of the neighboring population increases. See text for
details. Modified from Bolnick and Nosil (2007) and reprinted with
permission of Blackwell Publishing.

A “population” of T. cristinae is defined as all of the walking-
sticks collected within a homogenous patch of a single host
species (Nosil et al. 2002, 2003, Nosil 2007). Patches of the
two host species used by T. cristinae are often distributed in ad-
jacent patches that are in geographic contact with one another.
Insect populations associated with such patches are referred to
as “parapatric” (Nosil et al. 2003; each parapatric population
has only a single adjacent population on the alternative host).
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Other host patches are separated from patches of the alternative
host, usually via regions containing unsuitable hosts, by distances
> 50 times the per-generation dispersal distance of T. cristinae
(the per-generation dispersal distance is estimated at 12 m using
mark-recapture methods; Sandoval 2000). Insect populations in
such geographically separated patches are termed “allopatric.” A
map of the populations considered in the current study is shown
in Figure 2A.

ADAPTIVE DIVERGENCE DUE TO VISUAL PREDATION
Past work on T. cristinae demonstrated strong divergent selection
between hosts on the genetically heritable trait of presence ver-
sus absence of dorsal stripe: an unstriped color pattern morph
has higher survival in the face of visual predation on Cean-
othus, whereas a striped morph has higher survival on Adenostoma
(Sandoval 1994a,b; Nosil et al. 2003; Nosil 2004; Nosil and Crespi
2006; Nosil et al. 2006a,b; Fig. 3). Evidence for divergent selec-
tion on color-pattern stems from multiple types of experiments,
including a perturbation experiment that monitored changes in
morph frequency in the wild (Sandoval 1994a), predation trials
with wild jays (Sandoval 1994b), and mark-recapture estimates
of survival on each host species in a field experiment that ma-
nipulated the presence versus absence of visual predation (Nosil
2004). One explanation for divergent selection between hosts is
that the stripe divides the body of T. cristinae into two thinner seg-
ments, thereby increasing crypsis when resting on the thin leaves
of Adenostoma. In contrast, the presence of the stripe is conspicu-
ous against the broad leaves of Ceanothus. In summary, divergent
selection on color-pattern occurs and, consequently, populations
on different hosts have diverged in morph frequency. Although
fixed differences between populations in this trait are almost never
observed, each morph is often more common on the host upon
which it is has higher survival (Figs. 1 and 3).

EVIDENCE FOR BETWEEN-HOST GENE FLOW

Past morphological, behavioral, and molecular studies have
shown that: (1) gene flow occurs between adjacent parapatric pop-
ulations of 7. cristinae on different hosts and (2) that the degree of
adaptive phenotypic divergence between populations is inversely
correlated with levels of between-host gene flow (Sandoval 1994a,
2000; Nosil et al. 2003; Nosil 2004; Nosil and Crespi 2004; Nosil
et al. 2006a,b; Bolnick and Nosil 2007). Three main types of
evidence have been put forth.

The first is based upon comparing divergence between al-
lopatric versus parapatric population pairs. For example, allopatric
populations exhibit a much lower frequency of the maladaptive
color-pattern morph than do parapatric populations (Fig. 1A) and
thus allopatric pairs exhibit much greater adaptive divergence in
color-pattern than do parapatric pairs (Fig. 3A). This pattern in-
dicates that gene flow occurs between parapatric pairs, and that it
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Figure 2. Maps of the study sites and information on levels of
gene flow between populations on different hosts. (A) Map of all
the study populations. The numbers in parentheses refer to the
percentage of the total area of site that is occupied by Ceanothus.
Also shown are migration rates into each parapatric population
from their neighboring population on the alternative host. Migra-
tion rates were inferred using the coalescent-based methods of
Beerli and Felsenstein (2001), applied to mitochondrial DNA se-
quence variation. N, = number of migrants into a population per
generation. The migration rate itself (m = proportion of popula-
tion consisting of migrants) was estimated from N, using esti-
mates of population size (text for details). The data are from Nosil
et al. (2003). (B) A schematic close-up of the perturbed site before
versus after the gene flow perturbation. The figure is schematic
because the actual distribution of plants after the perturbation
was not mapped in detail. The minimum distance between host
species following the perturbation was estimated at 36 m, with
the regions between host species being occupied by bare ground.
The unfilled areas within patches of each host represent areas in
which the density of T. cristinae tended to be highest such that
most individuals were captured from there, both before and after
the perturbation.

may constrain divergence. Similar patterns of greater divergence
between allopatric population pairs are observed for other mor-
phological traits such as body size and shape (Nosil and Crespi
2004), for host plant feeding preference (Nosil et al. 2006a,b), and
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Figure 3. The frequency (mean = 1 SE) of the striped color-
pattern morph of Timema cristinae on two different host plant
species (black circles, Ceanothus; gray circles, Adenostoma), from

for putatively neutral molecular markers (Nosil et al. 2003). For
example, Nosil et al. (2003) reported that Fst inferred from mito-
chondrial DNA (mtDNA) sequence variation was consistently and
significantly greater between geographically isolated population
pairs relative to that observed between adjacent, parapatric pairs
(parapatric pairs, mean Fgy = 0.07, range = 0.00-0.25, n = 7
pairs; geographically separated pairs, mean Fgr = 0.31, range =
0.00-0.79, n = 129 pairs, Mantel test, P < 0.01). In summary,
allopatric population pairs undergo less between-host gene flow
than do parapatric pairs, and allopatric pairs also exhibit greater
adaptive divergence.

Second, actual levels of gene flow into parapatric popula-
tions, from their neighboring population on the alternative host,
have been explicitly estimated. For example, Nosil et al. (2003)
applied the coalescent-based methods of Beerli and Felsenstein
(2001) to mitochondrial DNA sequence variation to estimate both
N,,, the number of migrants into a population per generation, and
the migration rate itself (i.e., m = proportion of population con-
sisting of migrants, where m was estimated from N,, by inferring
population size, N, from the known relationship between 7. cristi-
nae population size and host—plant patch size; Nosil et al. 2003
for details). These analyses revealed that substantial migration
into parapatric populations was common: range of number of mi-
grants (N,,;,) = 0.68-14.7, mean = 3.13; range of migration rates
(m) = 0.001-0.232, mean = 0.043. Population genomic analy-
ses based upon AFLPs also indicate ongoing gene flow between
populations (Nosil et al. 2008).

Third, quantitative estimates of the correlation between lev-
els of gene flow and the degree of adaptive divergence have been
conducted (Nosil 2008 for review). For example, T. cristinae pop-
ulation size is known to be strongly and positively correlated with
the size of the host plant patch occupied (+> = 0.63 and 0.53 for
patches of Ceanothus and Adenostoma, respectively, see Sandoval
1994a). Thus, insect population size can be inferred from host-
plant patch size (where the latter is estimated from aerial pho-
tographs, Sandoval 1994a; Nosil et al. 2003 for details). Variation
in population size generates the following prediction: as the size
of the population that is adjacent to a focal population increases,

2003-2008. A, percent divergence in morph frequency. (A) Pictures
of the striped morph and the unstriped morph. (B) An allopatric
population pair (for replication in other allopatric pairs see Fig. 1
or Sandoval 1994a; Nosil 2004; Bolnick and Nosil 2007), (C) the
perturbed site (i.e., a formerly parapatric site that was made al-
lopatric). (D, E) two control sites that remained parapatric during
the entire six-year monitoring period. In some instances, standard
errors are not highly visible because the datapoint overlaps them.
Divergence in morph frequency (A) increased in 2007 and 2008
only for the perturbed site where gene flow was experimentally
reduced.
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the level of gene flow into the focal population from the adjacent
population increases. Supporting this prediction, the proportion
of the total area of a site that is occupied by the alternative host
is positively correlated with the level of mtDNA gene flow into a
focal population (Spearman rank correlation, p = 0.86 and 0.62
when using N,, and m as estimates of mtDNA gene flow, Nosil
et al. 2003). A number of studies using relative population sizes
and molecular data to estimate gene flow have shown a positive
relationship between the level of gene flow into a population and
the level of maladaptation within the population (Nosil 2008 for
review). Figure 1B depicts such a relationship for the frequency of
maladaptive color-pattern morphs (data from Bolnick and Nosil
2007). In turn, an inverse correlation exists between levels of
between-population gene flow and the degree of adaptive diver-
gence between populations in numerous traits including morph
frequency, body size, body shape, host plant feeding preference,
and quantitative measurements of color (Sandoval 1994a; Nosil
and Crespi 2004; Nosil et al. 2006a,b; Nosil 2008 for review).

Importantly for the current study, past molecular and mor-
phological data provide evidence for gene flow between all the
specific parapatric population pairs examined here. For example,
the coalescent-based methods from Nosil et al. (2003) described
above revealed nonzero gene flow into each of the parapatric pop-
ulations examined here (mean number of migrants N,, = 3.10 and
mean migration rate m = 0.04). These data, including population-
specific migration rates, are depicted in Figure 2A. The degree
of divergence in morph frequencies supports the molecular evi-
dence for gene flow: all the parapatric pairs examined here exhibit
substantially weaker divergence in morph frequencies than do al-
lopatric population pairs (Fig. 3). In summary, although there is
partial reproductive isolation between populations of 7. cristinae
using different host plants (Nosil 2007 for review), this reproduc-
tive isolation is far from complete and there is abundant evidence
for substantial levels of between-host gene flow.

NATURAL EXPERIMENT: DESCRIPTION

Morph frequencies were monitored at three sites, each comprising
two adjacent populations on different hosts, from 2003 to 2008
(Fig. 2A). The population pairs at two sites (HV and OG) re-
mained parapatric during the six-year monitoring period (control
sites 1 and 2 hereafter, n = 1062 and 190 individuals, respec-
tively). At the other site (M, “perturbed site” hereafter, n = 316),
the parapatric population pair was in essence made allopatric two
insect generations ago. Specifically, road crews cut down most
plant individuals of both host species around fall 2006, partic-
ularly in areas within the site where the different host species
were in direct contact. The remaining plant individuals from the
different hosts became geographically separated from each other
by regions of bare ground that spanned distances of at least 36
m, which is three times the small (12 m) per generation dispersal
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distance of these wingless insects (Sandoval 2000). Notably, the
minimum distance between host species prior to the perturbation
was essentially zero, with the plant individuals of different species
growing directly adjacent to one another in the region in which
the two species were in contact. The geographic setting of this
natural experiment is depicted in Figure 2B.

NATURAL EXPERIMENT: EVIDENCE FOR REDUCED
GENE FLOW

The increased physical distance between different species of hosts
at the perturbed site following the perturbation very likely gener-
ated a strong barrier to between-host dispersal. Because, as argued
above, substantial between-host gene flow occurs, such a reduc-
tion in dispersal would result in a reduction in gene flow. Specifics
are as follows.

Both mark-recapture and molecular data from 7. cristi-
nae suggest very limited dispersal between regions unoccupied
by Ceanothus or Adenostoma. For example, Nosil (2004) used
mark-recapture methods to estimate the lifetime adult survival of
T. cristinae released onto experimental bushes of each host species
in the wild. Each experimental bush was cleared of all unmarked
T. cristinae prior to the onset of the experiment and was sepa-
rated from all other experimental and nonexperimental bushes by
a minimum distance of 5 m (by regions of bare ground). Two
lines of evidence support extremely limited movement between
bushes, despite the relatively small distances between them. First,
movement between experimental bushes was never observed (i.e.,
individuals were never recaptured on bushes other than the one
onto which they were initially released). Second, movement from
nonexperimental bushes onto experimental ones was also never
observed (i.e., unmarked individuals were never captured on the
experimental bushes). These results suggest very limited (or even
zero) dispersal across areas without Ceanothus or Adenostoma.
Because such an area, of at least 36 m in length, was created at
the perturbed site, a very strong barrier to between-host dispersal
was likely generated. Additional evidence for limited movement
across regions without Ceanothus or Adenostoma stems from the
observation that populations separated by regions of unsuitable
hosts by less than a few kilometers regularly exhibit significant
neutral genetic divergence in mtDNA, nuclear DNA sequences,
and AFLPs (Nosil et al. 2002, 2003, 2008).

Moreover, movement even within relatively contiguous
patches of suitable hosts appears limited. Sandoval (2000) con-
ducted a mark—recapture study in 7. cristinae within a 150 m?
patch that was predominated by Ceanothus, with the explicit in-
tent of studying dispersal ability. The mean weekly dispersal was
estimated at 2 m and the maximum weekly dispersal at 8 m. Nosil
(2004) estimated the weekly survival probability of each morph
on the host upon which it is more cryptic as roughly 85% (Fig. 2 of
Nosil 2004). With this information, the proportion of individuals



BRIEF COMMUNICATION

surviving long enough to disperse between hosts, before versus
after the perturbation, can be estimated. In these calculations, I
assume dispersal between hosts to involve a movement of at least
2 m before the perturbation versus a movement of at least 36 m
after the perturbation.

A highly conservative approach is to assume that every single
week every single individual moves the maximum distance known
in T. cristinae (8 m) and does so in a straight line toward the op-
posite host. In this case, when considering weekly dispersal, only
one week would be required to move between hosts prior to the
perturbation. Thus, 85% of individuals would survive long enough
for between-host dispersal. In contrast, five weeks would be re-
quired to move the 36 m between hosts following the perturbation.
In this case, only 44.4% (0.85°, assuming independent survival
probabilities among weeks) of individuals would survive long
enough for between-host dispersal. Thus, dispersal following the
perturbation would be roughly halved relative to pre-perturbation
dispersal (44/85 = 52%). If the same calculations are applied us-
ing the arguably more realistic criteria of individuals dispersing
the mean distance, dispersal following the perturbation would be
less than 7% its original level. In this case, it would require 18
weeks to disperse 36 m and only 5.4% (0.85'%) of individuals
would be expected to survive that long (5.4/85 = 6.4%). Similar
results emerge if the actual distribution of dispersal distances is
estimated. For example, if one multiplies the distance moved by
each of the 54 individuals recaptured in the Sandoval (2000) ex-
periment in a single week by 16 (representing the full life span
of T. cristinae) and makes the extremely conservative assumption
of zero mortality, still only 46.2% of the individuals would move
36 m or more in their lifetime. In contrast, all individuals would
be capable of moving the few meters required for between-host
dispersal prior to the perturbation.

Thus, even using conservative estimates that either applied
the maximum dispersal distance to all individuals or completely
ignored the increased probability of mortality through time, dis-
persal following the perturbation is roughly halved. This estimate
is likely even more conservative than it appears, because bare
ground would need to be covered such that insects may behav-
iorally choose to not cover such ground, or may suffer lower than
85% weekly survival during such movement. Moreover, all calcu-
lations are based upon adult movement, and nymphs are smaller
(i.e., less physically capable of movement), may be generally less
active (e.g., do not need to search for mates) and may suffer higher
mortality than adults. Finally, all the calculations used the min-
imum post-perturbation distance between host species (36 m).
Thus, between-host dispersal was likely reduced to far less than
half, perhaps to 7% of the original level, as suggested by calcula-
tions using mean dispersal distance. In fact, between-host disper-
sal may have even ceased after the perturbation, as evidenced by
data on lack of movement across bare ground (Nosil 2004).

The natural history of T cristinae allows the timing of re-
ductions in gene flow, relative to the life-history of the insects,
to be inferred. Timema cristinae is univoltine with nonoverlap-
ping generations: individuals emerge from egg diapause around
late February and are generally present from March to June of
that year, after which the next generation of eggs has been laid,
and these eggs remain in diapause until the following spring (i.e.,
T. cristinae is not found in the field from roughly late June on-
wards) (Sandoval 1994a,b, 2000; Nosil et al. 2003). Thus, gene
flow between Timema on different hosts at the perturbed site,
documented in the past, has likely been strongly reduced for two
(2007 and 2008) insect generations. When referring to the pertur-
bation, I hereafter use the more conservative term “reduction in
gene flow,” although the term “cessation of gene flow” may be
appropriate. In contrast, there is no reason to suspect that gene
flow between populations at the two control sites changed sys-
tematically in 2007 and 2008.

COLLECTION OF SPECIMENS

Specimens were collected between January and July of each year
using sweep nets. The control sites were used as such because they
were the only sites, other than the perturbation site, where both
hosts were sampled in every year from 2003 to 2008. Specimens
were scored by eye for the presence versus absence of the stripe (a
highly repeatable measurement; Sandoval 1994a,b; Nosil 2004),
and were not returned to the wild.

Insects were sampled throughout the entire patch both before
and after the perturbation. Thus, preperturbation collections do not
represent primarily individuals sampled from the actual area in
which the two host species were in closest geographic contact. In
fact, the majority of individuals captured were from similar areas
of the site both before and after the perturbation, as depicted in
Figure 2B. Raw data on morph frequencies, along with samples
sizes, for each population, year, and month are provided in the
Supporting Information (Table S1).

STATISTICAL ANALYSES

Logistic regression was used to analyze whether morph (striped
or unstriped) was dependent upon host species, collection month,
collection year, sample site (perturbed, control #1, control #2), and
all possible interactions between these factors. Following the de-
tection of a significant host x year X site interaction (LR = 25.34,
df = 10, P = 0.005), each site was analyzed separately, to test
which individual sites exhibit a significant host x year interaction.
The significance of differences between hosts for individual years
within each site was assessed using the same analysis, but with
the “year” term removed. In all cases, the reported results stem
from a reduced logistic regression model derived using backward
elimination (the initial model included all factors and interaction
terms, but then removed all terms for which the significance of
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—2 log likelihood ratio was > 0.10, repeating this elimination step
until all terms were either above or below the 0.10 threshold). Log
likelihood ratio of —2 is referred to as LR hereafter.

Because interactions between “year” and other factors could
be influenced by interannual variation that was not due to the
perturbation, nested logistic regression analyses were run that ex-
plicitly analyzed the term “before versus after perturbation” (sim-
ply “before/after” hereafter). In these analyses, year was nested
within before/after and month was nested within year. The first
analysis tested the site x host x before/after interaction in a model
that included this interaction and the before/after term (with year
and month nested within it). Following the detection of a highly
significant interaction (indicative of the effects on morph of host
and before/after varying among sites), separate analyses were
conducted within each of the three sites. Each site-specific anal-
ysis included the before/after term (again with year and month
nested within it), the main effects of host, and the interaction be-
tween before/after and host (the latter being the term of interest
reported in the main text). These nested logistic regression mod-
els were implemented in R (R Development Core Team 2008),
and z-values are reported (regression coefficient divided by the
standard error).

ESTIMATING SELECTION

Standard population genetic theory was used to estimate the
strength of selection and relative fitness of each phenotype on
each host required to generate the observed change in morph
frequency between the generations directly before versus after
the perturbation (i.e., between the 2006 and 2007 generations)
(Futuyma 1998). I assume single-locus control of the color pat-
tern with the striped phenotype being homozygous recessive for
the allele causing presence of the stripe (consistent with past data
showing dominance of the allele for lack of stripe) (Sandoval
1994a,b; Nosil et al. 2006b).

Thus, percent striped captured in the field is equal to ¢° in
the Hardy—Weinberg equation, thereby allowing p to be inferred
(where 1 — g = p). The change in the frequency of p (Ap)
between 2006 (p) and 2007 (p) was used to estimate the strength
of selection (s) according to the following well-known equations.
On Ceanothus, there is selection against the recessive allele such
that

spq*
1 —sq?

Ap=p —p= )

and thus,
Ap
S A
q*(p + Ap)

On Ceanothus, there is selection against the striped phenotype

2

and thus the relative fitness of each morph was estimated using
the following selection model: wap = 1, wa, =1, wyp =1 —
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(where the unstriped morph is either AA or Aa and the striped
morph aa).

On Adenostoma, there is selection against the dominant allele
such that

—spq?

_ 3
1 —s+s5q% ®)

Ap=p' —p=

and thus,
§= 2 2
Ap(g® — 1) + pg*.

On Adenostoma, there is selection against the unstriped phenotype

“)

such that the following selection model was used to estimate
relative fitness: wap =1 — s, Waa =1 — 5, wWaa = 1.

Results

Following the reduction in gene flow at the perturbed site, in-
creased adaptive divergence was rapidly observed. In the gen-
eration immediately following the perturbation (2007), morph
frequencies at the perturbed site were more divergent between
hosts than within in any of the preceding 4 years (Fig. 3B). This
pattern was replicated in the second year following the perturba-
tion (2008). Differences between hosts following the perturbation
were significant (P < 0.001 in each year) and in the direction
predicted by natural selection.

Although much has been learned from natural experiments
in the wild, a limitation is that they are often not highly spatially
or temporally replicated. For example, the perturbation reported
here was not replicated at a different site. However, two major
lines of reasoning, based upon replication of the results among
time periods and between hosts, indicate that divergence at the
perturbed site results from a reduction in gene flow, and is unlikely
to have arisen by chance. First, at the perturbed site, the difference
in morph frequency between hosts is greater in each of the two
years following the perturbation relative to differences within any
of the preceding 4 years (Fig. 1). Given the a priori expectation that
divergence should increase following reduction of gene flow, the
probability of this pattern arising by chance is [(2!)(4!)/(6)]/2 =
0.033. Thus, temporal replication of the data provides statistical
support for the conclusion that gene flow constrained divergence.
A key point is that this statistical result is not influenced by the
number of individuals or populations examined, relying instead
on the temporal replication of data from both host plants at the
perturbed site (Nosil et al. 2006b).

Second, data from the other two parapatric population pairs
(“control sites”) demonstrate that the pattern of increased diver-
gence between hosts in 2007 and 2008 is unique to the perturbed
site (Fig. 3). Specifically, the dependence of morph (striped vs.
unstriped) on an interaction between host and year varied signifi-
cantly among sites (logistic regression analyses, host x year x site
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interaction, LR = 25.34, df = 10, P = 0.005). Thus, morph was
dependent on an interaction between host and year at the per-
turbed site (host x year, LR = 13.32, df =5, P = 0.021), but not
at either control site (control site 1, host x year, LR = 8.58, df =
4, P = 0.073; control site 2, host x year interaction not retained
in the final model, P > 0.10; note that significance aside, trends
in the control sites were in the opposite direction to those at the
perturbed site). All the terms retained in the reduced logistic re-
gression in these site-specific models, with associated likelihood
differences, and significance values, were as follows: Perturbed
site (M): host, LR = 16.17,df = 1, P < 0.001; year, LR = 16.92,
df =5, P =0.005, month x year, LR = 7.56, df =2, P = 0.023;
host x year, LR =13.32,df =5, P = 0.021; Control site #1 (HV):
host, LR =10.49, df = 1, P = 0.001; month, LR = 18.76, df = 3,
P < 0.001; host x month, LR =20.29, df =5, P =0.001; host x
year, LR = 8.58, df = 4, P = 0.073; Control site #2 (OG): host,
LR =6.93,df =1, P = 0.008.

Similar results were observed in analyses using the binomial
factor “before/after perturbation™ as the time factor (with “year”
nested within “before/after” and “month” nested within “year”;
analysis including site: site x host x before/after interaction,
7= —4.27, P < 0.001; site-specific analyses: host x before/after
interaction, perturbed site, z = —2.60, P = 0.009; control site 1,
z = 0.55, P = 0.58, control site 2, z = —0.01, P = 0.99). The
significant results observed here indicate that there was sufficient
power to test the hypotheses at hand, despite somewhat limited
sample sizes in some months and years.

Population genetic theory allows inferences on the strengths
of selection and relative fitness required to generate the observed
evolutionary response between the generations directly before
versus after the perturbation. On Ceanothus, the strength of se-
lection against the recessive (i.e., striped) allele is estimated as
s = 0.84. The relative fitness of the recessive phenotype is thus
Wa = 0.16, making the dominant phenotype 6.3 times more fit
than the recessive phenotype. Conversely, on Adenostoma, the
strength of selection against the dominant (unstriped) allele is
estimated as s = 0.77. The relative fitness of the dominant pheno-
type is thus waa = wa, = 0.23, making the recessive phenotype
4.3 times more fit. These calculations assume that gene flow
ceased following the perturbation, and thus may underestimate
the strength of selection required to generate the observed change
in morph frequency. However, the fact that the direction of di-
vergence reversed between the years directly before versus after
the perturbation suggests that selection strength might be slightly
overestimated.

Discussion

I report here increased adaptive divergence between a parapatric
population pair following an experimental reduction in gene flow.

Temporal replication of the data, coupled with a lack of increased
adaptive divergence at two control sites, argue that the results did
not arise by chance. Notably, there was some spatial replication
of the data because morph frequencies at the perturbed site in the
year following the perturbation changed on both (rather than a sin-
gle) hosts. Furthermore, the control sites were spatially replicated.
Finally, an important point is that the results observed here are
consistent with past experimental and molecular data in this sys-
tem, which provided indirect, correlative evidence that gene flow
constrains divergence in morph frequencies (Sandoval 1994a,b;
Nosil 2004; Nosil and Crespi 2004, 2006). Thus, the patterns ob-
served here support a priori predictions. Although replication in
additional perturbed sites would clearly be informative, the collec-
tive arguments indicate that the patterns observed arose because
gene flow constrains adaptation.

I am aware of only a single other study that manipulated
gene flow in the wild, and similar to the results of the current
study, it concluded that gene flow constrains adaptive divergence
(Riechert 1993a). This study examined divergent behavioral phe-
notypes of the desert spider Agelenopsis aperta. Specifically, this
species has an “aridlands” phenotype that exhibits high aggres-
siveness in competitive interactions over energy-based territories
and a lack of discrimination among potential prey types and a “ri-
parian” phenotype with low aggressiveness toward conspecifics
and discrimination of prey profitability. These behavioral differ-
ences have been shown to be heritable. Riechert (1993a) identi-
fied a woodland population that exhibited apparently maladap-
tive behavior and tested whether gene flow contributed to this
maladaptation. Experimental manipulation of gene flow demon-
strated that one generation of predation pressure in the absence
of gene flow is sufficient to cause a marked shift in spider be-
havior toward the expected “riparian” phenotype. Thus, in both
the spider and the walking-stick systems, it appears that gene
flow constrains adaptation and that selection from predators con-
tributes to adaptive divergence when gene flow is reduced (see also
Riechert 1993b).

In the current study, the 20-30% increase in divergence
following the perturbation, compared to average yearly differenti-
ation observed prior to it, is reasonable given past data indicating
that selection on color pattern is strong (s is at least 0.50) (Nosil
2004; Bolnick and Nosil 2007), the trait is highly heritable
(Sandoval 1994a,b), and the preperturbation morph frequencies
were not near fixation (i.e., genetic variation was present). The
population genetic theory implemented here revealed further
evidence for strong selection, illustrating how visual predators
can be a potent source of selection and an important cause of
evolutionary diversification (Reimchen 1979; Mallet and Barton
1989; Reimchen and Nosil 2002, 2004; Mappes et al. 2005;
Vamosi 2005 for review). Indeed, past studies have demonstrated
that selection exerted by visual predators can cause or maintain
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divergence in the face of gene flow (King and Lawson 1995;
Merilaita 2001; Hoekstra et al. 2004; Harper and Pfennig 2008).
An unanswered question in the current study is why divergence
in the second generation following the perturbation remained
similar to that observed in the first generation, rather than
increasing further. Some possibilities include weakening of
selection (e.g., if visual predators were less abundant) or an
increase in gene flow. More generally, for all the sites considered
here variation among years in selection strength, as well as
sampling error, could contribute to differences among years in
the level of adaptive divergence observed.

Two additional factors warrant discussion. First, genetic drift
might potentially affect morph frequencies, given that population
sizes at the perturbed site were likely reduced following the per-
turbation. Specifically, host plant patch size is positively corre-
lated with T. cristinae population size (Sandoval 1994a). Thus,
T. cristinae population sizes at the perturbed site were likely re-
duced following the perturbation, potentially increasing the op-
portunity for genetic drift. Although direct data on population
size following the perturbation are not available, numerous in-
dividuals were captured following the perturbation, indicating
that the drastic reductions in population size associated with ex-
treme bottlenecks did not occur. Additionally, indirect estimates
of population size can be generated using the known relation-
ship between host plant patch size and T. cristinae population
size. Specifically, Sandoval (1994a) cleared all the insects from
26 host patches of varying size, thereby estimating the relation-
ship between population size (the number of insects captured in
a patch) and host plant patch size. For Adenostoma, this relation-
ship was estimated as y = 2.27 + 3.4x, where y = number of
individuals and x = patch size in meters squared. Prior to the
perturbation, the area of the Adenostoma patch at the perturbed
site was 54,360 m? (reported in Sandoval 1994a), yielding a pop-
ulation size estimate of 184,846 individuals. Thus, even with a
95% reduction in population size, the population would be esti-
mated at 9242 individuals. Population size estimates for 99, 99.5,
and 99.9% reductions in size are 1849, 924, and 185 individu-
als, respectively. Estimates for Ceanothus are similar (y = 1.6 +
4.1x, patch size = 34,754, yielding a pre-perturbation population
size of 142,493, and 7125, 1425, 712, and 142 individuals for the
same reductions noted above). Thus, it would take extremely se-
vere reductions in population size to reduce population size below
1000 individuals. Although a quantitative estimate of the degree
to which patch size was decreased following the perturbation is
not available, many plants did remain (see Fig. 2B). A caveat
is that the patch sizes used in the above calculations extrapolate
beyond the maximum patch size examined in Sandoval (1994a).
Another consideration is that the estimates above are of population
size, rather than effective population size. Nonetheless, the collec-
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tive arguments suggest reasonable population sizes even after the
perturbation.

More important, even if genetic drift was acting, it is not ex-
pected to produce patterns such as those reported here. Namely,
drift is not expected to produce a correlation between host plant
species used and morph frequency (Schluter 2000). Likewise,
drift is not expected to generate concerted changes in morph fre-
quency, in the direction predicted by natural selection, following
areduction in gene flow (Futuyma 1998; Schluter 2000; Résénen
and Hendry 2008). Thus, although some effect of drift on morph
frequencies cannot be excluded, drift is unlikely to explain the
increased adaptive divergence observed at the perturbed site.

Second, assortative mating might affect morph frequencies,
but is also unlikely to contribute strongly to the results: although
there is some assortative mating between individuals from dif-
ferent hosts, it does not arise via assortative mating by color-
pattern morph (i.e., some trait other than color-pattern underlies
the between-host assortative mating) (Nosil et al. 2002; Nosil and
Crespi 2004; Nosil et al. 2007). Moreover, despite reproductive
isolation between populations on different hosts, there is strong
evidence for gene flow between hosts (Nosil 2007, 2008).

The main conclusion is that gene flow constrained adaptive
divergence in nature, at least for the trait considered here. The re-
sults illustrate how adaptive evolution following the cessation of
gene flow can be both marked and extremely rapid. The observed
rapid evolutionary response was likely made possible because
gene flow maintained genetic variation within populations, and is
consistent with theory indicating that rapid adaptation is possible
when evolution proceeds from standing genetic variation, rather
than having to wait for the fortuitous emergence of beneficial mu-
tations (Barrett and Schluter 2008 for review). In sum, the inter-
play between selection, genetics, and geography reliably predicted
the rate and timing of adaptive evolution in the wild. Interestingly,
the reduction of gene flow considered here was induced by road
crews, suggesting that human disturbance can unknowingly and
quickly affect the evolution of animal populations (Hendry et al.
2006). A final point is that the current study examined the role
of gene flow in constraining divergence, but did not consider the
alternative casual association of adaptive divergence constraining
gene flow. Future research could usefully focus on this alterna-
tive casual association, as well as potential feedbacks between
different causal pathways (Riechert 1993a; Hendry et al. 2001;
Nosil and Crespi 2004; Risidnen and Hendry 2008). Such work
could be conducted in 7. cristinae, where there is now evidence
that gene flow constrains adaptation (Sandoval 1994a; Nosil and
Crespi 2004; Bolnick and Nosil 2007; this study), as well as is in-
direct correlative evidence from experiments and molecular data
that adaptive divergence reduces gene flow (Nosil et al. 2002,
2003, 2008).
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