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Abstract

It is not yet clear under what conditions empirical studies can reliably detect progress

toward ecological speciation through the analysis of allelic variation at neutral loci. We

use a simulation approach to investigate the range of parameter space under which such

detection is, and is not, likely. We specifically test for the conditions under which

divergent natural selection can cause a ‘generalized barrier to gene flow’ that is present

across the genome. Our individual-based numerical simulations focus on how popula-

tion divergence at neutral loci varies in relation to recombination rate with a selected

locus, divergent selection on that locus, migration rate and population size. We

specifically test whether genetic differences at neutral markers are greater between

populations in different environments than between populations in similar environ-

ments. We find that this expected signature of ecological speciation can be detected

under part of the parameter space, most consistently when divergent selection is strong

and migration is intermediate. By contrast, the expected signature of ecological speciation

is not reliably detected when divergent selection is weak or migration is low or high.

These findings provide insights into the strengths and weaknesses of using neutral

markers to infer ecological speciation in natural systems.

Keywords: adaptive radiation, divergent selection, ecological speciation, FST, gene flow, indi-

vidual-based simulation, neutral markers, porous genome
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Introduction

Ecological speciation is a process whereby divergent

selection causes the evolution of reproductive barriers

between populations adapting to different environ-

ments (Schluter 2000). This process has been con-

firmed in a number of natural systems (Rundle &

Nosil 2005), but recent work has sometimes failed to

detect its presence (for a review, see Hendry 2009).

This apparent variation in progress towards ecological

speciation could be the result of biological factors that

promote or constrain adaptive divergence and repro-

ductive isolation (Berner et al. 2009; Hendry 2009;

Nosil et al. 2009a), or it could be the result of ethodo-

logical limitations (Räsänen & Hendry 2008; Hendry

2009). Here, we use numerical simulations to consider

limitations that might attend one common method for
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inferring progress towards ecological speciation. Our

main motivation is to provide information relevant to

empiricists studying ecological speciation in natural

systems.

We specifically evaluate the use of neutral genetic

markers to test the prediction that gene flow is lower

between populations in different environments than

between populations in similar environments (e.g. Smith

et al. 1997; Gı́slasan et al. 1999; Lu & Bernatchez 1999;

Ogden & Thorpe 2002; Crispo et al. 2006; Nosil et al.

2008; Berner et al. 2009). This prediction has its origin

in expectations that stronger ecological reproductive

barriers should reduce gene flow between populations

in different environments and thereby allow greater

genetic divergence at neutral markers (Barton & Bengts-

son 1986). This basis for inference has, however, been

brought into question by the realization that alleles at

neutral markers unlinked to selected loci might flow

almost freely between populations even in different

environments (Emelianov et al. 2004; Gavrilets &



Fig. 1 Population structure in our simulations: four different

populations in similar and different environments (colours)

exchanging migrants (arrows).
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Vose 2005; Thibert-Plante & Hendry 2009). And yet,

ambiguity remains because a ‘generalized barrier to

gene flow’ across the genome might be possible (Gavri-

lets 2004; Grahame et al. 2006; Via & West 2008; Nosil

et al. 2009a; Via 2009; Feder & Nosil 2010) if selection

acts against the whole genome of migrants and hybrids.

That is, linkage disequilibrium before recombination

between genomes of individuals from different popula-

tions will potentially reduce gene flow even at unlinked

neutral markers.

Here, we must make a distinction between the above

‘generalized barrier’ approach and the use of genome

scans to identify outlier loci associated with ecological

differences between populations (Emelianov et al. 2004;

Grahame et al. 2006; Via & West 2008; Via 2009; Nosil

et al. 2009a; Feder & Nosil 2010). This latter method is

useful for identifying regions of the genome that show

low gene flow between populations in different envi-

ronments, and are therefore likely under divergent

selection. By contrast, the generalized barrier approach

asks whether or not reduced gene flow between popu-

lations in different environments can be detected at

non-outlier loci that are presumably ‘far’ from the

selected loci: i.e. neutral loci not physically linked to

loci under divergent selection. Insights into divergence

at these unlinked neutral loci will help the interpreta-

tion of non-outlier loci in genome scans, as well as

inferences from classic population genetic studies that

focus exclusively on those loci.

Our specific goal was to evaluate the conditions

under which environmental differences between popu-

lations can cause detectable divergence at neutral loci.

We examine the influence of several potentially impor-

tant parameters, including migration rate, the strength

of divergent selection, recombination rate and popula-

tion size. First, we expect that intermediate migration

rates will allow the greatest in neutral genetic diver-

gence between populations in different environments

compared with that between populations in similar

environments (henceforth, the ‘expected signature’ of

ecological speciation). The reasons for this prediction

are that: (i) under low migration rates, all populations

will diverge approximately equally owing to drift

(because gene flow is too low to constrain divergence),

whereas (ii) under high migration rates, divergent selec-

tion will not be very effective at reducing divergence in

neutral markers (as gene flow can remain high even

after selection against migrants and hybrids). Second,

greater divergent selection will cause greater ecologi-

cally based reproductive barriers (Schluter 2000; Nosil

et al. 2008, 2009a,b; Thibert-Plante & Hendry 2009), and

so we expect that it will also allow greater divergence

at neutral loci. Third, we expect that lower recombina-

tion rates (e.g. closer physical linkage) between neutral
and selected loci will cause greater divergence in the

former through the process of genetic hitchhiking (May-

nard Smith & Haigh 1974; Charlesworth et al. 1997). In

this respect, we also expect that selection needs to be

much stronger than recombination if it is to reduce

gene flow (Spirito et al. 1983; Bengtsson 1985). Fourth,

we expect that larger population sizes will more reli-

ably generate the expected signature of ecological speci-

ation because selection tends to overwhelm drift in

such populations (Whitlock & Phillips 2000).

The above theoretical expectations have not been

thoroughly and systematically evaluated in the context

of ecological speciation. Previously, Thibert-Plante &

Hendry (2009) used a simulation model to consider

some of the above issues, but the present analysis is

much more comprehensive and more closely tied to

empirical situations (e.g. neutral markers in the present

study are similar to microsatellites). Here we also more

comprehensively explore the parameter ranges under

which the expected signature can be most reliably

detected using common statistical methods. This latter

topic is important because, even when a generalized

barrier exists, it might be so weak and variable as to

elude detection in a typical empirical study.
Model

We simulate diploid individuals in a multilocus, multi-

allele model, in which one locus is under selection and

the other 40 loci are neutral. The locus under selection

has two possible alleles, and the allele that is selectively

favoured differs between the two environments. Four

populations exchanging migrants are modelled, with

two populations per environment type (Fig. 1). Other

types of population structure could have been mod-

elled, but this is the simplest for examining patterns

across a large range of parameter space. A single

selected locus with only two alleles was chosen for sim-

plicity; future work might profitably examine the effects

of distributing selection across multiple loci (Feder &

Nosil 2010).
� 2010 Blackwell Publishing Ltd
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Life cycle

The simulated life cycle begins with migration and then

proceeds to reproduction. Selection occurs during

reproduction (but before recombination) and is manifest

as differences in reproductive output according to the

relative fitness of individuals in a soft selection situation

(see below). Explicit viability selection is thus absent

from our model, but the lack of reproduction by an

individual is evolutionarily equivalent to its death. Note

that, as in nature, selection can act on migrant genes

both before (on migrants) and after (on hybrids) recom-

bination. Migration occurs evenly across all populations

(the same number of individuals migrating from each

population is distributed among each of the other popu-

lations). A given individual can move only once during

the life cycle, and the individuals that move from each

population are chosen randomly.

Mating proceeds by randomly selecting two individu-

als from a population with probabilities according to

their relative fitness within that population. Fitness is

dependent on the interaction between an individual’s

genotype and its environment (G·E), according to the

rules stated in Table 1. The probability of an individual

i being selected for reproduction at any time is

pi ¼
fiP
j fj

ð1Þ

where fi is the fitness of individual i and
P

jfj is the

sum of the fitnesses of all individuals in the population.

A selected pair of individuals produces one offspring

and then returns to the potential pool of parents. This

procedure is repeated until the offspring population

reaches the size of the parental population (i.e. soft

selection, Whitlock 2002). Reproduction then stops and

the life cycle starts over again with migration. Genera-

tions are thus non-overlapping.
Neutral genes

The neutral loci act like microsatellites, with high muta-

tion rates (Weber & Wong 1993) (in the order of 10)3)

that change the number of repeats in a sequence (Val-
Table 1 The absolute fitness of each genotype in the two dif-

ferent environments, where 0 £ r £ s £ 1

Selected

locus

Fitness in

environment 1

Fitness in

environment 2

aa 1 1)s

aA or Aa 1)r 1)r
AA 1)s 1
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des et al. 1993; Di Rienzo et al. 1994). Alleles are identi-

fied by their number of repeats. The number of repeats

is limited to be between 1 and 999 (as in Balloux &

Goudet 2002), which is larger than the number of alleles

that populations should carry at equilibrium (Kimura &

Ohta 1975). Mutations are stepwise and consist of an

increase, or a decrease, of one in the number of repeats

(Kimura & Ohta 1975). Stepwise mutations at the

boundaries (1 and 999) always produce the only permit-

ted adjacent value (2 or 998 respectively), but these are

unlikely to ever be reached. We also ran the full set of

simulations with some multistep mutations (Di Rienzo

et al. 1994). Results were similar and so these additional

simulations are not shown.

We vary the recombination rate of neutral loci with

the selected locus. For a recombination rate of 0.5, the

loci are unlinked to the selected locus and can be con-

sidered to be on different chromosomes. Within each of

the 10 replicates of a given set of simulation conditions

(defined by a given migration rate, selection and popu-

lation size), we include 400 neutral loci – 40 with each

of the 10 recombination rates to the selected locus. This

inclusion of 400 loci in a single simulation reduced

computation time by a factor of 10 relative to whether

we had run a separate simulation for each recombina-

tion rate. In all cases, all neutral loci within a simulation

are unlinked to each other, which makes them appro-

priate replicates of a given recombination rate within a

given simulation set. Note that number of loci per anal-

ysis of a given parameter set was always 40 (not 400)

because this was the number of loci per recombination

rate. Although natural genomes include neutral loci of

varying degrees of recombination with each other, we

did not implement this variation in our simulations.

The reason was that varying recombination rates among

neutral loci would reduce their value as independent

replicates of divergence within a given simulation.

Moreover, the most important question is what happens

when neutral loci are unlinked to selected loci, in which

case they might also be unlinked to each other. Indeed,

empirical studies typically discard neutral loci that are

in linkage disequilibrium so as to consider the loci that

are independent of each other.
Simulation set-up

At the start of a simulation, two random alleles are allo-

cated to each individual at the selected locus. This leads

to Hardy–Weinberg equilibrium with expected allele

frequencies of 0.5 at the selected locus in each popula-

tion. The strength of natural selection on this locus is

set at s, the proportional decrease in fitness for the dis-

favoured allele (relative to unity for the favoured allele)

in each environment. Allelic effects are additive, such
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that heterozygotes have intermediate fitness (1)r,

where r ¼ s/2) (Table 1). In each life cycle iteration

thereafter, migration between the populations occurs as

a fixed proportion m of the population. That is, each

population contributes (and receives) an expected Nm

individuals split equally among (and from) the other

populations. Population size (N) is the same in each

population and is maintained at a constant level (as

consistent with soft selection). We use a binomial ran-

dom number generator to obtain the actual Nm in each

generation (Kachitvichyanukul & Schmeiser 1988). With

this technique, we achieve a non-null number of

migrants, on average, even at low migration rates, while

retaining the expected Nm.

Simulations are run for 5000 iterations (i.e. genera-

tions) and FST, according to Weir (1996), is tracked for

each locus at each step of the simulation. We used 10

replicate simulations for each parameter set: strength of

selection (s ¼ 0–1.0, in increments of 0.1), migration rate

(m ¼ {0.5, 0.3, 0.2, 10)1, 10)2, 10)3, 10)4, 10)5, 10)6}),

recombination rate (r ¼ {0, 0.02, 0.04, 0.06, 0.08, 0.1, 0.2,

0.3, 0.4, 0.5}) and population size (N ¼ {100, 1000}). All

of the above parameter combinations are explored and

are independent, except for the above-noted inclusion

of all recombination rates in a given simulation.

Different neutral loci are unlinked to each other and

potentially linked to the same selected locus but with

different recombination rates, as described above. Ini-

tially, the 400 loci (10 different recombination rates with

40 loci each) are all set at 500 repeats, the middle point

in the possible number of repeats (as in Balloux & Gou-

det 2002). We did not explore the effect of varying

numbers of loci owing to computational limitations and

because these effects should be relatively small (see Dis-

cussion).

As noted above, the mutation rate for neutral loci is

10)3. The mutation rate of the locus under selection is

10)5. These mutation rates are the same as those used in

other numerical studies (Gavrilets & Vose 2005, 2007;

Gavrilets et al. 2007) and are similar to some estimates

from real organisms (Dallas 1992; Brinkmann et al. 1998).

We did not explore other mutation rates because this

allowed us more computational resources for exploring

the other key parameters. We chose per-patch population

sizes of 100 and 1000 to bracket those used in related

numerical simulations (Gavrilets & Vose 2005, 2009).

Genetic measures were taken, and statistical tests (see

below) performed, after reproduction but before migra-

tion. FST values were calculated for each set of parame-

ter combinations based on the entire population. In

addition, empiricists generally subsample from larger

populations, and so we also calculated FST values (for

simulations with the larger population size) after sub-

sampling only 20 individuals. This particular sub-sam-
pling level was chosen to be the same as that of Balloux

& Goudet (2002). Results were generally similar

between the full and subsampled estimates and so the

former are reported in the present paper. An exception

is an explicit comparison of the two estimates that

serves to illustrate their general similarity and the slight

differences (see below).
Statistical tests

Many statistical analyses of genetic differences are com-

putationally intensive, such as bootstrapping FST 10 000

times to get confidence limits or implementing analyses

in STRUCTURE 2.2 (Pritchard et al. 2000). We estimated

that applying such analyses to all of our simulations

would take more than a century of computation on a 2-

GHz computer. We therefore implemented several short

cuts.

Our main short cut was simply to use only 100 boot-

strap replicates for comparisons of FST. Specifically, we

calculate FST 100 times based on independent random

samples with replacement of individuals (N ¼ popula-

tion size) from each population. We then conclude that

FST is greater between populations in similar environ-

ments than between populations in different environ-

ments if the 95% confidence intervals do not overlap

(one-tailed test). Given our four populations, this gener-

ated six comparisons per simulation: two for popula-

tions in similar environments and four for populations

in different environments. We treated these as indepen-

dent estimates to calculate the proportion of times, in

each replicate simulation, where comparisons of popu-

lations in different environments yield a greater FST

than comparisons of populations in similar environ-

ments.

We also evaluated whether our short cut of using 100

replicate FST bootstraps (rather than the more typical

10 000 replicates) caused any bias in interpretation. For

this, we compare confidence intervals from our 100

bootstraps to confidence intervals from 10 000 boot-

straps in three separate simulation conditions. The three

conditions are chosen for their different range of FST;

their parameters are: (s ¼ 0.1, m¼10)3), (s ¼ 0.5, m ¼
10)3) and (s ¼ 0.5, m ¼ 10)6). These comparisons are

made over 50 consecutive generations after the first

generation, after 1000 generations, and after 4950 gener-

ations. The results of these different iterations and sim-

ulations are combined for analysis.

Another short cut was to use STRUCTURE (Pritchard

et al. 2000) for a subset of the simulations. Here, we

used the ad hoc criteria of Evanno et al. (2005) to test for

how many discrete populations were inferred in a given

simulation. Specifically, we use the admixture model

with the degree of admixture (alpha) inferred from the
� 2010 Blackwell Publishing Ltd
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data and with the option of correlated allele frequencies

between populations. The distribution of allele frequen-

cies (lambda) is set to unity and the length of the burn-

in period is 10 000. Twenty replicates are run for each

data set and the number of populations evaluated are

from one to 10. For this analysis, we use the same simu-

lations as those used for the above 100 vs. 10 000 boot-

strap comparisons. A clear signature of ecological

speciation in STRUCTURE implies finding two populations

with individuals within a population coming from a

single environment. Failure of these conditions implies

the absence of, or a failure to detect, progress towards

ecological speciation.
Results

To illustrate general patterns seen at the end of our simu-

lations (4900–5000 generations), we focus first on results

for larger populations: 1000 individuals in each of the

four populations. We later discuss any differences seen

in the simulations with 100 individuals per population.
The selected locus

Dynamics at the selected locus are straightforward,

showing a migration–selection balance (Fig. 2). At low

selection and high migration, fixation of the positively

selected allele is rare and the negatively selected allele
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of individuals which are heterozygous at the selected locus (b,d). Res
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can sometimes fix (Fig. 2a). As selection increases and

migration decreases, fixation of the positively selected

allele becomes more common, and this essentially

always occurs at very low migration rates. When fixa-

tion of the positively selected allele occurs, the fitness

reduction in the new environment will be s for migrants

and r for hybrids.
Divergence at neutral markers

At low migration rates (m ¼ 10)4), genetic divergence is

strong (FST � 0.22) between all populations regardless of

whether they are in similar or different environments

(Fig. 3a,b). This level of divergence is very close to the

expected value at equilibrium (FST¼0.18) from Rousset

(1996, eq. 6). In this situation of high divergence the

strength of selection has no apparent influence, but in

recombination decreases the variation in FST for a given

set of simulation conditions.

At intermediate migration rates (e.g. m ¼ 10)3),

genetic divergence generally decreases and other

parameters become influential. (Note that for a popula-

tion size of N¼1000 a value of m¼10)3 corresponds to

Nm¼1). For instance, populations in different environ-

ments (Fig. 3b,d,f,h) here generally show higher neutral

genetic divergence than do populations in similar envi-

ronments (Fig. 3a,c,e,g). This is true across all non-null

selection levels when recombination with the selected
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Fig. 3 Qualitative comparisons of FST between populations in similar environments (left panels) and different environments (right

panels). These results are for the last iteration of each simulation with the larger population size (1000). Each box is bounded by the

first and third quartiles, the line inside the box is the second quartile (median) and the whiskers extend to 1.5 times the interquartile

range (third quartile minus first quartile) or to the maximum or minimum value, as appropriate. All data outside the whisker range

are considered outliers and are represented by open circles.
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locus is absent (Fig. 3a,b) and for stronger levels of

selection when recombination is higher (Fig. 3c–h).

At the highest migration rate (m¼0.5), neutral genetic

divergence is present in only two instances. The first

occurs when recombination with the selected locus is

absent and selection is at least moderately strong (Fig.

3a,b). The second occurs when recombination is present

and selection is exceptionally strong (right-hand side of

Fig. 3d,f and h).
Statistical tests for signatures of ecological
speciation

We now consider situations in which the above pat-

terns might be statistically detectable in a typical
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empirical study. We will here use the phrase

‘positive results’ when the expected signature of eco-

logical speciation is detected: greater genetic differ-

ences between populations in different environments

than between populations in similar environments. In

all cases, the proportion of comparisons for a given

parameter set that yield a positive result is roughly

equivalent to the expected statistical power of the

test.

At low migration rates (m ¼ 10)4), positive results are

obtained approximately half of the time (Fig. 4). Posi-

tive results become more common when recombination

rates are non-null or when selection is reasonably

strong. This result does not, however, represent a reli-

able cue for ecological speciation. It instead simply
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Fig. 5 Results of subsampling statistical analyses (100 bootstrap comparisons of 95% confidence intervals) for when FST comparisons

reveal the expected signature of ecological speciation. The y-axis shows the fraction of simulations in which FST was significantly

greater between populations in different environments than between population in similar environments. These results are cumula-

tive of the last 100 iterations of each simulation with 20 individuals sampled in each population of size (1000). For an explanation of

the boxplot conventions, see caption to Fig. 3.
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reflects random divergence among populations that

sometimes by chance leads to the expected signature.

At intermediate migration rates (e.g. m¼10)3), and in

the presence of natural selection (s>0), positive results

are nearly always obtained when recombination is

absent or low (Fig. 4a). When recombination rates are

high, positive results are nearly always obtained when

selection is also high (Fig. 4d). When recombination

rates are high and selection is weak to moderate, posi-

tive results are highly variable within a given parameter

set.

At the highest migration rate (m¼0.5), a sharp transi-

tion in the frequency of positive results is seen: from no

positive results at low selection to all positive results at

high selection. The location of this transition is influ-

enced by the recombination rate, with a lower level of

selection required to obtain positive results when

recombination rates are lower (Fig. 4).

All of the above results were based on the entire pop-

ulation. Generally, similar qualitative results were

obtained when sampling only 20 individuals from each
population (Fig. 5). Quantitative results differ in the fol-

lowing ways. First, for a given set of simulation condi-

tions, more variable results were sometimes obtained

with subsampling. Second, for a given level of migra-

tion and recombination, stronger selection is sometimes

necessary to detect the expected signature of ecological

speciation. This is most obvious when migration rates

are very high (Fig. 5).
Earliest divergence

All of the above results are those recorded after 4900

generations, at which time an equilibrium is generally

evident in our simulations. Many empiricists, however,

may be dealing with non-equilibrium conditions. We

therefore considered the time frame after which the

expected signature of ecological speciation can be con-

sistently detected following colonization of new envi-

ronments. We specifically recorded, for a given

simulation, the first time (number of generations) after

which positive results are obtained for 10 successive
� 2010 Blackwell Publishing Ltd
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Fig. 6 Time in generations of the first consistent statistical detection (earliest detection) of the expected signature of ecological

speciation based on bootstrap FST comparison. These results show the first generation after colonization at which consistent detection

(i.e. for at least 10 consecutive generations) was achieved in simulations with the larger population size (1000). For an explanation of

the boxplot conventions, see caption to Fig. 3.
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generations. For intermediate migration rates (the situa-

tion where detection was most reliable at equilibrium;

see above), consistent positive results are usually

obtained after a few hundreds to a thousand genera-

tions (Fig. 6). Consistent detection occurs the earliest

when selection is the strongest (Fig. 6). Detection is

sometimes possible after only a few generations – but

more generations are required for this result to be con-

sistent across 10 successive generations. For example,

when gene flow is high (m¼0.1), selection is high (s¼
0.8) and recombination is free (r¼0.5); 30% of the tests

yield a positive result only after 15 generations, a time

frame similar to the empirical study of Hendry et al.

(2000).
Population size

We now consider how the above results hold, or are

modified, when population sizes are small (100)

instead of large (1000). The main change here is a

general increase in FST (Fig. S1, Supporting Informa-

tion) over the simulations described above. Apart
� 2010 Blackwell Publishing Ltd
from this numerical difference, trends with respect to

the other parameter values are generally not altered,

either qualitatively (Fig. S1) or statistically (Fig. S2).

However, when positive results are rare for large

populations, they are even rarer for smaller popula-

tions. In short, it can sometimes be more difficult,

and never easier, to detect the expected signature of

ecological speciation when populations are small than

when they are large.
Evaluating our statistical short cuts

In one-tailed comparisons of the lower FST confidence

limit for populations in different environments to

the upper FST confidence limit for populations in sim-

ilar environments, it makes little difference whether

bootstrapping is based on either 100 or 10 000 repli-

cates (Fig. S3). Specifically, conclusions regarding

whether populations in different environments show

greater genetic divergence than populations in similar

environments are equivalent in 98.84% of the compar-

isons tested. Of the 1.16% differences, 0.89% repre-



Table 2 Comparison between the results of STRUCTURE and the results of the 100 bootstrap FST comparison method

Iteration Recombination

s¼0.1; m¼10)3 s¼0.5; m¼10)6 s¼0.8; m¼10)3

Structure Bootstrap Structure Bootstrap Structure Bootstrap

100 0 2* 25 6 0 2* 50

0.08 4 25 4 62.5 4 0.5

0.5 4 12.5 4 12.5 4 62.5

3000 0 2 50 4 37.5 2 100

0.08 4 37.5 4 37.5 2 100

0.5 4 87.5 3 25 2 100

5000 0 2 100 4 50 2 100

0.08 2* 50 4 50 2 100

0.5 4 37.5 4 0 2 100

The strength of selection is s and the migration rate is m. STRUCTURE gives the number of inferred populations and the bootstrap

method gives the per cent of comparisons in which FST is greater for populations in different environments than for populations in

similar environments. When STRUCTURE finds only two populations, and these are in different environments, then it has detected the

expected signature of ecological speciation.
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sented false positives for the expected signature when

using 100 replicates and 0.27% represented false neg-

atives under those conditions. Moreover, no trend of

those false positives or false negatives was evident

with migration rate, strength of selection, number of

generations or recombination rate. In short, our boot-

strap short cut was of no consequence to our conclu-

sions.

For the analyses with STRUCTURE, we find results very

similar to those obtained using the above bootstrap FST

comparisons (Table 2). That is, when the FST bootstrap

method consistently found positive results, STRUCTURE

always found two populations corresponding to the

two environments. When the FST bootstrap method did

not find consistent results, neither did STRUCTURE. In

these latter cases, STRUCTURE sometimes grouped popula-

tions from different environments and sometimes split

populations from similar environments. Only one of the

27 tests in STRUCTURE identified the signature of ecologi-

cal speciation when FST comparisons did not.
Discussion

Does divergent selection generate a detectable general-

ized barrier to gene flow? That is, can we use neutral

genetic markers to reliably detect progress toward eco-

logical speciation? The short answer is that it depends

on a variety of parameters, which is the same general

conclusion obtained by Thibert-Plante & Hendry

(2009). The quantitative results of these two studies

should not, however, be directly compared because the

two models are very different. Results of the present

model are much more comprehensive and appropriate

when considering implications for empirical studies. In
the following discussion, remember that the ‘expected

signature’ of ecological speciation is a reduction in

neutral gene flow between populations in different

environments relative to that between populations in

similar environments.

One important parameter determining detection suc-

cess (i.e. statistical confirmation of the expected signa-

ture) is migration rate. Under our specific simulation

conditions, reliable detection is really possible only at

intermediate levels of migration. If migration is instead

high, detection is difficult simply because divergent

selection is often not powerful enough to reduce gene

flow to the point where neutral genetic divergence can

proceed. If migration is instead low, detection is incon-

sistent. That is, genetic divergence at neutral markers is

detectable about half of the time, but this occurs simply

by chance; i.e. gene flow is so low that all populations

drift apart to a similar degree. In the absence of diver-

gent selection (s¼0), detecting greater differences

between populations in different environments is a false

positive clearly due to drift. In the presence of diver-

gent selection (s>0), drift may also be important, but its

effects cannot be conclusively separated from those of

selection. Finding the expected signature of ecological

speciation in cases of very low gene flow is therefore

not a reliable indication that ecological speciation is

actually occurring.

A second important parameter is the magnitude of the

environmental difference between populations, i.e. the

strength of divergent selection. Genetic divergence at

(even unlinked) neutral markers is generally higher

when environmental differences are greater, as long as

migration rates are intermediate (as above). This effect

of selection occurs because greater environmental differ-
� 2010 Blackwell Publishing Ltd
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ences lead to greater natural selection against mal-

adapted migrants and first-generation hybrids. In this

case, linkage disequilibrium before recombination of

genes between individuals from different environments

causes reduced gene flow at neutral loci even if they are

not physically linked to loci under divergent selection.

Several other parameters influence the level of divergent

selection at which the expected signature is apparent. As

migration increases, for instance, a larger environmental

difference (stronger divergent selection) is required for a

generalized barrier to gene flow. One might therefore

wonder how these critical levels of divergent selection

correspond to those observed in nature. The advantage

of local individuals over foreign individuals in recipro-

cal transplant experiments has an average of 45% (Here-

ford 2009). The advantage of local individuals as defined

by Hereford (2009) (sHereford) can be compared with our

selection strength by using equation 2.
sHereford ¼
2s

2� s
ðeqn 2)

Most of the levels of divergent selection (s) in our

model that first led to consistent detection of the

expected signature were well within this range. For

instance, the critical selection level above which detection

occurs 80% of the time is s¼0.4 (sHereford¼0.5) for the lar-

ger population size at an intermediate migration rate

(m¼10)3) with free recombination (r¼0.5). Natural popu-

lations therefore might often be in the selection range

where variation in other parameters really does influence

the inferential potential of neutral genetic markers.

A third important parameter is recombination rate. As

expected, the closer a neutral locus is to a selected locus,

the greater the effect of divergent selection on reducing

gene flow at the neutral locus (Gavrilets 2004; Grahame

et al. 2006; Nosil et al. 2008, 2009a). That is, genetic

hitchhiking can increase the chance of detecting the

expected signature of ecological speciation. This effect

can be most clearly seen in the case of high gene flow

(m¼0.5): as recombination increases, greater environ-

mental differences are required to detect the expected

signature (Fig. 4). The same pattern is found for lower

migration rates, but the transitional strength of selection

is less abrupt. But how does one interpret divergence at

neutral loci linked to selected loci? Certainly, this is no

longer necessarily indicative of a ‘generalized barrier’ to

gene flow. We will return to this question below but our

main concern here is when ecological speciation can be

detected with unlinked neutral genetic markers.

A fourth important parameter is population size. When

the expected signature of ecological speciation is either

always or never detected for large populations under a
� 2010 Blackwell Publishing Ltd
given parameter set, the same is generally true for small

populations. However, for parameter combinations

where variable outcomes are obtained for large popula-

tions, smaller populations generally made it even more

difficult to detect the expected signature of ecological

speciation. The reason appears to be that smaller popula-

tions are more sensitive to drift and less responsive to

selection (Falconer & Mackay 1996). In other words,

when populations are smaller, the signal from selection

is more difficult to separate from the noise due to drift.

It is important to note that we did not, for computa-

tional reasons, simulate the effects of other parameters

of potential interest: numbers of neutral loci, mutation

rates and numbers of selected loci. First, we suspect

that variation in numbers of loci will not be a major

concern. The reason is that an increase in the number of

neutral loci beyond 12 does not change the variance in

FST, and, below that, results only in a slight increase in

variance (Balloux & Goudet 2002). Moreover, increasing

efficiency and declining cost of genetic analyses dictate

that large numbers of loci will attend most future stud-

ies. Second, increasing the mutation rate will reduce the

likelihood that two alleles of the same size are identical

by descent, thus potentially reducing our statistical

power. On the other hand, decreasing mutation rates

may decrease rates of genetic divergence given that all

populations started from a monomorphic situation.

Third, increasing the number of selected loci will

increase the chances that a given neutral locus is linked

to a locus under selection. In this case, neutral loci

might be more likely to hitchhike to higher frequency.

However, the result is not certain because the effect of a

given selected locus might well decrease as more loci

come under selection. Moreover, results might not

change for those neutral loci that remain unlinked. This

would be profitable to simulate in future work.

It is also important to remember that our particular

model focused on a specific type of population struc-

ture (two populations of two types all exchanging

migrants at similar rates) and a specific type of com-

parison among those populations (divergence between

vs. within environment types). Many other possibilities

could have been simulated. Examples include clines

across habitat transitions (e.g. Ogden & Thorpe 2002;

Berner et al. 2009), comparisons of the rate of dispersal

with the rate of gene flow (e.g. Hendry et al. 2000),

comparisons of isolation by distance for populations

that are or are not in similar environments (e.g. Smith

et al. 1997; Crispo et al. 2006), and correlations

between adaptive divergence and neutral genetic

divergence (e.g. Gı́slason et al. 1999; Lu & Bernatchez

1999). In addition, our model focused on soft selection,

whereas a model of hard selection might have meant

that populations facing particularly strong selection
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would go extinct (Holt & Gomulkiewicz 1997; Thibert-

Plante & Hendry 2009). We are confident that our gen-

eral conclusion applies to these situations as well:

unlinked neutral markers are only sometimes reliable

in detecting the expected signature of ecological speci-

ation. It is quite likely, however, that the specific

results, such as the conditions under which the

method is most useful, will vary among different types

of population structure and different types of statistical

comparison.
General implications

We have confirmed, at least in our simulations, that

ecological differences can sometimes cause reduced

gene flow at unlinked neutral markers (see also Gavri-

lets & Vose 2007; Gavrilets et al. 2007; Nosil et al. 2008),

and that this effect can be statistically detectable within

a certain range of parameter space. Consistent and

appropriate statistical detection in our model was most

likely when divergent selection was strong, migration

rates were intermediate and population sizes were

large. Detection was also easier when recombination

rates between neutral and selected loci were lower, but,

in this case, we are no longer confirming a generalized

barrier to gene flow. In this case, a possible generalized

barrier becomes confounded with what amounts to

selection on the neutral locus acting through genetic

hitchhiking. This issue poses major practical and con-

ceptual issues for empiricists because the use of truly

unlinked neutral markers greatly reduces the range of

parameter space under which the expected signature of

ecological speciation can be reliably detected. On the

other hand, the use of neutral markers that are linked

to selected loci means that analyses are sensitive to the

effects of selection on regions of the genome, rather

than just the indirect effects of ecologically driven

reproductive barriers. This is obviously an area where

genome scans (Emelianov et al. 2004; Grahame et al.

2006; Via & West 2008; Nosil et al. 2009a; Via 2009;

Feder & Nosil 2010) become particularly informative.

When unlinked neutral loci are used, several addi-

tional points of caution are warranted. First, we uncov-

ered a wide range of parameter space where divergence

at selected loci is present but not detectable at neutral

genetic markers. This means that a failure to detect the

expected signature of ecological speciation does not

necessarily mean that divergent selection is absent and

ecological speciation is not proceeding (i.e. a false nega-

tive). Second, we found a range of parameter space

where the expected signature is found but is driven by

chance, not divergent selection. Most notably, these

false positives are common when gene flow is low

because divergence among all populations is high and
largely independent of divergent selection. Third, we

found large ranges of parameter space where results

are highly variable among replicate simulations. That is,

for a given parameter set, the expected signature is

sometimes found and sometimes not, presumably

owing to the stochastic nature of divergence at neutral

markers. As expected, more reliable results are then

obtained when populations are larger.

How then can our results be of assistance to empiri-

cists seeking to detect progress towards ecological speci-

ation: i.e. the ecologically driven evolution of

reproductive barriers? One encouraging short answer is

that, except when migration is very low, finding the

expected signature of ecological speciation might often

indicate that ecological speciation really is proceeding.

In these cases, unlinked neutral markers can be quite

useful. This is somewhat of a relief (at least to us)

because we have previously used positive results in

related assays to infer the presence of ecological specia-

tion (Berner et al. 2009). One discouraging short answer

is that when the expected signature is not detected, this

does not necessarily mean that ecological speciation is

not proceeding. This is not a relief (at least to us)

because we have used negative results in related assays

to infer minimal progress towards ecological speciation

(Crispo et al. 2006). Taken together, these two answers

add up to the conclusion that neutral genetic markers

can be a valuable part of studies of ecological speciation,

but that confidence in interpreting a given result often

requires additional information. For instance, our analy-

sis confirms the importance of obtaining information

about particular neutral loci (possible linkage to selected

loci) and particular population parameters (migration,

selection and population sizes). These parameters can

tell the investigator whether or not they should worry

about false positives or false negatives in neutral-marker

assays. In addition, the use of neutral genetic markers

should be coupled to other methods for inferring ecolog-

ical speciation, such as the testing of an ecological basis

for specific reproductive barriers. Ecological speciation

is clearly out there (Rundle & Nosil 2005), but just as

clearly not everywhere (Hendry 2009), and so continued

improvements to inferential methods are necessary.
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Additional supporting information may be found in the online

version of this article:

Fig. S1 Qualitative comparisons of FST between populations in

similar environments (left panels) and different environments

(right panels). These results are for the last iteration of each

simulation with the smaller population size (100). For an expla-

nation of the boxplot conventions, see caption to Fig. 3.

Fig. S2 Results of statistical analyses (100 bootstrap compari-

sons of 95% confidence intervals) for when FST comparisons

reveal the expected signature of ecological speciation. The y-

axis shows the fraction of simulations in which FST was signifi-

cantly greater between populations in different environments

than between populations in similar environments. These

results are cumulative of the last 100 iterations of each simula-

tion with the smaller population size (100). For an explanation

of the boxplot conventions, see caption to Fig. 3.

Fig. S3 Comparisons of confidence limits obtained with 100 vs.

10 000 bootstraps (larger minus smaller bootstraps, y-axis) rela-

tive to the estimated FST with 10 000 bootstraps (x-axis) for

populations in different (top panel) or similar (bottom panel)

environments. The key observation is that the two bootstrap

levels show consistent upper confidence limits for similar envi-

ronment and consistent lower confidence limits for different

environments. The result is no bias when using 100 bootstrap

confidence limits to infer the expected signature of ecological

speciation.
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