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Gene flow is often considered to be one of the main factors that constrains local adaptation in a heterogeneous environment.

However, gene flow may also lead to the evolution of phenotypic plasticity. We investigated the effect of gene flow on local

adaptation and phenotypic plasticity in development time in island populations of the common frog Rana temporaria which breed

in pools that differ in drying regimes. This was done by investigating associations between traits (measured in a common garden

experiment) and selective factors (pool drying regimes and gene flow from other populations inhabiting different environments)

by regression analyses and by comparing pairwise Fst values (obtained from microsatellite analyses) with pairwise Qst values.

We found that the degree of phenotypic plasticity was positively correlated with gene flow from other populations inhabiting

different environments (among-island environmental heterogeneity), as well as with local environmental heterogeneity within

each population. Furthermore, local adaptation, manifested in the correlation between development time and the degree of pool

drying on the islands, appears to have been caused by divergent selection pressures. The local adaptation in development time

and phenotypic plasticity is quite remarkable, because the populations are young (less than 300 generations) and substantial gene

flow is present among islands.
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Evolutionary theory predicts that adaptive divergence between
populations reflects a balance between the diversifying effects
of selection and the homogenizing effects of gene flow (e.g.,
Mayr 1963; Slatkin 1987). High gene flow constrains adaptive
divergence of populations by reducing the independence of their
gene pools (Résdnen and Hendry 2008) and numerous empirical
studies have shown that gene flow constrains adaptive divergence
in locally adapted populations (Riechert 1993; Langerhans et al.
2003; Hendry and Taylor 2004; Nosil and Crespi 2004; Crispo
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etal. 2006). However, high gene flow might also result in selection
for phenotypic plasticity (a genotype expressing different pheno-
types in different environments), because gene flow increases the
likelihood that a migrating individual will disperse to an envi-
ronment it is not adapted to (DeWitt and Scheiner 2004). In a
landscape, where connected populations inhabit different envi-
ronments, theoretical models have shown that a flexible, rather
than fixed, phenotype is selected for (Sultan and Spencer 2002).
Therefore, understanding the role of gene flow has particular rel-
evance for our understanding of local adaptation and phenotypic
plasticity in natural populations. Although numerous studies have
investigated the role of gene flow in local adaptation of special-
ists (e.g., Langerhans et al. 2003; Hendry and Taylor 2004), there
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have been very few empirical investigations of the importance of
gene flow for the evolution of phenotypic plasticity.

The relationship between plasticity and gene flow (or dis-
persal) has been the topic of several theoretical studies (Via and
Lande 1985; Van Tienderen 1991; Scheiner 1998; Sultan and
Spencer 2002) and the general conclusion is that high dispersal
rates increase the conditions under which plasticity, rather than lo-
cal specialization, is likely to evolve. This is because the increased
migration between populations results in an increased frequency
of specialists in environments they are not adapted to, thus giv-
ing them a lower fitness than individuals with plastic genotypes
(Sultan and Spencer 2002). Nevertheless, under some circum-
stances the evolution of phenotypic plasticity may be negatively
affected by gene flow. If the degree of plasticity in populations
directly corresponds with high levels of environmental hetero-
geneity (i.e., higher plasticity is an adaptation to a heterogeneous
environment), gene flow into these populations may disrupt this
local adaptation in phenotypic plasticity, simply by the immigra-
tion of maladapted specialists (Alpert and Simms 2002; Crispo
2008). Hence, phenotypic plasticity may be considered as an adap-
tive trait in its own right (Scheiner 1993; Pigliucci and Schmitt
1999; Leimar et al. 2006), for which gene flow is seen as the
main factor that opposes local adaptation in a heterogeneous en-
vironment (Slatkin 1987; Hendry et al. 2001; Lenormand 2002;
Résédnen and Hendry 2008).

Empirical data lend some support to the prediction that high
dispersal rates can increase the likelihood of plasticity to evolve.
In a recent meta-analysis, it was found that the degree of pheno-
typic plasticity in marine invertebrates was greater in species with
higher dispersal rates (Hollander 2008). It has also been shown
that populations of invasive species tend to be more plastic at
the invasion front than in the native strongholds (Sexton et al.
2002; Niinemets et al. 2003; Yeh and Price 2004; reviewed by
Richards et al. 2006), suggesting that phenotypic plasticity may
facilitate the successful colonization of novel environments (Price
et al. 2003; West-Eberhard 2003). The potentially negative effect
of gene flow on phenotypic plasticity has received much less at-
tention. A small number of studies have found that populations
or species inhabiting environments with high local heterogeneity
are more plastic than populations in more stable environments
(Richter-Boix et al. 2006; Lind and Johansson 2007), suggesting
that plasticity in these populations is locally adaptive, and conse-
quently that high gene flow may impede adaptation (Alpert and
Simms 2002; Crispo 2008). However, none of these studies have
estimated the degree of gene flow affecting the populations.

A system with distinct populations, that are more or less
connected by gene flow and which inhabit environments with dif-
ferent selection pressures and environmental variation would be
optimal for testing the effects of gene flow on the evolution of
local adaptation in traits that are plastic or genetically fixed. Such

a system is readily available for study on the Baltic Sea coast
of northern Sweden, where more or less geographically isolated
island populations of the common frog Rana temporaria L. breed
in freshwater rock pools that differ in drying rate (Johansson et al.
2005). The environmental conditions dictate that these frogs need
to develop from tadpole to the stage of metamorphosis, before
the pools dry up. A large size at metamorphosis has substantial
fitness benefits later in life (Berven 1990; Altwegg and Reyer
2003), but there is a trade-off against short development time as
a response to the risk of pool desiccation (Laurila and Kujasalo
1999). Because of land uplift, the populations inhabiting the is-
lands are relatively young (23-267 generations; Johansson et al.
2005) so they are likely to have a relatively similar genetic back-
ground. Moreover, the local selection pressures do not seem to be
correlated with island age, size, number of pools, the distance to
the closest population, or the distance to the mainland (Lind and
Johansson 2007). The populations show local adaptation to the
degree of pool drying, so tadpoles from islands with temporary
pools have a shorter development time than tadpoles from islands
with permanent pools (Johansson et al. 2005; Lind and Johansson
2007; Lind et al. 2008). Moreover, the populations also differ in
their degree of plasticity in development time. This difference
seems to be related to the degree of spatial heterogeneity in pool
drying regimes on the islands (Lind and Johansson 2007).

We investigated the role of gene flow in both local adap-
tation in development time to metamorphosis and plasticity in
development time among populations inhabiting differing envi-
ronments, by addressing two main questions. First, is there a
positive relationship between gene flow from populations that in-
habit dissimilar environments and phenotypic plasticity that fol-
low the predictions of theoretical models (Via and Lande 1985;
Van Tienderen 1991; Scheiner 1998; Sultan and Spencer 2002),
or are populations adapted to the local degree of environmental
heterogeneity so that the local degree of phenotypic plasticity is
negatively affected by gene flow? Second, are population differ-
ences in development time and phenotypic plasticity the result
of natural selection? We addressed these questions by analyzing
associations between traits and migration from different envi-
ronments, as well as local selective factors, and by comparing
population differentiation in quantitative traits involved in local
adaptation with differentiation in neutrally evolving traits.

Methodology

GENETIC ANALYSES

During 2005 and 2006, we collected up to 12 egg clumps, each
corresponding to the offspring from a single female R. fempo-
raria, from each of 15 islands in the archipelago of Umea (Fig. 1,
Table 1). Egg clumps were brought back to the laboratory, hatched.
and the tadpoles were allowed to develop to Gosner stage 25
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Figure 1. Locations of the 15 island populations from which molecular data were obtained.

(Gosner 1960). At this stage, one individual from each egg clump
was preserved in ethanol for DNA extraction. To make genetic
comparisons with mainland populations, eggs from four popu-
lations on the mainland were also collected in 2005 (Table 1),
situated 66-70 km NW of the coast. Mainland populations were
sampled at approximately equal distances from all island popu-

lations and far inland, to prevent any bias toward a single part of
the archipelago. In total, 170 individuals were genotyped.
Template DNA was extracted using proteinase K digestion
of muscle tissue, followed by salt extraction (see Aljanabi and
Martinez 1997). To obtain estimates of population differentiation
in neutral genetic markers, allelic variation was assessed using six

Table 1. Geographic coordinates, inbreeding coefficient (Fs), allelic richness (Ag), and genetic diversity (Hs) of all sampled populations.

Populations used for analyses of quantitative traits are indicated by a f.

Population Type Coordinates Fis Hg Ag

Ahillan t island 63°40'N, 20°23'E —0.18 0.55 2.11
Algrundet T island 63°41'N, 20°25'E 0.048 0.58 2.24
Bredskir 1 island 63°39'N, 20°18'E —0.128 0.48 2.00
Buten island 63°43'N, 20°26'E 0.021 0.45 1.92
Fjardgrund island 63°40'N, 20°20'E —0.017 0.49 2.03
Gashillan | island 63°39'N, 20°15'E —0.05 0.57 2.18
Grisslogern island 63°47'N, 20°37'E —0.055 0.61 2.23
Lillhaddingen island 63°40'N, 20°24'E —0.193 0.47 2.04
Lillklyvan { island 63°42'N, 20°20'E 0.241 0.55 2.17
Oster Hallskar island 63°48'N, 20°37'E 0.253 0.57 2.21
Petlandsskir island 63°39'N, 20°24'E 0.013 0.41 1.86
Savar-Tarnogern f island 63°45'N, 20°36'E 0.251 0.44 1.92
Storhaddingen island 63°40'N, 20°25'E —0.037 0.48 2.00
Svart Lass T island 63°41'N, 20°27E —0.071 0.64 2.35
Vitskér f island 63°40'N, 20°22'E -0.114 0.47 1.96
Nedre Mesele 1 mainland 64°15'N, 19°39'E —0.226 0.46 1.93
Nedre Mesele 2 mainland 64°14'N, 19°39'E 0.015 0.51 2.11
Vilvkilen mainland 64°13'N, 19°38'E 0.123 0.41 1.81
Vindeln mainland 64°13'N, 19°42'E 0.064 0.52 2.09
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microsatellite loci: Rt2Ca2-22 (Lesbarreres et al. 2005), RRD590
(Vos et al. 2001), Rt H (Pidancier et al. 2002), RtU4 (Berlin et al.
2000), Rtempp4, and Rtempp7 (Rowe and Beebee 2001). Poly-
merase chain reaction (PCR) was performed using a locus-specific
forward primer, tailed with an M 13 universal tail (Schuelke 2000).
For most loci, we used a cycling protocol of 94°C for 3 min, fol-
lowed by 35 cycles of 95°C, 55°C, and 72°C, each step lasting
30 sec. For the primer pair RtpH, a lower annealing temperature
of 50°C was used. The M13-tailed PCR products were used as
template in a second PCR run, but replacing the forward-M13
primer with a fluorescent M 13-tagged dye. The PCR conditions
were otherwise as described above and the cycle was repeated
eight times. The amplified microsatellite fragments were ana-
lyzed using a Beckman-Coulter CEQ8000 capillary sequencer
(Beckman-Coulter, Fullerton, CA), with the GenomeLab™ DNA
Size Standard Kit—400 as internal size standard. The resulting
chromatograms were visualized and analyzed using CEQ 8000
Fragment Analysis software (Beckman Coulter Inc., Fullerton,
CA).

ANALYSES OF QUANTITATIVE TRAITS

Analyses of population differentiation in quantitative traits (Qsr)
are based upon the relationship between within-population and
between-population variances (Spitze 1993). These are very sen-
sitive to factors that increase variance between populations (Pujol
et al. 2008). Therefore, we used individuals from 10 of the 14 is-
land populations described in Lind and Johansson (2007), raised
in the same thermo-constant room with identical environmen-
tal conditions. The remaining four populations were raised in a
different thermo-constant room.

The sampling procedure and common garden experimental
design used are described in detail elsewhere (Lind and Johansson
2007). Briefly, up to 10 egg clumps (each egg clump correspond-
ing to the offspring of one female) from each of 10 islands were
collected on the 2™ and 6™ of May, 2005, and brought to the labo-
ratory. To control for egg-size mediated maternal effects (Laugen
et al. 2002), 10 eggs from each female were photographed and
egg sizes were measured from the digital image. When hatched,
at Gosner stage 25 (Gosner 1960), the tadpoles were placed in
individual plastic containers (9.5 cm x 9.5 cm, height 10 cm),
filled with modified tap water (aged and aerated in the presence
of leaf litter). The water was replaced every fourth day, before
feeding. In the common garden experiment, the temperature was
set to 22°C and the tadpoles were fed ad libitum every fourth day
on a mixture (1:2) of finely ground fish flakes and rabbit chow. To
estimate the degree of phenotypic plasticity in frog development
time as a response to the pool drying, tadpoles were subjected to
one of two treatments: either a constant water volume or simulated
pool drying (designated treatments C and D, respectively). In the
pool drying treatment, the initial water volume of 750 mL was

lowered by 33% every fourth day. Two siblings from each female
clutch were individually raised under each water level treatment.
The experiment was terminated at Gosner stage 42 (front legs vis-
ible), and the time to reach this stage was recorded as development
time. Tadpoles were also weighed to obtain an estimate of their
wet weight at metamorphosis. Plasticity in development time was
calculated as the mean development time for the offspring of a
female under constant water level, minus the development time
under the artificial pool drying treatment. There exist a number
of methods to estimate relative plasticity (reviewed by Valladares
et al. 2006). Our plasticity estimate is highly correlated with other
commonly used estimates, hence the choice of estimate does not
influence our results (correlation of the absolute plasticity esti-
mate with the coefficient of variation of plasticity: Pearson’s r =
0.974, and with the relative plasticity: Pearson’s r = 0.998).

STATISTICAL ANALYSES

Pool drying

Environmental data were obtained from Lind and Johansson
(2007) and were used to test if the mean and variation in pool
drying influenced the mean and plasticity of development time.
Pool drying was measured as the relative decrease in water level
between May 2™ or 6 and June 26" 2005. Spatial heterogeneity
in pool drying regimes was estimated as the coefficient of varia-
tion of drying for each pool in which frog breeding had occurred.
We used the mean pool drying for each island as the response
variable in all analyses in which we investigated the effect of pool
drying.

Population differentiation in genetic markers

The microsatellite data were tested for deviations from Hardy—
Weinberg Equilibrium (HWE) in GENEPOP 3.4, using chi-
squared tests of expected and observed heterozygosity for each
locus. We also tested for deviations from HWE and linkage dise-
quilibrium in each population for each locus, using ARLEQUIN
3.11 (Excoffier et al. 2005). Mean allelic richness (Ag) and gene
diversity (Hs) were calculated for each population using FSTAT
2.9.3.2. Mean allelic richness was standardized to a minimum
sample size of four individuals, using rarefaction methods (Petit
et al. 1998) because Ay is especially sensitive to differences in
sample size (Leberg 2002). Because Ay is highly dependent on
effective population size, while Hg is much less so, a lack of
correlation between the two measures can be used to identify his-
torical processes such as bottlenecks (Widmer and Lexer 2001).
We investigated if Ag and Hg were correlated, using Pearson’s
product-moment correlation.

Population differentiation in neutral markers (global F'st and
pairwise Fsr values between all population pairs) was analyzed
in FSTAT 2.9.3.2 (Goudet 1995), using the method of Weir and
Cockerham (1984). This method of estimating pairwise Fgsr is

EVOLUTION MARCH 2011 687



MARTIN I. LIND ET AL.

appropriate when they are to be compared with pairwise Qsr
values, because variance among groups is calculated in the same
way (Whitlock 2008). The significance level of global Fsr was
determined using a G-test, with 1600 randomizations. The 95%
confidence interval of Fsr was estimated by bootstrapping over
loci.

Population substructure between the 15 islands was investi-
gated with the Bayesian clustering software STRUCTURE 2.3.1.
(Pritchard et al. 2000), which assigns each genotyped individual
to one of K populations based on allele frequencies. The number
of possible populations (K) was set from 1 to 16, where each K
was run with 400,000 iterations after a burn in period of 100,000
iterations. The default admixture model was used in the analysis.
The optimal number of clusters was determined from the posterior
probabilities generated by STRUCTURE and confirmed using the
method of Evanno et al. (2005), which applies an ad hoc statistic,
AK, based on the rate of change between successive K-values.

If dispersal is spatially limited, genetic differentiation is
expected to increase with increasing distance between popula-
tions (Wright 1943). Therefore, evidence for isolation by dis-
tance was investigated by regressing pairwise values of Fst/(1 —
Fgr) against the logarithms of the Euclidean distances between
the populations (calculated from geographical coordinates). This
analysis was performed using both the full dataset and the subset
of data solely for the island populations.

Population differentiation might not be a result of migration
limitation; it may also arise from long-term population isolation
in the absence of gene flow. In the latter case, genetic differentia-
tion is expected to increase with increasing time in isolation. The
archipelago in this study has been subject to land uplift since the
last glaciation, so the age of each island is reflected in its highest
elevation above sea level. We therefore calculated all pairwise
isolation times between all island pairs, as the sum of their height
above current sea level. We then investigated if this was corre-
lated with the pairwise differences in Fst values. The Spearman
rank correlations were tested for significance using Mantel tests
(1000 permutations), as implemented in the VEGAN library of
the statistical package R (http://www.r-project.org).

Migration between the island populations may not be random
and restrictions in gene flow may be related to particular barri-
ers. To investigate the effect on genetic isolation by the distance
of seawater separating populations from the mainland (hereafter
referred to as seawater distance), we performed a regression anal-
ysis. The shortest seawater distance for each population was found
from nautical charts (Garmin BlueChart Atlantic version 7, region
EU047). Intervening islands were disregarded, assuming that they
would pose an insignificant dispersal barrier compared with sea-
water. Pairwise Fgt values between all island populations and the
four pooled mainland populations (6670 km NW of the study
islands) were calculated using FSTAT 2.9.3.2. To ensure that any
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relationship found was not simply a function of the geographi-
cal distance from the mainland populations, we also investigated
if the pairwise Fsr values between the island populations and
the mainland populations were correlated with their geographical
distance, using regression methods.

Population differentiation in quantitative traits

It has been shown that, under a strictly neutral model, the between-
and within-population component of variation in quantitative
traits (Qsr) is equal to the population differentiation in neutral
loci (Fst) (Spitze 1993). Qs is defined as:

2
B

Ost = > (1

2‘7%4/ + o3
where 0% is the between-population component of variation and
o2, is the variance component within populations. A common ap-
proach to investigate adaptive divergence among populations is to
compare genetic divergence for quantitative traits (Qst) with that
of neutral markers (Fst) (McKay and Latta 2002; Leinonen et al.
2008). The population differentiation in neutral markers reflects a
balance between gene flow and drift, so factors other than genetic
drift must be invoked to explain significant differences between
Fgst and Qgr. Natural selection is the most common explanation.
If Ost > Fgr it indicates that divergent or disruptive selection,
favoring different trait values in different populations, is present.
On the other hand, if Qs < Fst, the populations are less differen-
tiated than would be expected from genetic drift alone, stabilizing
selection favoring the same trait value in all populations is the
most likely explanation. Finally, if Qs = Fsr, the relative con-
tributions of drift and selection to population differentiation can-
not be determined (Spitze 1993; Whitlock 1999; Leinonen et al.
2008).

However, the practice of comparing Fsr and Qst has been
criticized recently on both conceptual (Hendry 2002) and experi-
mental grounds (Pujol et al. 2008; Whitlock 2008; Whitlock and
Guillaume 2009). Conceptually, the expectation that Qst = Fsr
for traits that are not under selection hinges on the assumption that
migration rates are much higher than mutation rates. For popu-
lations with low migration rates and markers with high mutation
rates (e.g., microsatellites), Hendry (2002) has shown that this
assumption may not be true. Moreover, when Fgr is high, it is
more difficult to find evidence of divergent selection, as Qsr is
bounded between 0 and 1 (Cano et al. 2008). Experimentally, it
is important to raise individuals in common garden conditions,
to estimate the genetic component of the phenotypic differences
(Pujol et al. 2008). Maternal effects also need to be controlled
(Whitlock 2008). In addition, because traits might change in dif-
ferent environments, and local adaptive plasticity may be present,
Qst estimations should be carried out in more than one environ-
ment, using an adequate number of populations (Whitlock 2008).



GENE FLOW AND SELECTION ON PHENOTYPIC PLASTICITY

Recently Whitlock and Guillaume (2009) further noted that the
comparisons between Fgy and Qsr are problematic because in
general too few loci are used to estimate the true distribution of
Fsr and that Qg1 most often are not measured with high enough
precision. These problems arise because estimates of Qs are
compared to estimates of Fsy, whereas the proper null hypothesis
is to compare Qsr with the distribution of Qsr expected for neu-
trally evolving traits. Whitlock and Guillaume (2009) addressed
this problem by predicting the sample variance that would be
expected from Qgr of a neutral trait by simulating it with infor-
mation on Fgr and the within-population additive variance of the
trait.

To overcome these problems, we estimated Qgt using data
from a common garden experiment performed in two common
environments, using individuals from 10 populations and follow-
ing the Qst — Fst approach outlined by Whitlock and Guillaume
(2009), taking maternal effects into account. Nevertheless, a num-
ber of other factors (dominance, using a full-sibling design) can
also influence the estimation of within-population variation in
quantitative traits and may bias our estimates of Qsr downwards
(Whitlock 2008).

For two quantitative traits, development time and metamor-
phic weight, we used the data from the common garden experi-
ment to quantify within- and between-population variances, using
the following linear model:

Zijt = W+ A + 05 + B + Cijix + € 2)

where z;; is the phenotype of the /th individual of the kth family
from the jth population. In the equation, | is the grand mean,
A; denotes the two water level treatments, Cy is the effect of
the covariate egg size, and gy is the residual error term. The
population (o) and family (B) effects provide estimates of o7
and o2, respectively.

Because plasticity was defined as the difference in devel-
opment time between the C and D treatments, plasticity could
not be measured for a single individual. Hence, we estimated the
plasticity in development time in all four possible pair-wise com-
binations of full-siblings, and then randomly picked two plasticity
measures from each family, ensuring that no individual had been
used to estimate both plasticity measures. This procedure was
then repeated 100 times to avoid introducing bias by selecting
two of the four pairs. The procedure inherently reduces the sam-
ple size to half of that used for Qgt estimation of development
time and metamorphic weight. Moreover, as no individual can be
used twice for a plasticity estimate, we had to exclude all families
in which there had been mortality (causing a reduction from 81 to
49 families, see Table S1). The consequently low statistical power
of the plasticity model has to be borne in mind when interpreting
the results.

We then quantified within- and between-population variances
for plasticity, using the following model:

Zigg = W+ o + B + Cijix + & 3)

where z;; denotes the plasticity in development time. The equation
differs from equation (2) only in the removal of the treatment
effect.

The population (a;) and family (B;) variance components
provide estimates of 0% and 0%, respectively, and were used to
estimate Qg following equation (1).

To estimate the within- and between-population variance
components, the models were fitted by restricted maximum-
likelihood (REML) using the Imer function in the Ime4 library
of the statistical package R. Because the precision of the Qgr esti-
mate may differ among methods (O’Hara and Merild 2005), point
estimates of Qst were calculated in two ways. First, Qs was
calculated in the traditional way, by using the within and between
population variance components obtained in equations (2) and (3)
using REML. Second, we calculated Qst using a Bayesian ap-
proach, following Hall et al. (2007). In this latter method, we used
the mcmesamp function to sample from the posterior density of
the parameters of the fitted models. Two MCMC chains of 50,000
steps were run and we assessed convergence of the chains using
the library coda. Point estimates of Qst were then calculated as
the mode of its posterior distribution.

We investigated the null hypothesis that there is no difference
between the estimated Qsr for each trait from the common garden
experiments and the Qgsr of a neutrally evolving trait following
the approach of Whitlock and Guillaume (2009). We started by
calculating the expected among-population variance component
62 for a purely neutral trait, which is given by the observed values
of Fsr and within-population variance component o2 according
to

2FSTG%V

1~ Fer’ “

2
Op =

The sampling distribution of 6% was estimated by multiplying
62 with a random number, drawn from a ? distribution with nine
degrees of freedom (number of populations minus one), which
is suitable for simulating the distribution of Qs under a variety
of demographic scenarios (Whitlock 2008). We then calculated
the expected Qsr of a neutral trait using the measured within-
population variation o2, and expected among-population variation
6%, following equation (1). For each trait and population, we
simulated the distribution of the test statistic, Qst — Fst, 10,000
times, which is the null hypothesis of evolution in a purely neutral
trait. We then tested if the observed Qst — Fsr of each trait
differed by the neutral expectations, by observing the quantile of
the simulated distribution that had more extreme values than the

EVOLUTION MARCH 2011 689



MARTIN I. LIND ET AL.

observed value, which gave us the P-value of the test. This was
performed both for the Qst — F'st from the variance components
estimated by REML as well as for the mode of Qst — F'st estimated
from the Bayesian Monte-Carlo simulation (see above). R-code
for the simulations is available as Supporting information.

In contrast to other methods this recently developed method
has higher power to detect selection in cases with low population
differentiation in neutral markers, strong selection, and a large
number of populations. Using this approach, and given that Fgr
should equal Qgr for a neutral trait, Qst — Fst can be used as a test
statistic, where the observed Qst — Fst difference is compared to
the 95% distribution of the simulated Qst — Fst values.

The role of gene flow for adaptive divergence
Historic migration rates between populations were estimated
using the software MIGRATE-N 3.0 (Beerli 2008), assuming a
migration matrix model with different subpopulation sizes
and asymmetric migration rates between populations using a
coalescent-based approach. For our mutation model, we used
a continuous Brownian motion approximation to the stepwise
ladder model and parameters were estimated using maximum
likelihood (Beerli and Felsenstein 1999, 2001). Migration was
estimated as the fraction of new immigrants in the target popu-
lation from all other populations in each generation, scaled by
the mutation rate. Because it is migration from populations from
different environments that influence the evolution of local spe-
cialization and phenotypic plasticity (Sultan and Spencer 2002),
we calculated the “migration-scaled among-island environmental
heterogeneity” in pool drying regimes for each population. First,
we calculated the absolute difference in mean drying regime be-
tween the target population and every other population and scaled
this difference by the immigration parameter M between them.
The among-island environmental heterogeneity for each popu-
lation was then calculated as the variance in migration-scaled
differences in drying regime, scaled by the mean difference in
migration-scaled drying regimes (i.e., the coefficient of variation).
The effects of among-island environmental heterogeneity on
development time, metamorphic weight, and plasticity in devel-
opment time were then investigated using linear models of the
following form:

Zij:M+Ai+Bij+Cij+Dij+8ij, (5)

where z;; is the mean phenotype of individuals from the jth pop-
ulation, p is the grand mean, A; denotes the two water level
treatments, Bj; is the pool drying measure, Cj; is the effect of
the covariate egg size, D;; is the migration-scaled among-island
environmental heterogeneity for the jth population, and ¢;; is the
residual error term. The effect on plasticity was estimated using
a model without the treatment term and with within-island envi-
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ronmental heterogeneity, instead of the pool drying measure. The
migration-scaled among-island environmental heterogeneity was
log transformed, to meet the assumption of normality, however
no patterns were changed by this log transformation.

Results

HARDY-WEINBERG EQUILIBRIUM

Five of the six loci showed no significant deviation from Hardy—
Weinberg Equilibrium at a global scale (Rt2Ca2-22: x%, = 16.98,
P =0.99; RRD590: x3, = 46.44, P = 0.37; RtuH: x%; = 46.47,
P = 0.54; Rtemppd: x3, = 21.06, P = 1.0; Rtempu7: x3s =
27.46, P = 0.99). However, there were substantial deficiencies
of heterozygotes at the locus RtU4, both globally ()(42M = infin-
ity, P < 0.001) and in nine of the populations. It was therefore
excluded from all further analyses. We found no pattern of link-
age disequilibrium among the loci and populations. Population
genetic data are presented in Table 1. Allelic richness and gene
diversity (Table 1) were highly correlated (¢;3 = 19.4, P < 0.001,
r=0.98).

POPULATION DIFFERENTIATION

We found significant population differentiation (G-test, 1600 ran-
domizations, P < 0.001) between the 15 islands. Global F'st over
all five loci was estimated to be 0.051 & 0.018. Pairwise Fst
values ranged between 0 and 0.1828.

No population substructure was found using STRUCTURE.
The posterior probabilities generated by STRUCTURE gave the
best likelihood value for one population in the sample and this
was not contradicted by AK.

There was a nonsignificant trend toward isolation by distance
between all populations (islands and mainland, Mantel test, r =
0.1833, P = 0.08), and among the island populations there was
no evidence of isolation by geographic distance (Mantel test, r =
—0.1977, P = 0.92). However, we found that islands were more
genetically distinct from mainland populations with increasing
seawater distance from the mainland (linear regression, ¢;3 = 2.38,
P = 0.044, r> = 0.28, Fig. 2). This was not simply a function of
the geographical distance from the mainland populations (t;3 =
1.54, P = 0.15, > = 0.15). We found no support for a model in
which islands were colonized by frogs when they emerged, with
subsequent population isolation, because there was no correlation
between the degree of isolation in genetic markers and the time
of independent isolation (Mantel test, r = —0.1368, P = 0.77).

ADAPTIVE DIFFERENTIATION IN QUANTITATIVE
TRAITS

Both development time and metamorphic weight showed evi-
dence of adaptive divergence among the island populations, with
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Figure 2. Regression of pairwise Fst values between island pop-
ulations and four pooled inland populations as a function of the
shortest distance across seawater (in metres) isolating the island
populations from the mainland.

Qst — Fsr values significantly larger than Qsr — Fst values for
a neutrally evolving trait (Figs. 3A, C). A similar pattern was
also found for plasticity in development time. However, the test
statistics QOst— Fst, was not significantly different from the val-
ues simulated for a neutral trait (Fig. 3B), hence we could not
confidently differentiate between the relative contributions of ge-
netic drift and divergent selection to the population differenti-
ation in this trait. Estimating Qst using a Bayesian approach
gave qualitatively the same result; although Qst — Fst for plas-
ticity in this case was significant (Fig. S1). However, the point
estimate of Qgt for plasticity was less reliable than the same
estimate using REML, due to a very flat posterior distribution

of QSTS-

THE ROLE OF AMONG- AND WITHIN-ISLAND
ENVIRONMENTAL HETEROGENEITY

The degree of plasticity in development time was positively re-
lated to the degree of environmental heterogeneity present on each
island (Fig. 4A). A strong trend also suggested that the degree of
phenotypic plasticity was positively influenced by the migration-
scaled among-island environmental heterogeneity (Fig. 4B). The
full model showed the following: within-island environmental
heterogeneity, 1o = 4.12, P = 0.006; among-island environmental
heterogeneity, ts = 2.26, P = 0.065; egg size, tc = —4.61, P =
0.16; r* = 0.69.

Among-island environmental heterogeneity had no signifi-
cant effect on either development time or weight at metamorpho-
sis. The mean development time in a population was significantly
affected by water-level treatment, mean pool drying on the is-
lands and maternal effects mediated through egg size, whereas
metamorphic weight was mainly influenced by the water-level
treatment (Table 2).
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Figure 3. The simulated distribution of Qs — Fst for a neutral
trait, and the observed point estimates of Qst — Fst in develop-
ment time (A), plasticity in development time (B), and metamor-
phic weight (C) of the 10 island populations for which phenotypic
data were obtained. The distribution of Qst — Fst for a neutrally
evolving trait was simulated following Whitlock and Guillaume
(2009) based upon the observed population differentiation in neu-
tral markers (Fst) and the within-population variance in each trait.
The arrow indicates the observed Qst — Fst in each trait, and the
P-value was obtained by observing the quantile of the simulated
Qst — Fst distribution that had more extreme values than the
observed value of Qst - Fst.
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Figure 4. The mean phenotypic plasticity in development time present in a population as a function of (A) the within-island environ-
mental heterogeneity in pool drying regimes and (B) the migration-scaled among-island environmental heterogeneity, estimated as the
coefficient of variation of the migration-scaled differences in pool drying regimes between each population and all other populations

connected to it by migration.

Discussion

We found that the degree of phenotypic plasticity in island pop-
ulations of R. temporaria was positively correlated with the gene
flow from other populations inhabiting different environments,
as well as with the local environmental heterogeneity associated
with each population. Furthermore, the local adaptation in devel-
opment time to the degree of pool drying present on the islands
was caused by the action of divergent selection.

PLASTICITY AND GENE FLOW
High gene flow is expected to increase plasticity in a set of
populations, if they inhabit different environments (Sultan and

Table 2.
of the estimated levels of migration-scaled among-island environ-

Results of multiple regression analysis of the effects

mental heterogeneity, pool drying treatment (constant or artificial
pool drying), the degree of pool drying on the islands and mater-
nal effects estimated through egg size on mean development time
and metamorphic weight on the island populations. The analysis
used 15 degrees of freedom for the error term. The explanatory
power (r?) was 0.67 for the model of development time and 0.87
for the metamorphic weight model. Significant coefficients are
indicated by asterisks.

Development Metamorphic

time weight
Coefficient t P t P
Intercept 7.81 <0.001* 434  <0.001*
Treatment —2.42 0.03* —11.6 <0.001*
Pool drying 2.83 0.003* —1.61 0.13
Among-island —1.64 0.12 0.43 0.67

heterogeneity

Egg size —4.03 0.001* —1.47 0.16
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Spencer 2002; Hollander 2008). However, if some populations
live in more locally heterogeneous habitats than others, plastic-
ity may instead evolve within those populations and gene flow
could thus act against this local adaptation (Alpert and Simms
2002). In the island system we studied here, we found that the
degree of plasticity was correlated with local environmental het-
erogeneity, suggesting that plasticity is a local adaptation driven
by natural selection. Furthermore, we found support for the hy-
pothesis that the degree of plasticity in the populations increases
with higher rates of immigration from islands that have dissim-
ilar environments (provided that the immigrants survive suffi-
ciently long to contribute to the gene pool). Correspondingly,
the degree of plasticity did not increase with higher rates of
immigration from populations on islands that have similar en-
vironments, and this is most likely due to the migrant individuals
already being adapted to those environmental conditions. More-
over, in the Qgsr analysis, we also found a pattern, although not
significant, suggesting that divergent selection is acting on phe-
notypic plasticity. Thus, the overall picture from our analyses (the
matching of phenotypic plasticity to degree of local environmen-
tal heterogeneity, the positive relationship between migration-
scaled among island environmental heterogeneity and plasticity
and the Qgr analysis) strongly suggests divergent selection and
local adaptation in phenotypic plasticity among the island pop-
ulations. Given that phenotypic plasticity is likely to evolve as
a response to temporal variation (Moran 1992), and that tempo-
rary pools often show greater variation than permanent pools over
time (Newman 1992), one might also expect to find a positive
relationship between the plasticity in development time and the
pool drying regime. However, no such pattern is found in this
system (Lind and Johansson 2007), instead it is the spatial en-
vironmental heterogeneity that is important for the evolution of
plasticity.
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The finding that both within- and between-population envi-
ronmental heterogeneity results in selection for plasticity high-
lights the importance of gene flow for the evolution of phenotypic
plasticity. Plasticity is selected for when there is migration among
pools of different drying regimes within an island (within-island
heterogeneity) and when there is migration into the population
from islands with different pool drying regimes (among-island
heterogeneity). Rana temporaria is able to disperse among is-
lands in brackish seawater (Seppd and Laurila 1999) and indi-
viduals may move up to 950 m between ponds in continuous
landscapes (Baker and Halliday 1999). The islands investigated
here are small (9-38 ha) and pools with different drying regimes
are often located only tens of meters from each other. Considering
that the typical home range of adult R. temporaria is about 330 m>
(as estimated by Loman 1994), between-pool dispersal on the is-
lands is highly likely. It should be noted that it is the offspring of
the dispersers rather than the dispersers themselves that are sub-
ject to selection for increased plasticity; developmental plasticity
takes place during the larval stage, but it is the juvenile froglets
(the postmetamorphic stage) that disperse. The same holds true
also for labile (behavioral) plasticity in the larval stage.

Patterns of gene flow have also been invoked to explain the
existence of costs of plasticity. It has been argued (Crispo 2008)
that finding costs of plasticity would indicate that specialization
rather than plasticity is the optimal strategy and that gene flow
is working against local specialization. Considering that pheno-
typic plasticity is locally adaptive in this island system (Lind
and Johansson 2007, this study), and that the most plastic pop-
ulations are also those with the highest costs of plasticity (Lind
and Johansson 2009), we do not find support for the hypothe-
sis that local specialization is the optimal outcome. Instead, our
data conform to the model of Van Tienderen (1991), according to
which costs of plasticity increase with increased levels of plastic-
ity (Lind and Johansson 2009). This model has found support in
the few empirical systems where costs of plasticity have been com-
pared among populations (Merili et al. 2004; Lind and Johansson
2009).

LOCAL SPECIALIZATION

Matching of the development time to prevailing environmental
conditions commonly occurs in amphibians both at the popula-
tion level (Merild et al. 2000; Laugen et al. 2003; Palo et al.
2003) and when species inhabiting different habitats are com-
pared (Morey and Reznick 2000, 2004; Richter-Boix et al. 2006).
We found that tadpole development is faster in more temporary
island and in conjunction with observed population differentiation
being higher than expected for a neutrally evolving trait (i.e., there
is divergent selection), this provides strong evidence that natural
selection plays a role in shaping population differentiation in frog
development time.

We also found evidence for divergent natural selection act-
ing on metamorphic weight, although with a smaller Qsr than
that obtained for development time. We interpret this as a corre-
lated response to selection acting on development time. Because
a large metamorphic weight has many fitness benefits (Berven
1990; Altwegg and Reyer 2003), it would most likely be max-
imized in all populations, were it not for the trade-off between
development time and metamorphic weight (Laurila and Kujasalo
1999). In contrast to development time, we found no significant
relationship between the degree of pool drying and metamorphic
weight, which further supports the interpretation that selection
acts mainly on development time (see also Johansson et al. 2005;
Lind et al. 2008). One reason for the lack of a perfect relationship
between selection on development time and correlated responses
in metamorphic weight could be that metamorphic weight, which
is closely connected to general fitness (Altwegg and Reyer 2003),
is also subject to constraints (Morey and Reznick 2004; Lind et al.
2008).

The results of this study show that local selection pressures
can lead to divergent selection, even over small geographic scales
with relatively high levels of gene flow. Evidence for divergent se-
lection is commonly found from Fgp/Qst analyses in systems with
high gene flow (Leinonen et al. 2008 and references therein). This
rapid local adaptation may appear surprising, but when diverging
selection pressures act on quantitative traits among populations,
linkage disequilibrium can develop among the allele frequen-
cies at the loci underlying these traits. Therefore, trait values can
change substantially, even with fairly small changes in the un-
derlying allele frequencies. Differentiation in quantitative traits is
hence decoupled from that of neutral markers (Latta 1998).

When inferring selection from analyses of Fsr and Qsr,
one should bear in mind the recent conceptual (Hendry 2002)
and methodological (Pujol et al. 2008; Whitlock 2008; Whitlock
and Guillaume 2009) criticisms of such comparisons. Here, our
QOsr estimates are based on data obtained from common garden
studies and we applied more than one treatment. We also used
several populations and nongenetic maternal effects were taken
into account, thus avoiding the most important methodological
pitfalls identified by the cited critics. Moreover, our global Fgr is
low, although significant, which suggests there is high gene flow
between populations. Because, the conceptual problems with Fgr
estimates are mainly associated with cases of strong population
differentiation, where the mutation rate might be equal to the
migration rate (Hendry 2002), it is unlikely that this significantly
influences the results of our study.

PATTERNS OF GENE FLOW AND COLONIZATION

With random dispersal, there is likely to be increasing genetic
isolation with increasing distance between populations, because
distance itself is thought to be a major factor limiting dispersal
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and forms the basis of the isolation by distance model of Wright
(1943). Isolation by distance patterns are often present among
natural populations (e.g., Hutchison and Templeton 1999; Storz
2002), including inland R. temporaria populations in Sweden
(Palo et al. 2003; Johansson et al. 2006). However, we did not
find isolation by distance among the investigated island popu-
lations. There are three possible explanations for this absence
(Keyghobadi et al. 2005; Bergek and Bjorklund 2009). First, gene
flow may be very high, resulting in panmixia. Second, gene flow
may be very low and any differentiation between populations may
be a consequence of historical divergence from each other and the
mainland. We find these two scenarios unlikely. The island popu-
lations are genetically differentiated, but there is evidence of both
historical and current gene flow among them. The absence of
a relationship between island age and population differentiation
in neutral markers and the high correlation between allelic rich-
ness and gene diversity (the latter indicating no bottleneck events,
Widmer and Lexer 2001), further support a model of continuous
gene flow from mainland to islands.

The third explanation is that there are barriers to dispersal
other than geographical distance. We identified seawater distance
as a potential barrier to dispersal. The relationship was not sim-
ply a function of the total geographical distance to the inland
populations and suggests that there is continuous gene flow from
the mainland, explaining the absence of an isolation by distance
pattern. Because other Rana species are able to survive in brack-
ish water for long periods (Ruibal 1959), the low salinity of the
area (0.35-0.4%) is most likely a very permeable dispersal barrier
for swimming juveniles. However, as population differentiation
was explained by the seawater distance, but not by the total dis-
tance (including intervening islands) from the mainland, seawater
seems to be a much stronger dispersal barrier than the terrestrial
habitat on the intervening islands. A similar level of population
differentiation of R. temporaria populations to the level we found
is also present in other archipelagos in the Baltic Sea (Seppd and
Laurila 1999).

CONCLUSIONS
We found evidence of local adaptation in development time and
phenotypic plasticity in development time in island populations of
R. temporaria. Plasticity was selected for in populations on islands
with a number of pools with different pool-drying regimes and in
populations into which there was migration of individuals from
populations subjected to different pool-drying regimes. Thus, this
study highlights the importance of migration for the evolution
of phenotypic plasticity, both at a local scale (migration between
different pool types within an island) and regional scale (migration
between islands with different environments).

In addition, we also found local adaptation in development
time to the local pool-drying conditions. Plasticity in development
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time is present on the mainland (Almfeldt 2005), hence we sug-
gest that this inherent plasticity accommodated a shift in the mean
of this trait when frogs invaded islands with temporary pools, en-
abling them to develop sufficiently rapidly to survive in the novel
environment. Subsequent adaptation may then have taken place in
two steps (modeled by Lande 2009). First, a drop in mean fitness
of the populations in the novel environments may have led to an
increase in phenotypic plasticity, allowing the optimum pheno-
types to be expressed. Second, at a slower rate the populations
may also adapt to their new environments by genetic assimilation,
enabling the genotypes to express appropriate phenotypes without
the need for plastic induction. This essentially describes the fix-
ation of a new phenotype through a Baldwin effect (see Baldwin
1896). Given the young age of these islands (corresponding to
less than 300 R. temporaria generations, Johansson et al. 2005)
and the small census sizes of breeding females (6—70, median =
18), the speed of this local adaptation in phenotypic plasticity and
specialization is quite remarkable.
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