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The spatial structuring of intraspecific genetic diversity is the result of random genetic drift, natural selection, migration, mutation,

and their interaction with historical processes. The contribution of each has been typically difficult to estimate, but recent advances

in statistical genetics have provided valuable new investigative tools to tackle such complexity. Using a combination of such

methods, we examined the roles of environment (i.e., natural selection), random genetic processes (i.e., drift), and demography

and life histories (e.g., feeding migrations) on population structure of a widely distributed and abundant marine pelagic fish of

economic importance, Atlantic herring (Clupea harengus). Individuals were collected during peak spawning time from 19 spawning

locations spanning the region from the western North Sea to the eastern Baltic Sea (N = 1859, eight microsatellite loci). We carried

out separate analyses of neutral and selected genetic variation, which allowed us to establish that the two most important factors

affecting population structure were selection due to salinity at spawning sites and feeding migrations. The genetic signal left

by the demographic history of herring, on the other hand, seems to have been largely eroded, which is not surprising given the

large reproductive potential and presumed enormous local effective population sizes of pelagic fish that constrain the effect of
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stochastic processes. The approach we used can in principle be applied to any abundant and widely distributed aquatic or terrestrial

species.

KEY WORDS: Bayesian methods, demographic history, migration, pelagic fish, selection.

A fundamental problem in evolutionary biology is to identify

the processes shaping the geographic distribution of intraspecific

genetic diversity. Random genetic drift, natural selection, migra-

tion and mutation, and their interaction with historical processes

are all known to affect the distribution of diversity in space and

time. The contribution of these processes to genetic structure has,

however, been typically difficult to estimate. Nonetheless, under-

standing their roles is of paramount importance for several fields

of research, including conservation biology, agricultural crop and

breed improvement, and identification of disease genes in humans

and other economically important species.

Recent major advances in population genomics have fuelled

the development of statistical genetic methods that provide the

necessary tools for addressing such an objective. For instance, re-

cently developed outlier detection methods (e.g., Beaumont and

Nichols 1996; Beaumont and Balding 2004; Foll and Gaggiotti

2008) can be used to discriminate between selected and neutral

genetic diversity. The identification of markers under selection is a

necessary first step before separating the effects of selection from

other evolutionary or demographic processes. A logical follow-

up involves the estimation of the relative importance of different

environmental factors, life history, and demographic processes.

Such is now feasible using a method that combines genetic and

nongenetic data for the identification of environmental factors

underlying selection and effecting the structuring of genetic vari-

ation (Foll and Gaggiotti 2006).

The complexities inherent to the examination of the relative

roles of selection, random evolutionary processes, demography

and life histories as well as landscape evolution are pervasive

among widely distributed and abundant marine species. Geologi-

cal history, climate, demographic trajectories as well as natural se-

lection have all been invoked as potentially affecting their patterns

of genetic diversity (e.g., Palumbi 1994). Additional complexity

may be added by anthropogenic impact that may drive signif-

icant short-term change (Turner et al. 2006, reviews in Hauser

and Carvalho 2008 and in Palstra and Ruzzante 2008). In the

present article, we use the statistical genetics methods identified

above to examine the roles of environment (i.e., natural selec-

tion), random genetic processes (i.e., drift), and demography and

life histories (e.g., feeding migrations) on the population struc-

ture of a widely distributed and abundant marine pelagic fish of

economic importance, Atlantic herring (Clupea harengus). We

use data from herring spawning aggregations located along a

steep environmental gradient from the North Sea to the Inner

Baltic Sea.

Atlantic herring is widely distributed in the North Atlantic

and genetic population structure has been demonstrated at re-

gional levels in both the eastern and western North Atlantic.

Transoceanic differentiation has been shown to be comparable

to that within regions (McPherson et al. 2004; Mariani et al.

2005), suggesting genetic divergence cannot be explained sim-

ply by isolation-by-distance mechanisms. In the region of our

study (North Sea to Baltic Sea), some populations exhibit annual

long-distance migrations from their individual spawning grounds

to common feeding grounds, leading to aggregations of mixed

origin in feeding grounds (e.g., Ruzzante et al. 2006), and po-

tentially facilitating gene flow among spawning populations. De-

spite these seasonal migrations, however, herring in the North

and Baltic Seas appear genetically structured (Bekkevold et al.

2005; Jørgensen et al. 2005), supporting the assumption of na-

tal homing in this species (e.g., Iles and Sinclair 1982; Ruzzante

et al. 2006). Natural selection has also been recently implicated

as an important factor affecting structure in this species (Larsson

et al. 2007). The transition zone between the North Sea and the

Baltic Sea is an area with a strong salinity gradient spanning

from 30� to 34� in the North Sea and from 6� to 8� in the

Baltic proper, with levels decreasing down to 3� in the inner-

most (northeastern) parts of the Baltic (Fig. 1). The transition

zone also marks a change in water temperature regime from fairly

stable in the North Sea to seasonally varying in the Baltic Sea

(HELCOM 1996). Recent molecular studies show that this area

coincides with steep increases in genetic differentiation in several

marine organisms including Atlantic herring (Bekkevold et al.

2005), cod (Gadus morhua), and turbot (Scophthalmus maximus

L. (Nielsen et al. 2003, 2004; respectively), as well as in other

taxa (review in Johannesson and André 2006). Bekkevold et al.

(2005) reported a correlation between salinity at spawning lo-

cations and genetic differentiation among populations from the

North Sea to the Western Baltic Sea. Such a correlation between

genetic and environmental differentiation was hypothesized to

be the result of selection acting through varying environmental

conditions on what may historically have been a single popula-

tion (i.e., primary intergradation) or the result of two ancestral

and divergent populations (one in the Baltic Sea and one in the

North Sea) that became connected through a zone of secondary

contact.
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Figure 1. Sampling locations for Clupea harengus (see Table 1 for sample details). The North Sea-Baltic Sea salinity gradient is indicated

by stippled isoclines. Arrows indicate main migratory routes to the Skagerrak mixed-stock feeding area for populations from Inner Danish

waters (represented by samples 7–9), Rügen (sample 10), and the North Sea (represented by samples 1–3; see text).

The studies on herring genetics described above suggest that

the observed genetic structure of Atlantic herring in the North and

Baltic Seas is the result of interplay between environmental fac-

tors, behavioral/physiological traits, demographic processes, and

geological history, yet no previous effort has attempted to eval-

uate their relative importance on observed population structure.

The purpose here is to address this gap by focusing on three main

issues. First, we investigated if natural selection played a role in

the genetic structure of Atlantic herring in the North and Baltic

Seas. Our results indicate that this is indeed the case. Second,

we examined which environmental factor, either salinity or tem-

perature, or their combination is correlated with such an effect.

Our results indicate that salinity may influence the structuring

of one locus but that temperature plays no detectable role. The

population differentiation observed among herring aggregations

in the North and Baltic Seas does indeed appear to be related to

differences in salinity among spawning aggregations. Third, we

investigated the effect of migratory behavior of the different ag-

gregations and their demographic history. Results indicated that

population-specific migratory behaviors had a significant effect

on structure. For demographic history, we considered two alter-

native scenarios: (1) a progressive colonization from the North

Sea into the Baltic Sea, and (2) a secondary contact zone with

two ancestral populations, one in the North Sea and another in

the Baltic Sea that progressively colonize the transition zone. Our

results support the latter scenario.

Materials and Method
SAMPLES

Data included a total of 19 populations sampled on spawning

grounds during peak spawning times, which vary among local

components (Table 1, Fig. 1). Temperature and salinity parame-

ters were estimated from average values on the spawning grounds

during the month of peak spawning activity (Table 1). Location-

specific differences in these values were strongly positively corre-

lated across the spawning, egg, and first larval phases (Bekkevold

et al. 2005) which are sensitive to changes in these parameters.

Most herring populations undertake annual migrations between

spawning and feeding areas, as listed in Table 1 for each popu-

lation sample. Additional information on samples and environ-

mental data is given in Bekkevold et al. (2005), Jørgensen et al.

(2005), and Mariani et al. (2005).

GENETIC DATA

For the present study, we reanalyzed genetic data reported in

Bekkevold et al. (2005), Jørgensen et al. (2005), and Mariani

et al. (2005), compiling information for eight tetranucleotide

microsatellite loci that were common to all three studies. PCR

primers for these loci were developed for C. harengus by

McPherson et al. (2001; Cha1017, Cha1020, Cha1027, Cha1202)

and C. pallasi by Olsen et al. (2002; Cpa101, Cpa111, Cpa112,

Cpa114). Scoring and data quality control measures are presented

in Bekkevold et al. (2005) and Jørgensen et al. (2005). Briefly, a
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standard set of control samples were analyzed for each locus on

all gels, and scoring consistency between datasets was ensured by

cross-referencing samples regularly during processing (also see

Ruzzante et al. 2006).

ENVIRONMENTAL AND LIFE-HISTORY DATA

We were interested in investigating the potential effects of envi-

ronmental and life-history factors on the overall degree of genetic

isolation of each local population. Thus, environmental data were

transformed prior to analysis to make them population-specific.

The type of transformation varied with the environmental fac-

tor considered (see below). We considered the effect of several

factors, described in terms of “environmental connectivity.” One

set of factors related to the physical characteristics of the sam-

pling locations and included (1) geographical connectivity, (2)

salinity, (3) temperature, (4) latitude, (5) longitude, and (6) dis-

tance to the inner Danish waters (abbreviated IDW). Another set

of factors related to spawning and migratory behaviors, and in-

cluded (7) spawning time, (8) number of other populations with

same spawning time, (9) feeding migrations, and (10) number

of other spawning groups sharing feeding ground. We describe

the parameterization and rationale behind each of these factors

below:

(1) Geographic connectivity. Pairwise geographic distances (ap-

proximated by shortest waterway distance) between sampled pop-

ulations were used to calculate the mean distance between each

focal population and all other population samples. The connectiv-

ity measure is inversely proportional to the degree of geographic

isolation of a given local population.

(2 and 3) Salinity and temperature. The connectivity for salinity

is best described as the mean absolute difference in salinity be-

tween the spawning ground of a sampled population during the

month of spawning and that of all other sampled local populations.

Note that the use of this transformation separates the correlation

between salinity and longitude, allowing us to clearly distinguish

between the potential effects of these factors on genetic differ-

entiation. Temperature data were transformed using the same

approach.

(4 and 5) Latitude and longitude. The demographic history of

a species can be inferred from the structuring of neutral genetic

diversity and its relationship to the spatial location of sampled

populations (see Foll and Gaggiotti 2006; Kittlein and Gaggiotti

2008). Thus, we used latitude and longitude to model the potential

effect of a spatial population expansion on genetic differentiation.

If a population expansion took place from the West (North Sea)

to the East (Baltic Sea), then we expect that local FST values

will increase in this same direction because the effect of ge-

netic drift increases as the number of founder events increases. In

other words, the differentiation between the ancestral and the de-

scendant populations increases with distance between them. This

prediction was confirmed by a simulation study (see Supporting

information).

(6) Distance to IDW. This represents the distance between each

sampled population and the IDW. This factor was used to eval-

uate if the secondary contact zone scenario where two extant

populations, one in the North Sea and the other in the Baltic Sea,

progressively colonize the IDW is plausible or not. To predict the

expected spatial pattern in local FST values under this scenario,

we carried out a simulation study (see Supporting information).

(7 and 8) Spawning time and number of populations sharing

spawning time. The time of spawning may influence the degree

of genetic isolation of a local population. To model this effect,

spawning time (month of peak spawning) was transformed into

a “temporal connectivity” measure defined as the temporal dis-

tance between the spawning time of the focal population and the

average spawning time across all populations. Month of spawn-

ing was transformed into angular data as follows. Each month

is equivalent to 30◦ in a yearly circle and is represented as the

middle angular direction, a, in the interval (15◦ for January, 45◦

for February, etc.). Based on this, the overall mean angular di-

rection was calculated according to Zar (1996, pp. 600–601).

For the samples included here, the mean angular direction was

amean = arcos(−0.2368) × 180/π = 103.7, which corresponds

to mid-April. The spawning factor for each month, i, and for the

groups spawning in month i is ai = amean − a or ai = a − amean,

whichever is less than 180◦. We also entered a factor estimat-

ing the number of populations spawning each month, because

populations that reproduce at a time where few or no other pop-

ulations reproduce is less likely to exchange spawners with other

populations.

(9) Feeding migrations. Migration behavior and the distance tra-

versed between feeding and spawning sites is likely to influence

genetic structuring. If straying rates increase with migratory dis-

tance, gene flow should be proportional to migratory distance.

However, because distances traversed between spawning sites

and feeding areas spanning up to thousands of square kilome-

ters may vary considerably, both within populations and between

years (review in Corten 2002) we sought to parameterize this

factor by tabulating whether a focal population undertakes mi-

gration beyond its geographical region or basin. Previous studies

(Bekkevold et al. 2005; Jørgensen et al. 2005; Ruzzante et al.

2006) identified areas of a relatively sharp change in genetic

composition, suggesting that herring populations in the area can

be partitioned into the following five major groups among which

gene flow seems to be restricted: (1) North Sea (samples 1–4),

(2) Skagerrak (samples 5–6), (3) IDW (samples 7–10), (4) South-

western Baltic Sea (samples 11–13), and (5) Northeastern Baltic

Sea (samples 14–19). We used such partitioning to decide on the

migratory behavior of the different spawning aggregations. A zero

EVOLUTION NOVEMBER 2009 2 9 4 3
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indicated that the population did not leave its geographical region

and a one indicated that it did.

(10) Number of populations sharing feeding ground. The proxi-

mate use of local feeding grounds may affect structure, because

sharing of feeding grounds by multiple populations results in

mixed-population aggregations (e.g., Ruzzante et al. 2006) and

hence increases chances that individuals are socially “trapped” in

nonnatal spawning migrations. This may be an especially impor-

tant factor for juveniles that are naı̈ve about spawning locations,

and has been suggested to be an important parameter determin-

ing local population dynamics in herring (McQuinn 1997). The

number of populations sharing feeding grounds was based on

documented migration routes and feeding areas for the sampled

populations (reviewed in Aro 1989 for the Baltic Sea, and in ICES

2001 for the North Sea, Skagerrak and IDW populations).

STATISTICAL METHODS

Outlier analysis
We used a modified version of the approach of Beaumont and

Balding (2004) to detect loci under selection. The method is

based on the idea that FST values reflect contributions from locus-

specific effects, such as selection, and population-specific effects

such as local effective size and immigration rates. Thus, it is pos-

sible to define Fi j
ST values that are specific to each population

i and locus j and estimate them using a hierarchical Bayesian

approach that models the locus and population effects using a

logistic-regression model. In this modified version, implemented

in the program BayeScan (Foll and Gaggiotti 2008), the posterior

probability of including a locus-specific effect is estimated using

a reversible jump Markov chain Monte Carlo (MCMC) approach.

The outcome of this analysis was compared to the finding of

Larsson et al. (2007) that suggests locus Cpa112 may be under

selection. These authors used a different method, fdist (Beaumont

and Nichols 1996), which uses coalescent simulations to obtain

the distribution of global FST values expected under neutrality. A

locus is deemed to be influenced by selection if its FST is sig-

nificantly higher or lower than the expectation provided by the

coalescent simulations.

Effect of environmental factors on genetic structure
We used the hierarchical Bayesian method of Foll and Gaggiotti

(2006), implemented in the program GESTE, to test for the ef-

fect that different environmental factors may have on the genetic

structure of herring. The method estimates individual FST values

for each local population using the approach first proposed by

Balding and Nichols (1995) and relates them to environmental

factors using a generalized linear model. The consideration of 10

factors and their interaction leads to 210 (=1024) alternative re-

gression models and the method provides posterior probabilities

for each one of them using a reversible jump MCMC approach.

The model with the highest posterior probability is the one that

best explains the data. We used 10 pilot runs of 1000 iterations

to obtain the parameters of the proposal distributions used by the

MCMC. We also used an additional burn-in of 5 × 106 iterations

and a thinning interval of 50. The sample size used to obtain the

estimates depended on the number of factors considered in the

analyses: 60,000 with 10 factors and 30,000 with five.

The consideration of 1024 alternative models makes it diffi-

cult to interpret posterior model probabilities. The problem lies in

the fact that although much more probability mass will be assigned

to the most probable model, there will always be a fraction that

will be allocated to models that do not explain the observed ge-

netic differentiation pattern at all. Indeed, although the probability

mass assigned to each nonprobable model is negligible (less than

0.001), the overall probability allocated to these models is nonneg-

ligible. Thus, the posterior probability of the best model is unlikely

to be very high. To overcome this problem, we adopted a strategy

that consisted in first running an analysis with all 10 factors. Using

its results we identified the five factors that best explain the ob-

served genetic structure by calculating the posterior probability of

including any given factor in a model. To calculate this probability

for a given environmental factor, for example salinity, we would

sum the posterior probability of all the models that include this

factor. We then ran a second analysis that only included these five

factors and that considered 32 (=25) alternative models. Based

on these results, we identified the model that best explained the

observed genetic structuring using the estimated posterior model

probabilities. The specific effect that each factor has on genetic

structuring was inferred from the estimates of the regression coef-

ficients for the model with the highest posterior probability. This

procedure was repeated for the four different analyses carried out

(see below).

Results
Our objective was to fully characterize the genetic structure of her-

ring and establish if there was a link between the outlier loci and

one or more environmental factors. Thus, we adopted an approach

that includes two main steps. First, we discriminated between se-

lected and neutral loci using the outlier analysis described above.

Then, we established if there were associations between envi-

ronmental factors and the two kinds of loci by carrying out two

types of GESTE analyses: (1) analyses that include all neutral

loci plus only one outlier locus, (2) an analysis that only includes

neutral loci. More precisely, the association between a particular

outlier locus and one or more environmental variables was based

on the comparison of the results of (1) the analysis that includes

the outlier locus and all neutral loci with that of analysis (2) that

only includes neutral loci. If a GESTE analysis indicates an im-

portant effect of a given environmental factor in the first analysis

2 9 4 4 EVOLUTION NOVEMBER 2009



EXPLAINING GENETIC STRUCTURE IN ATLANTIC HERRING

(including the outlier locus) but this effect disappears when the

locus is removed, then we can conclude that the environmental

factor represents the selective force responsible for the outlier

behavior of the locus. On the other hand, if excluding the outlier

locus does not remove the effect of the environmental variable,

then we can conclude that this factor has a genome-wide effect

and, therefore, is not a selective factor. Note, however, that this

does not mean that selection is not influencing the outlier locus

because we cannot exclude the possibility that an unidentified

factor that was not included in our analyses is responsible for the

atypical behavior of the outlier locus. Finally, the association be-

tween environmental factors and neutral loci is obtained directly

from analysis (2) that only includes neutral loci.

OUTLIER ANALYSIS

Although we used a different and considerably larger dataset

and a different statistical method to detect outliers than Larsson

et al. (2007), our results (see Table 2) confirmed that locus

Cpa112 is probably subjected to a directional selection. Its locus-

specific FST was one order of magnitude larger than that of the

other loci and the posterior probability that this locus is an out-

lier was 1. Additionally, we identified a second locus Cpa114

that may be subject to balancing selection, based on its locus-

specific FST value being lower than that of the other loci. In

this latter case, the posterior probability of being an outlier was

0.998.

Having completed the first step described above, we now pro-

ceed to establish if there is an association between environmental

variables and outlier as well as neutral loci.

EFFECT OF ENVIRONMENTAL FACTORS ON GENETIC

STRUCTURE

As previously explained, we first carried out analyses that con-

sidered all 10 factors, and based on these results selected the five

Table 2. Results of the outlier analysis showing that the two loci

Cpa112 and Cpa114 are highly likely to be outliers and thereby

not selectively neutral. α is the locus specific effect and Pr(α �=0)

is the posterior probability that the model does not include the

locus-specific effect (i.e., the probability that the locus is not an

outlier).

Locus α Pr(α�=0) FST

Cha1017 −0.476 0.517 0.00318
Cha1020 0.389 0.558 0.00628
Cha1027 −0.270 0.307 0.00402
Cha1202 −0.346 0.379 0.00365
Cpa101 −0.320 0.370 0.00379
Cpa111 0.424 0.471 0.00697
Cpa112 2.570 1.000 0.05560
Cpa114 −0.981 0.998 0.00181

Table 3. Sum of posterior probabilities of models that include a

given factor. GESTE analyses included all 10 factors. Bold value

indicates factor with highest score.

Sum of posterior probabilities
Factor

Cpa114 Cpa112 neutral
and neutral and neutral only

Longitude 0.463 0.166 0.335
Latitude 0.116 0.084 0.119
Salinity 0.195 0.552 0.184
Feeding migrations 0.423 0.266 0.412
Temperature 0.252 0.252 0.148
Geographical connectivity 0.193 0.137 0.174
No. of populations 0.141 0.095 0.122

spawning same time
Spawning time 0.089 0.056 0.109
No. of spawning groups 0.100 0.069 0.100

sharing feeding ground
Distance to IDW 0.235 0.184 0.216

factors with the highest overall posterior probability of being in-

cluded in a model. Table 3 presents these posterior probabilities

for each of the 10 factors. The analysis that included locus Cpa114

and the six neutral loci assigned the highest posterior probabilities

to longitude and migratory distance, followed by temperature and

distance to IDW with much lower probabilities, whereas the effect

of salinity ranked fifth. When Cpa112 was included the effect of

salinity came out with the strongest support by far, followed by

migratory distance and temperature, both with much lower scores.

Finally, when only neutral loci were included, migratory distance

had the highest posterior probability, followed by longitude and

distance to IDW, while the effects of salinity and temperature

decreased considerably. We considered that the best five factors

were those included among the five best in at least two of the

three analyses. These were longitude, salinity, feeding migration,

temperature, and distance to the IDW.

Table 4 presents the results of analyses that considered the

five best factors. We present results for the five models with the

highest posterior probability because the remaining 27 models

had negligible posterior probabilities. Posterior model probabili-

ties changed substantially depending on whether one of the outlier

loci (Cpa114 and Cpa112) was included in the dataset (Table 4).

When locus Cpa114 was included, the best model included mi-

gratory distance only, whereas the second best included salinity

and longitude. The analysis that included locus Cpa112 identi-

fied the model that included salinity only as the best model, with

a posterior probability much larger than that of the second-best

model, which included temperature and migratory distance. Fi-

nally, the analysis that included only neutral loci, assigned the

highest posterior probability to the model that included migratory
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Table 4. Posterior probabilities of the five most probable models

for the analyses including the five factors that obtained an overall

posterior probability of at least 0.25 in either one of the two anal-

yses that considered all 10 factors. (A) locus Cpa114 and neutral

loci, (B) locus Cpa112 and neutral loci, (C) neutral loci only. Models

are listed in decreasing order of posterior probabilities.

Model Pr Factors included

(A)
5 0.256 Migratory distance
4 0.163 Salinity, longitude

10 0.108 Temperature, longitude
2 0.077 Longitude
1 0.062 Null

(B)
3 0.353 Salinity

13 0.140 Temperature, migratory distance
4 0.102 Salinity, longitude
1 0.074 Null
7 0.054 Migratory distance, salinity

(C)
5 0.286 Migratory distance
1 0.140 Null
4 0.125 Salinity, longitude
2 0.092 Longitude

10 0.058 Temperature, longitude

distance only, whereas the second best was the null model, which

excludes all factors.

It is worth noting that the results of the analyses that consid-

ered all 10 factors (Table S1) were very similar to those presented

in Table 4. More precisely, the best model remained the same, and

there were few changes in the ranking of the remaining four best

models. Additionally, the estimates of the regression parameters

for the models with the highest posterior probability (Table S2)

were almost identical to those presented in Table 5.

Several general remarks can be made based on these results.

The comparison of the results of the analysis that include locus

Cpa112 with those of the analysis that considers only neutral

markers clearly indicates an association between this locus and

salinity. More precisely, the posterior probability of the model

that includes salinity only is the highest when locus Cpa112 is

included but drops to third place after the null model when this

outlier locus is excluded. This observation, taken together with

the stronger than expected genetic structuring at this locus, gives

support to the hypothesis that it is influenced by directional se-

lection. On the other hand, the comparison of the results of the

analysis that includes locus Cpa114 with those of the analysis that

considers only neutral markers suggests that none of the environ-

mental factors considered represents a selective force responsible

for the outlier behavior of this locus. Although this does not mean

that this locus is not influenced by selection, we note that the

Table 5. Posterior estimates of regression parameters for the

model with the highest posterior probability when five factors

are considered. (A) locus Cpa114 and neutral loci, (B) locus Cpa112

an neutral loci, (C) neutral loci only.

Regression Factor Mean Mode 95% HPDI
coefficient

(A)
α0 Constant −5.780 −5.740 [−6.18; −5.40]
α3 Migrations 0.566 0.547 [0.194; 0.947]
σ2 – 0.505 0.366 [0.160; 1.020]

(B)
α0 Constant −4.710 −4.73 [−5.00; −4.430]
α2 Salinity −0.429 −0.437 [−0.696; −0.158]
σ2 – 0.286 0.219 [0.113; 0.537]

(C)
α0 Constant −5.63 −5.62 [−6.020; −5.240]
α3 Migrations 0.509 0.486 [0.150; 0.888]
σ2 – 0.485 0.365 [0.145; 0.935]

weaker than expected genetic structuring together with its lack

of association with environmental factors suggest that an atypi-

cal mutation rate, very different from that of typical neutral loci,

could be a plausible alternative explanation. In terms of the struc-

turing of neutral genetic variation, the analysis that includes only

neutral markers indicates that feeding migrations have an impor-

tant effect. Although minimizing the effect of selection (and/or

mutation) by excluding both outlier loci further enhances our

ability to discriminate the effect of migratory distance, its impor-

tance in structuring genetic diversity was already apparent in the

two analyses that included one of the outlier loci because models

including this factor ranked second (when Cpa112 was included)

or first (when Cpa114 was included). Finally, the demographic

history of the species seems to have only a minor influence, be-

cause models including longitude or distance to IDW had low

posterior probabilities.

The specific effect of each factor on genetic structuring can

be inferred from the estimates of the regression coefficients un-

der the best model. As mentioned before, the results were almost

identical, whether we consider all 10 factors or only the five best

(compare Table 5 of main text and Table S2). When outlier locus

Cpa112 was included in the analyses, the genetic isolation of local

populations decreased (i.e., local FST decreased) as the difference

in salinity between the local population and all other populations

increased (negative α2 in Table 5C). To interpret this result, it is

necessary to note that, as explained before, the effect of salinity

was introduced by calculating a connectivity measure based on

the absolute difference in salinity between each focal population

and the average salinity across the whole range. Thus, the higher

salinity-connectivity values correspond to areas that have either

high or low salinity, which are, respectively, the North Sea and
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the Baltic Sea. On the other hand areas with intermediate salinity

will have low salinity-connectivity values. The negative regres-

sion coefficient means that local population FST decreases as

salinity-connectivity values increase. In other words, populations

that inhabit areas with high (North Sea) or low salinity (Baltic Sea)

are well connected genetically, whereas those that inhabit areas

with intermediate salinities (IDW) are genetically isolated. This

suggests that gene flow from populations inhabiting either high or

low salinity conditions into populations inhabiting intermediate

salinity areas is rare and that most exchanges occur among popula-

tions inhabiting similar salinity conditions. It is worth noting that

the amount of variation that remains unexplained by the regres-

sion model, which is measured by the estimates of σ2 (see Foll and

Gaggiotti 2006), is lowest when locus Cpa112 is included in the

analysis. This provides further evidence that the effect of selection

is important. In terms of the factors that influence neutral genetic

diversity, only the model with feeding migrations had a higher

posterior probability than the null model. The positive regression

coefficient indicates that the genetic isolation of populations in-

creased with migratory distance (positive α3 in Table 5C), a result

that suggests that long-range migration does not necessarily lead

to gene flow.

Discussion
Our study illustrates the complex interplay between environmen-

tal factors, behavioral/physiological traits and demographic his-

tory that are likely to influence the structuring of genetic diversity

in pelagic fish species. Our approach allowed us to disentangle

the individual potential effects of each of these factors on the

genetic structure and can in principle be applied to any abundant

and widely distributed aquatic or terrestrial species. Importantly,

such an approach can be used to generate a specific hypothesis-

testing framework that can be examined empirically. As a first

necessary step we discriminated between neutral and selected

variation. Such distinction allowed us to establish that the two

most important factors were (1) an environmental factor, salin-

ity on spawning sites and (2) a behavioral trait, migration with

philopatry. The genetic signal left by the demographic history of

herring, on the other hand, seems to have been largely eroded,

which is not surprising given that the large reproductive poten-

tial and presumed enormous local effective population sizes of

pelagic fish act to minimize the effect of genetic drift (cf. Nei

et al. 1975). Note that although this species is subject to fish-

ing, theoretical work indicates that harvesting is likely to play

only a minor role in shaping genetic structure of species with

very large Ne and several overlapping generations (Gaggiotti and

Vetter 1999). Although we identified two outlier loci, only one

of them, locus Cpa112, was associated to an environmental fac-

tor (salinity) and exhibited a spatial pattern of genetic structuring

that is consistent with directional selection. The second outlier

locus, Cpa114, was not associated with any environmental factor,

and its spatial genetic structure was more homogeneous than ex-

pected under neutrality. Although these two observations do not

rule out the effect of (balancing) selection, they do suggest that we

cannot exclude a very atypical mutation rate as another potential

explanation for the observed genetic structure at this locus.

The approach we used to establish an association between

outlier loci and environmental factors includes a first step based

on an outlier analysis built on the idea that FST is influenced by

genome-wide effects and locus-specific effects, the latter being

the result of selective pressures. The ability to distinguish between

these two effects improves as the number of markers increases. In

this regard, we have to note that we used only eight microsatellite

loci, and two of them were identified as outliers. Ideally, the

total number of loci should be larger but we note that the outlier

behavior of one of the loci, Cpa112, was already observed by a

previous analysis (Larsson et al. 2007) using a different dataset.

Additionally, the removal of the outlier loci radically changed the

results of GESTE analyses, whereas removing neutral loci did not

lead to important changes (see Table S3).

SALINITY

A previous study (Bekkevold et al. 2005) showed that patterns

of reproductive isolation in herring covaried with salinity differ-

ences among spawning locations, independently of geographical

distance. Our study confirms that salinity has an important ef-

fect on the genetic structuring of this species, but suggests that

its effect is locus-specific and may represent a selective pressure.

More precisely, outlier locus Cpa112 seems to be associated with

a genomic region involved in (low) salinity adaptation. When this

locus was included in the GESTE analysis, the model including

only salinity had the highest posterior probability (see Table 4),

but when it was removed, this posterior probability decreased pro-

nouncedly being lower than that of the null model (which only has

the constant term). It is worth noting that the outlier behavior of

locus Cpa112 was identified by the study of Larsson et al. (2007),

who suggested that it could be influenced by directional selection.

This would explain why the FST value at this locus was much

higher than that of the remaining seven microsatellite loci. Note

that the effect of including locus Cpa112 was consistent across

populations, increasing local FST across the board (see the last two

columns in Table S4). The genomic position of Cpa112 remains to

be determined, and the observed signal may be attributed either to

linkage with a gene under divergent selection (hitchhiking effect)

or selection on the locus itself. The hypothesis that Cpa112 is as-

sociated with salinity adaptation is further supported by results for

a population from a brackish Skagerrak fjord, which for Cpa112

exhibits allele frequencies similar to populations in IDW, but close

genetic relationships with other Skagerrak populations for other
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microsatellite loci (C. Andre, unpubl. data). Moreover, the results

suggest that gene flow from populations inhabiting either high or

low salinity conditions into populations inhabiting intermediate

salinity areas is rare. Selection due to salinity is probably high

during early stages of the herring’s life cycle. Eggs are fairly

tolerant to changes in salinity of the surrounding water, but the

lower tolerable limit changes with increasing distance to the ma-

rine transition zone toward the North Sea, whereas Northeastern

Baltic herring eggs tolerate almost fresh water (e.g., Klinkhardt

1996). Our results hence suggest that the contact zone does not

merely constitute a hybrid-sink (cf. Barton 1980). Rather, contact

zone populations are likely physiologically adapted to their local

environment, as also implied for cod in the same area, based on

population-specific fertilization and egg buoyancy capacities at

different salinities (Nissling and Westin 1997).

PHILOPATRY

Our expectation was that long migration distances would lead

migrating herring past nonnatal spawning areas and increase

the likelihood of straying. Contrary to this, migration distance

showed positive regression coefficients, suggesting that popula-

tions exhibiting migration beyond their natal region, also tended

to be more genetically distinct than less migratory populations.

Thus, long-range migration does not lead to gene flow per se,

and the extent of natal homing hence seems to play an important

role in structuring genetic diversity across populations. Moreover,

the evolution of homing invokes an advantage to reproducing at

the natal site, due to either a local adaptation to that particular site

or to the ascertaining of a predictable spawning habitat (Travis

and Dytham 1999). A scenario could be that migration leads to

increased risk of straying into environments where the phenotype

is maladapted (Hendry 2004; Bolnick and Nosil 2007). This could

drive selection for natal homing to be stronger in populations that

undertake long-range migrations outside their geographical re-

gions or basins, than in populations migrating shorter distances.

However, such mechanisms are yet unknown for herring, as well

as for most marine fish.

Isolation by distance had no significant structuring effect

per se. Although both isolation by distance and natal homing are

commonly assumed to contribute to the maintenance of popula-

tion structure in marine and anadromous fish with large migratory

potential (e.g., Palstra et al. 2007), attempts to assess their rela-

tive importance remain scarce (see Dionne et al. 2008 for a recent

study). Our approach is novel as it allowed separation of the

effects of homing and isolation by distance by combining ana-

lytically detailed population genetic information with the large

body of data on herring migrations obtained using both pheno-

typic (see ICES 2001) and genetic marker-based (Ruzzante et al.

2006) approaches.

REPRODUCTIVE TIMING

In some organisms reproductive timing has a heritable component

and acts as a barrier to gene flow among divergent populations

(e.g., Miyatake 2002; Hendry and Day 2005; Antonovics 2006;

O’Malley et al. 2008). Our analysis indicated that this was not the

case in herring, as none of the factors related to spawning time

showed measurable effects on structure in concordance with re-

ports that spawning time can switch within local population com-

ponents (e.g., Bekkevold et al. 2007). Spawning time thus appears

to exhibit strong phenotypic plasticity in herring, in contrast to

some salmonid species, where it is found to have a strong heritable

component (Fillatre et al. 2003; O’Malley et al. 2008). In herring,

such plasticity seemingly enables an opportunistic response to

environmental variability, as is for example, also implicated in

many avian species (Pulido 2007).

DEMOGRAPHIC HISTORY

We aimed to distinguish between two alternative scenarios for the

demographic history of herring: either a progressive colonization

from the North Sea in an eastward direction, or a secondary contact

zone with two ancestral populations in, respectively, the North Sea

and the Baltic Sea that progressively colonize the transition zone.

Previous studies did not discriminate between neutral and se-

lected genetic variation as we have done here, and therefore could

not evaluate to what extent the observed clinal variation may rep-

resent a primary contact zone shaped by divergent selection, or

a secondary contact zone reflecting the demographic history of

herring. Having first established that selection is a likely explana-

tion for the genetic structuring of variation at locus Cpa112, we

addressed the issue of demographic history by focusing on neutral

markers only (i.e., those that exclude both Cpa112 and Cpa114).

The factors used to take into account the effect of demographic

history (longitude and distance to the IDW) had limited effects on

genetic structuring compared to salinity and migration distance,

but they nevertheless ranked second and third in the analyses that

only included neutral markers, and fourth and fifth in the other

analyses (cf. Table 3). In case of a progressive colonization from

the North Sea, we expect a steady increase in FST as we move

from the North Sea toward the Baltic Sea because of the repeated

founder events that take place as the eastward colonization of

the habitat proceeds (Fig. S1A). The observed pattern is different

to such predictions, with high FSTs for intermediate longitudes,

and a progressive decrease toward both the North Sea and Baltic

Sea; a pattern consistent with the secondary contact zone sce-

nario (Fig. S1B). The indication of a secondary contact zone may

reflect that Baltic populations are the result of one major found-

ing event, as hypothesized for a range of marine organisms in the

Baltic (review in Johannesson and Andre 2006). North Sea herring

populations were likely founded by range expansion from Atlantic

populations with the creation of the English Channel after 7500BP
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(Lambeck 1995). The biogeographical history of Baltic popula-

tions is more uncertain. The Baltic Sea started turning saline after

∼8900BP when oceanic waters entered from the North Sea via

the Skagerrak and IDW, with a northeasterly progression of saline

conditions over the next ∼2000 years (Sohlenius et al. 2001).

However, during this period, salinity levels varied greatly over

both time and space in response to repeated glaciation and melt-

ing dynamics. The Gdansk Deep, for example, remained saline

for long periods during which freshwater conditions prevailed

throughout shallower parts of the Baltic. It is, therefore, conceiv-

able that herring persisted and underwent adaptive divergence

in one or more large brackish refugia completely isolated from

populations in the saline North Sea. Subsequent development of

stable brackish conditions throughout the Baltic at ∼6500 years

BP may then have led to a swift range expansion throughout the

Baltic and secondary contact with North Sea populations.

In combination with the inference about salinity-related di-

vergent selection and our result that gene flow is restricted be-

tween the transition zone and adjacent populations, it can be

hypothesized that hybrid inferiority and potentially reinforcement

through homing behavior act to maintain the genetic cline through

a secondary contact zone.

Conclusions
In populations with large effective population sizes, the difference

in genetic divergence for neutral versus selected loci is expected

to be particularly high due to a relatively large effect of selec-

tion in comparison with genetic drift (e.g., Allendorf et al. 2008).

The inclusion of loci under (hitchhiking) selection is thus likely

to have a large effect on analyses of structure and demography.

More specifically, loci under divergent selection can inflate es-

timates of genetic isolation (e.g., Nielsen et al. 2006), whereas

loci under stabilizing selection can decrease it. Nonetheless, in-

cluding and comparing information for neutral and selected loci

(including candidate gene markers) can yield important informa-

tion when attempting to identify the processes that potentially

affect the spatial distribution of genetic resources in an organ-

ism (Hemmer-Hansen et al. 2007; Larsen et al. 2008), and for

resolving conservation and management issues (see Hauser and

Carvalho 2008 for a review). The present study shows that such

an approach provides a powerful tool for disentangling the effects

of evolutionary, demographic, and environmental factors influ-

encing the genetic structure of natural populations. The approach

can moreover be useful for designing targeted population genomic

studies (also see Hemmer-Hansen et al. 2007). Our study also con-

tributes empirical evidence that microsatellite-based estimates of

weak structure should not be interpreted to indicate that gene

flow is high, or that adaptive divergence is impeded in organisms

with large effective population sizes, that may or may not have

attained migration–drift equilibrium (Conover et al. 2006; Larsen

et al. 2007; Mäkinen et al. 2008).
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