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Synopsis Population genetic structure of sedentary marine species is expected to be shaped mainly by the dispersal

ability of their larvae. Long-lived planktonic larvae can connect populations through migration and gene flow, whereas

species with nondispersive benthic or direct-developing larvae are expected to have genetically differentiated populations.

Poecilogonous species producing different larval types are ideal when studying the effect of developmental mode on

population genetic structure and connectivity. In the spionid polychaete Pygospio elegans, different larval types have been

observed between, and sometimes also within, populations. We used microsatellite markers to study population structure

of European P. elegans from the Baltic Sea (BS) and North Sea (NS). We found that populations with planktonic larvae

had higher genetic diversity than did populations with benthic larvae. However, this pattern may not be related to

developmental mode, since in P. elegans, developmental mode may be associated with geography. Benthic larvae were

more commonly seen in the brackish BS and planktonic larvae were predominant in the NS, although both larval types

also are found from both areas. Significant isolation-by-distance (IBD) was found overall and within regions. Most of the

pair-wise FST comparisons among populations were significant, although some geographically close populations with

planktonic larvae were found to be genetically similar. However, these results, together with the pattern of IBD, auto-

correlation within populations, as well as high estimated local recruitment, suggest that dispersal is limited in populations

with planktonic larvae as well as in those with benthic larvae. The decrease in salinity between the NS and BS causes a

barrier to gene flow in many marine species. In P. elegans, low, but significant, differentiation was detected between the

NS and BS (3.34% in AMOVA), but no clear transition zone was observed, indicating that larvae are not hampered by

the change in salinity.

Introduction

Marine invertebrates are known for their diverse

life-history characteristics and developmental modes

(e.g., Mileikovsky 1971; Wilson 1991; Blake and

Arnofsky 1999; Ellingson and Krug 2006; Raff and

Byrne 2006). Developmental mode includes the dis-

persal potential of larvae, whether larvae are plank-

tonic, benthic, or brooded, and the larvae may be the

primary dispersal stage for invertebrates that are

sedentary or sessile as adults. Differences in the dis-

persal abilities of larvae can affect effective popula-

tion size, population stability, gene flow, and genetic

structure, as well as rate of speciation (e.g., Hart and

Marko 2010). As a result, species with planktonic,

dispersive larvae are expected to have effective gene

flow over a broader geographic area and large pan-

mictic populations. Direct-developing or benthic

larvae are expected to have less ability to disperse,

and species with these types of larvae are expected

have low gene flow and genetically differentiated

populations (Palumbi 1994; Bohonak 1999).

Empirical studies are often in agreement with these

expectations (Hellberg 1996; Arndt and Smith 1998;

Kyle and Boulding 2000; Collin 2001; Dawson et al.

2002; Ellingson and Krug 2006), but there are also

an increasing number of studies which reach oppo-

site conclusions (Sotka et al. 2004; Bowen et al. 2006;

Integrative and Comparative Biology
Integrative and Comparative Biology, volume 52, number 1, pp. 181–196

doi:10.1093/icb/ics064 Society for Integrative and Comparative Biology

Advanced Access publication May 10, 2012

� The Author 2012. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology. All rights reserved.

For permissions please email: journals.permissions@oup.com.

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/52/1/181/739566 by U

.S. D
epartm

ent of Justice user on 16 August 2022



Kenchington et al. 2006; Marko et al. 2007; Miller

and Ayre 2008; Shanks 2009; Weersing and Toonen

2009; Zhan et al. 2009; Kelly and Palumbi 2010; and

see Hellberg 2009). The unexpected results empha-

size that other factors, such as environmental toler-

ances or larval behavior, can affect population

genetic structure and suggest that the ability of

larvae to disperse may not be the main determinant

of population connectivity and genetic structure in

marine species. Nevertheless, the ability of larvae to

disperse is still considered the most important factor

affecting population stability and connectivity of

marine species.

Barriers to dispersal and gene flow in the marine

environment may not be immediately obvious.

Typically, barriers are inferred after examining pat-

terns of genetic structure among populations. More

recently, attempts have been made to explicitly com-

bine models of oceanographic conditions together

with genetic analysis to understand influences on

gene flow (e.g., Selkoe et al. 2010). Combining phys-

ical and genetic data in studies of gene flow provide

a powerful way of identifying dispersal barriers and

to evaluate whether generalizations of the outcomes

of larval dispersal are correct. Since dispersal of

marine invertebrate larvae is difficult, or impossible,

to track directly (Thorrold et al. 2002; Levin 2006), a

generalization of potential capability for dispersal

based on developmental mode is still commonplace.

Natural barriers to dispersal may exist in transi-

tional zones where environmental variables, such as

salinity, are known to change significantly. For

example, the Baltic Sea (BS) is a marginal environ-

ment for marine species because of its isolation and

low salinity. The BS was formed after the last glacial

period (10,000–8000 years ago) and during its young

history its salinity has fluctuated, allowing marine

species to become established there (Zillen et al.

2008; Pereyra et al. 2009). Nowadays, the BS is an

ecologically unique, large brackish sea with limited

water exchange with the marine North Sea (NS). As

a result, there is a salinity gradient from the NS

(430 psu) through the Kattegat (20 psu), Belt Sea

(15–18 psu), and Baltic proper (8–10 psu) to the

Northern BS (2–3 psu). In addition to low salinity,

the BS has very weak tides, lower water temperature,

and lower oxygen levels compared to the NS

(Helcom 2003). The drastic environmental change

seen between the BS and NS may be a restricting

factor for successful migration of larvae between

these areas. Species with populations spanning this

zone (NS, BS, see Fig. 1) provide a way to assess the

Fig. 1 Map of the sites at which Pygospio elegans was sampled (sites are labeled according to their abbreviations in Table 1). Sites FIA

and FIF are located in the Finnish archipelago, �20 km apart.
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relative roles of environmental barriers and potential

for larval dispersal to affect gene flow and the genetic

structure of populations.

Despite the young geological history of the BS,

many Baltic populations have diverged significantly

from marine NS populations of the same species.

Johannesson and André (2006) conducted a meta-

analysis of genetic studies comparing Baltic popula-

tions to NS/NE Atlantic populations of the same

species. They found that among the 29 species

studied, the majority of Baltic populations were

statistically less genetically variable and genetically

more differentiated from their Atlantic populations.

BS populations could be differentiated due to geo-

graphic isolation, possible genetic bottlenecks

(Nilsson et al. 2001; Härkönen et al. 2005), or adap-

tation to a different environment (Hemmer-Hansen

et al. 2007; Larmuseau et al. 2010; Nissling and

Dahlman 2010).

We study the spionid polychaete worm, Pygospio

elegans, which is found in the NS and BS, exposed to

a wide range of salinities. This species is an ideal

subject for investigating the relative roles of salinity

barriers and developmental mode in determining

patterns of population genetics because P. elegans is

poecilogonous, or polymorphic in developmental

mode. Pygospio elegans can produce different larval

types depending on the number of embryos relative

to the number of nurse eggs (a nutritional source)

laid by the mother to egg capsules that she broods

inside her sand tube (Söderström 1920; Hannerz

1956; Rasmussen 1973; Blake and Arnofsky 1999;

J. E. Kesäniemi, personal observation). Planktonic

larvae emerge from egg capsules containing a large

number of embryos (420/capsule) and few nurse

eggs. At emergence, these larvae are approximately

three chaetigers long and have long swimming chae-

tae. Their pelagic period can last up to 4–5 weeks

(Anger et al. 1986) and they actively swim and feed

in the plankton (Rasmussen 1973). If only a few

embryos (one to two) are laid into the capsules,

these will be brooded throughout their development.

These benthic larvae feed on the nurse eggs provided

by the mother, lack long swimming chaetae and are

ready to metamorphose into juveniles soon after

emerging from the capsules at the 14–20 chaetiger

stage. Intermediate larvae with fewer than 10 larvae

per capsule, an intermediate brooding period, and

short pelagic phase have also been observed in

some populations. Dispersal of larvae is expected to

be the primary route for gene flow and to be corre-

lated with developmental mode in P. elegans. Adults

are motile and will leave their tubes if they are dis-

turbed (J. E. Kesäniemi and K. E. Knott, personal

observation), but they quickly build new sand tubes

in the sediment (e.g., Mattila 1997) and so are not

expected to contribute significantly to dispersal.

Variation in developmental mode in P. elegans has

been observed both within and among populations,

arising from among individual differences rather

than variation within the broods of a single individ-

ual (Hannerz 1956; Rasmussen 1973; Anger 1984;

Gudmundsson 1985; Morgan et al. 1999; J. E.

Kesäniemi and E. Geuverink, personal observation).

Variation within a population can be seasonal

(Hannerz 1956; Rasmussen 1973), but different

larval types are also known to occur simultaneously

(Rasmussen 1973; Gudmundsson 1985; J. E.

Kesäniemi, personal observation). Some populations

of P. elegans have been reported to be fixed for one

developmental mode (either planktonic or benthic)

(Anger 1984; Morgan et al. 1999; Bolam 2004), but

adults metamorphosing from all larval types are

morphologically identical. In addition, studies of

allozymes (Morgan et al. 1999) and DNA sequences

of the cytochrome c oxidase I gene (Kesäniemi et al.

2012b) provided evidence that P. elegans populations

with different developmental modes belong to one

poecilogonous species.

We examined genetic diversity and population

genetic structure in European populations of P. elegans

with different developmental modes. Our study in-

cludes samples over a broad geographic scale, from

the Atlantic Ocean (Iceland), through the English

Channel and NS to the BS. We wanted to investigate

if the transition zone caused by a decrease in salinity

between the NS and BS affects population genetic

structure in this poecilogonous species. We expected

low diversity and low gene flow between populations in

the Baltic where benthic larvae are more common. In

contrast, we expected high diversity and high effective

gene flow among NS populations in which planktonic

larvae predominate. We hypothesized that a distinct

transition would be visible between these seas, as has

been found for many species that span this transition

zone (Johannesson and André 2006).

Material and methods

Sampling

We sampled adult P. elegans from 18 populations in

Europe (Fig. 1). Almost all sampling was conducted

during late winter, spring, or early summer of 2010:

exceptions included the Swedish sample, which was

collected in summer of 2008, and samples from

Iceland and Germany, which were collected in

2009. In the nontidal BS, sediment containing

P. elegans was collected either by scuba diving

Poecilogony and population genetic structure 183
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at 5 m depth (FIA and FIF) or by wading and shovel-

ing the sediment in 51.5 m deep water (FIH and all

Danish samples). The German sample was collected

from a depth of 18 m using a sediment grab operated

from a boat. In the Netherlands, France, and UK,

partially exposed sediment was sampled in the inter-

tidal zone during low tides. All of the samples from

the Netherlands, UK, and France are called ‘‘NS sam-

ples,’’ whereas those from Sweden, Denmark,

Germany, and Finland are called ‘‘BS samples’’

(Table 1).

Collected sediment was immediately and quickly

sieved on location, and sand tubes of P. elegans were

removed. Pygospio elegans emerge from their tubes

after disturbance (J. E. Kesäniemi and K. E. Knott,

personal observation) and collected tubes were left in

seawater in trays without sediment for up to 24 h to

allow for such emergence. Afterward, the worms

were preserved in ethanol (94–99%) until DNA anal-

ysis. During this handling, adults were sexed and

examined for the presence of gametes or nurse eggs

in the coelom. Tubes were also examined for the

presence of egg capsules and brooding females. If

capsules were found, the larvae were checked to de-

termine their developmental mode. We did not spe-

cifically collect plankton samples, but sea water

samples from the collection sites (used for collecting

and handling the adults) were examined for the pres-

ence of swimming larvae in the laboratory. In addi-

tion, we noted whether asexual reproduction was

present (indicated by regenerating body segments).

According to these observations, we defined a pre-

dominant developmental mode for most populations

(Table 1). These were consistent with previous re-

ports of observed developmental mode for some

populations (Denmark: Rasmussen 1973; Somme

Bay: Morgan et al. 1999; Drum Sands: Bolam 2004;

Breskens: Rossi et al. 2009), but not others (Ryde

Sands: Morgan et al. 1999). Hannerz (1956) reported

brooded and intermediate larval types for P. elegans

in Gullmar Fjord, Sweden, but we could not confirm

this since we did not observe reproducing individuals

or larvae during our collections at this location.

Molecular methods

DNA was extracted using a Kingfisher magnetic pro-

cessor (Thermo Fisher Scientific) and Qiagen chem-

icals or, if the individual was 51 cm in length,

Qiagen’s DNeasy Blood and Tissue extraction kit

with spin columns, following the manufacturer’s

protocol. All samples were genotyped with eight mi-

crosatellite loci described in (Kesäniemi et al. 2012a).

Three of these loci (Pe15, Pe17, and Pe18) were am-

plified using a sequence specific forward primer with

additional M13(�21) sequence tail and a fluores-

cently labeled M13(�21) primer (as described by

Schuelke 2000). Amplification was performed in

10 ml reactions with 1 ml of DNA, 1� PCR buffer

(Biotools), 200 mM of each dNTP (Fermentas),

8 pmol of reverse primer (TAG Copenhagen),

8 pmol of labeled M13(�21) primer (Applied

Biosystems), 2 pmol of the M13(�21) tailed forward

Table 1 Sampling localities, population codes, number of samples genotyped (n), observed developmental modes, and estimated

density of Pygospio elegans (qualitative observations only)

Region Country Location Lat Long Population code n Developmental modea

Estimated

density

Baltic Sea Finland Ängsö 60.107 21.709 FIA 42 B (A) Low

Fårö 59.925 21.772 FIF 39 (A) Low

Hanko 59.827 21.772 FIH 40 (A) Low

Germany Germany 54.199 11.840 GER 30

Denmark Vellerup 55.737 11.868 DKV 43 B, I (A) Medium

Herslev 55.678 11.987 DKH 42 B, I (A) Low

Rorvig 55.965 11.785 DKR 40 I, P (A) Medium

Sweden Gullmar fjord 58.261 11.464 SWE 42 Low

North Sea Netherlands Schiermonnikoog 53.472 6.177 NLS 46 B, I, P Medium/high

Harlingen 53.167 5.415 NLH 43 P High

Breskens 51.386 3.604 NLB 45 P Medium/high

France Canche Bay 50.547 1.598 FRC 43 P Very high

Somme Bay 50.227 1.606 FRS 62 P Very high

UK Drum sands 55.994 �3.336 UKD 49 P High

Eden estuary 56.365 �2.823 UKA 46 Medium/high

Plym Bay 50.378 �4.103 UKP 33 P Low/medium

Ryde sands 50.734 �1.150 UKR 7 Very low

Atlantic Ocean Iceland Iceland 63.978 �22.395 ICE 42 B, I

aObserved larval developmental mode: B¼ benthic, I¼ intermediate, P¼ planktonic, (A)¼ asexual reproduction.
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primer (TAG Copenhagen), 1.5–2 mM of MgCl2
(1.5 mM for Pe15, 2 mM for Pe18 and Pe17)

(Biotools), and 0.5 U of Taq DNA polymerase

(Biotools). Thermocycling conditions were 948C for

5 min, then 30 cycles of 948C for 30 s, Ta for 30 s

(578), 728C for 30 s, followed by eight cycles of 948C
for 30 s, 538C for 45 s, 728C for 45 s, ending with a

final extension of 728C for 10 min. The other loci

(Pe6, Pe7, Pe12, Pe13, and Pe19) were amplified

using two sequence-specific primers, forward

primer being labeled. The 10ml PCR reactions were

as above, but 0.5mM of both primers (one-eighth of

the forward primer was labeled, Applied Biosystems)

and 1.5–3 mM of MgCl2 (1.5 mM for Pe13, 2 mM for

Pe6 and Pe19, 3 mM for Pe7 and Pe12) were used.

Thermocycling conditions were: 948C for 5 min, then

35 cycles of at 948C for 30 s, Ta for 30 s (548 for Pe6,

Pe7, Pe19; 558 for Pe12; 588 for Pe13), 728C for 30 s,

followed by a final extension of 10 min at 728C.

Products were denatured with formamide, separated

using an ABI PRISM 3130xl and genotyped using

GeneMapper v.3.7 software (all Applied Biosystems).

Analysis

We used Arlequin v. 3.5.1.2 (Excoffier and Lischer

2010) to examine allele frequencies, observed and

expected heterozygosity at all loci, and to test con-

formation to Hardy–Weinberg expectations (HWE).

The exact test option was used and P-values were

adjusted for multiple tests with Bonferroni correction

(Rice 1989). Frequencies of null alleles in the loci

were estimated with FreeNA (Chapuis and Estoup

2007). Linkage disequilibrium between pairs of loci

within populations was tested with Genepop

(Raymond and Rousset 1995). Allelic richness and

private allelic richness were calculated with

HP-Rare (Kalinowski 2005), which uses rarefaction

to account for the different sample sizes in the study

populations (UKR was excluded from this analysis

because of its considerably lower sample size).

To compare genetic diversity between the two

regions, the sample locations were divided into two

groups (BS and NS; Table 1), excluding the Atlantic

population from Iceland. Heterozygosity, gene diver-

sity, and allelic richness in these groups were

compared using a Mann–Whitney U-test. Genetic

diversity was also compared between the populations

that produce planktonic larvae (NLH, NLB, FRC,

FRS, UKD, UKP) and the populations that in addi-

tion have benthic larvae (FIA, DKV, DKR, DKH,

NLS, ICE). Populations for which developmental

mode is not known (FIF, FIH, GER, SWE, UKA)

were not included in this latter comparison.

Population genetic differentiation was analyzed

using population pair-wise FST calculations using

Arlequin (10,000 permutations) and Jost’s (2008)

pair-wise mean Dest calculated in the R package

DEMEtics (Gerlach et al. 2010). To determine the

proportion of genetic differentiation distributed

among areas, a hierarchical analysis of molecular var-

iance (AMOVA) was also conducted with Arlequin

(10,000 permutations). In addition, we employed a

Bayesian approach to investigate the number of ge-

netic clusters in our sample with the program

Structure v.2.3 (Pritchard et al. 2000). In these anal-

yses, we used an admixture model with correlated

alleles, and Markov-chain Monte–Carlo (MCMC)

sampling with a burn-in of 150,000 followed by

300,000 iterations. Data from six of the microsatellite

loci were included: Pe12 and Pe15 were removed due

to HWE deviations in most populations. Initially,

K-values from 3 to 18 were tested, each with two

replicates. Afterward, the program was re-run with

K-values from 4 to 10, each with six replicates.

Population information was used as prior informa-

tion, since it was informative (r41). Furthermore,

the number of genetic clusters and their genetic

boundaries were also examined with the R package

Geneland (Guillot et al. 2005). In addition to using

the genetic data, this program incorporates spatial

information of the sampling locations (geographic

coordinates) while estimating K. A spatial model

and correlated frequency model were used, and the

presence of null alleles was taken into account

(Guillot et al. 2008). Ten independent runs with

200,000 MCMC iterations were performed.

Isolation-by-distance (IBD) was measured by

Mantel tests and spatial autocorrelation tests using

GenAlEx v.6.4 (Peakall and Smouse 2006). Both

tests used the default genetic distance as calculated

by GenAlEx in which an individual-by-individual

squared distance is calculated based on the multilo-

cus genotype (see Smouse and Peakall 1999).

Geographic distances were calculated from latitude

and longitude of the sampled population (all indi-

viduals in a population had identical geographic

coordinates). Mantel tests and autocorrelation tests

were performed for the whole data set, as well as for

smaller spatial scales: NS; BS; Northern BS (Finnish

populations only); and Southern BS (Danish

populationsþGERþ SWE). Additionally we tested

the correlation between linearized population pair-

wise FST values (calculated in GenAlEx) with popu-

lation pair-wise geographic distances (linear distances

following water-routes between sampling sites mea-

sured in Google Earth 6 [http://www.google.com/

earth/index.html]).
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To investigate whether there is a genetic break

between the BS and the NS we conducted a graphical

analysis similar to that performed by Johannesson

and André (2006) in their meta-analysis. The analysis

is based on genetic differentiation (FST) between the

innermost Baltic population (FIA) and the other

populations at increasing geographic distances. For

this analysis, following Johannesson and André

(2006), the Skagerrak and Kattegat areas were

defined to be outside the Baltic area, and we set

the German sample to represent the entrance to

the BS.

Recent migration rates were examined with two

Bayesian methods, BayesAss 3 (Wilson and Rannala

2003) and BIMr v.1.0 (Faubet and Gaggiotti 2008).

Since BayesAss assumes relatively low migration rates

(a maximum of one-third of the population can be

migrants), we also used BIMr (no restrictions on

migration) to see if the results of the two methods

were similar. For these analyses, the data set was

divided into three subsets (to improve performance

of the methods). The first data set included the three

Finnish populations, the second included Denmark

and Sweden, and the third included all of the pop-

ulations from the Netherlands, UK, and France. For

this third data set, some populations were combined,

based on the nonsignificant FST values between them:

UKR and UKP (FST¼ 0.0243); FRC and FRS

(FST¼ 0.0041); and NLB and NLH (FST¼ 0.0048).

NLS was not included in any grouping since it was

significantly differentiated from the other popula-

tions in this data set. In all BayesAss analyses

1� 108 iterations of MCMC sampling were run

after an initial burnin (1� 107–5� 107). Using

BIMr, the Finnish data set had 5� 105 samples and

1� 106 burnin, and the other data sets were run with

1� 106 samples and burnin of 1� 106. In all analy-

ses, at least three runs were conducted for each data

set to verify consistent results.

Results

Genetic diversity

A total of 734 P. elegans individuals from 18 loca-

tions were genotyped. Table 2 shows descriptive sta-

tistics for each population and locus. The allelic

richness across loci per population ranged from

8.66 to 15.65 (corrected for sample size, UKR

excluded) and the number of alleles per locus

varied among the populations. Heterozygosity was

also high (mean HE ranging from 0.586 to 0.816

and mean HO ranging from 0.523 to 0.721).

Significant deviations from HWE were observed in

six loci in some of the populations and all deviations

were caused by heterozygote deficiency. Loci Pe15

and Pe12 proved to deviate from HWE in most pop-

ulations, so some of the analyses were conducted

both with, and without, these loci. Analysis with

FreeNA confirmed high null allele frequency for

locus Pe12, but moderate or low null allele frequen-

cies for the other loci and populations with HWE

deviations. FreeNA implements an ENA correction

(Chapuis and Estoup 2007) to samples with null

alleles and estimates FST for both the corrected

data and original data. Since FST estimates were sim-

ilar either with or without the ENA correction

(FST¼ 0.0408 and FST(ENA)¼ 0.0377), we assumed

that possible null alleles cause no bias to our FST

estimates. Linkage disequilibrium was observed be-

tween some pairs of loci (1.8% of all comparisons)

in three of the study populations: Sweden

(Pe7�Pe17, Pe15�Pe17, Pe7�Pe18, Pe17�Pe18,

Pe7�Pe13, Pe13�Pe17), Iceland (Pe7�Pe13,

Pe12�Pe13), and DKR (Pe15�P13). Since linkage

disequilibrium was not consistent in all populations,

we chose not to exclude the loci from the analyses.

When comparing geographic areas, NS popula-

tions had significantly higher allelic richness

(Md NS¼ 14.87, BS¼ 12.35, N¼ 16, U¼ 62.00,

P¼ 0.002) and expected heterozygosity (Md

NS¼ 0.801, BS¼ 0.717, N¼ 17, U¼ 62, P¼ 0.012)

than did BS populations. NS populations also had

higher observed heterozygosity, gene diversity, and

private allelic richness (private alleles are found

only from one population), but these results were

not statistically significant. Populations with plank-

tonic larvae had higher allelic richness (Md plank-

tonic¼ 15.19, Md benthic¼ 12.4, U¼ 36, N¼ 12,

P¼ 0.004), expected heterozygosity (Md plank-

tonic¼ 0.801, Md benthic¼ 0.717, N¼ 12, U¼ 36,

P¼ 0.004) and gene diversity (Md plank-

tonic¼ 0.740, Md benthic¼ 0.661, P¼ 0.004) than

did populations that also have benthic larvae. Since

the populations with different developmental modes

are mainly distributed in different geographic areas,

the planktonic–benthic groups are similar to those in

the NS–BS comparison; however, there are fewer

populations in the planktonic–benthic groups, and

Iceland and NLS from the Netherlands are included

with the populations with benthic larvae.

Population genetic structure

Spatial genetic structure (i.e., significant FST values

among populations) was present among the

European P. elegans populations, even on a small

geographic scale. Overall, pair-wise FST estimates

ranged from 0.001 to 0.170. The geographically
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Table 2 Genetic variation in 18 Pygospio elegans populations

Locus

Population

UKP UKR FRS FRC NLB NLH NLS UKA UKD SWE DKR DKV DKH GER FIH FIF FIA ICE

Pe6

Na 6 2 8 10 7 10 4 10 7 6 3 4 5 8 4 3 3 4

HE 0.370 0.143 0.394 0.489 0.248 0.354 0.108 0.446 0.377 0.222 0.267 0.274 0.201 0.332 0.074 0.169 0.301 0.239

HO 0.424 0.143 0.387 0.581 0.266 0.372 0.111 0.478 0.408 0.238 0.307 0.309 0.190 0.333 0.075 0.179 0.341 0.238

Pe7

Na 21 9 29 23 30 27 29 21 26 20 18 21 25 25 26 26 28 19

HE 0.944 0.923 0.943 0.924 0.945 0.943 0.953 0.941 0.942 0.927 0.917 0.931 0.946 0.964 0.956 0.954 0.949 0.929

HO 0.818 0.857 0.887 0.930 0.888 0.860 0.869 0.945 0.878 0.881 0.897 0.884 0.738 0.733 0.900 0.872 0.905 0.881

Pe12

Na 20 3 33 23 27 26 26 24 31 18 18 20 18 19 25 23 28 16

HE 0.949 0.750 0.961 0.944 0.963 0.960 0.974 0.955 0.957 0.937 0.934 0.953 0.944 0.950 0.957 0.924 0.954 0.900

HO 0.740 0.500 0.593 0.882 0.694 0.639 0.818 0.594 0.800 0.538 0.700 0.777 0.616 0.600 0.919 0.766 0.838 0.684

Pe13

Na 24 11 33 24 31 29 24 27 31 22 27 26 30 26 24 29 30 17

HE 0.950 0.967 0.959 0.951 0.960 0.957 0.955 0.954 0.963 0.944 0.955 0.948 0.969 0.966 0.944 0.963 0.961 0.862

HO 0.848 0.714 0.688 0.791 0.755 0.721 0.891 0.791 0.755 0.809 0.976 0.974 0.881 0.700 0.825 0.816 0.809 0.857

Pe15

Na 24 9 35 30 32 33 24 29 31 24 30 31 28 23 24 23 28 15

HE 0.957 0.934 0.969 0.967 0.970 0.967 0.907 0.962 0.963 0.944 0.946 0.958 0.953 0.956 0.940 0.945 0.955 0.884

HO 0.697 0.571 0.737 0.750 0.822 0.721 0.666 0.696 0.829 0.571 0.650 0.881 0.667 0.800 0.692 0.622 0.756 0.619

Pe17

Na 14 6 17 16 15 14 9 17 19 8 9 12 6 12 3 6 7 5

HE 0.902 0.681 0.851 0.827 0.828 0.881 0.590 0.838 0.885 0.763 0.613 0.667 0.553 0.826 0.143 0.271 0.416 0.708

HO 0.742 0.571 0.508 0.714 0.666 0.558 0.565 0.435 0.612 0.619 0.447 0.561 0.316 0.643 0.150 0.243 0.500 0.536

Pe18

Na 8 2 11 11 7 13 9 11 9 4 5 5 8 6 3 6 6 3

HE 0.549 0.264 0.620 0.678 0.577 0.736 0.676 0.737 0.669 0.577 0.606 0.684 0.709 0.694 0.488 0.576 0.663 0.390

HO 0.290 0.000 0.339 0.447 0.429 0.558 0.659 0.533 0.396 0.293 0.589 0.744 0.658 0.348 0.474 0.553 0.714 0.429

Pe19

Na 8 4 13 9 6 10 8 10 9 5 6 3 5 8 5 6 6 2

HE 0.583 0.659 0.733 0.664 0.653 0.727 0.593 0.646 0.621 0.447 0.257 0.420 0.466 0.518 0.189 0.437 0.516 0.312

HO 0.515 0.571 0.613 0.674 0.600 0.767 0.435 0.630 0.638 0.512 0.282 0.381 0.452 0.533 0.150 0.487 0.667 0.333

NA(44) 13.76 – 15.42 14.60 15.00 15.65 13.67 14.73 15.38 11.36 11.86 12.16 12.65 14.39 11.65 12.54 13.32 8.66

NPA(44) 0.21 – 0.68 0.22 0.37 0.24 0.77 0.36 0.35 0.24 0.21 1.18 0.40 0.42 0.28 0.22 0.20 0.14

GD 0.715 0.653 0.774 0.741 0.715 0.780 0.669 0.768 0.738 0.682 0.622 0.678 0.652 0.730 0.557 0.588 0.680 0.628

Mean HE 0.776 0.665 0.804 0.806 0.768 0.816 0.720 0.810 0.798 0.720 0.687 0.729 0.718 0.776 0.586 0.655 0.715 0.653

Mean HO 0.635 0.491 0.594 0.721 0.637 0.650 0.627 0.636 0.667 0.558 0.606 0.689 0.565 0.586 0.523 0.567 0.691 0.572

FIS8loci 0.185 0.280 0.259 0.106 0.172 0.206 0.131 0.217 0.165 0.228 0.120 0.056 0.216 0.240 0.109 0.136 0.033 0.125

FIS6loci 0.156 0.228 0.241 0.089 0.151 0.168 0.090 0.169 0.170 0.138 0.033 0.018 0.160 0.238 0.080 0.066 �0.034 0.049

Na¼ number of alleles, HE¼ expected heterozygosity, HO¼ observed heterozygosity (values with significant departures from HWE are

underlined), NA¼ allelic richness (based on 44 samples), calculated with HP-Rare. NAP¼ private allelic richness, based on 44 samples,

GD¼ gene diversity, FIS¼ inbreeding coefficient, calculated using the whole data set (8loci), and with 6loci (Pe12 and Pe15 removed) (significant

values underlined).

Poecilogony and population genetic structure 187

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/52/1/181/739566 by U

.S. D
epartm

ent of Justice user on 16 August 2022



distant Iceland seemed to be most isolated geneti-

cally, having the highest pair-wise FST values

(Table 3). On a small scale (within Finland), the

pair-wise FST values were low (0.008–0.028) but sig-

nificant, indicating genetic structure between the lo-

cations. Among the three Danish populations, the

FST values were also low (from 0.006 to 0.010) and

the two sample sites within the fjords were not sig-

nificantly differentiated from each other, but they

were significantly differentiated from DKR, the pop-

ulation sampled from the entrance of the fjords

(Fig. 1). Interestingly, the German population

seemed to be more differentiated from the other

Baltic populations than from the NS populations.

Some of the geographically close NS populations

with planktonic larvae were observed to be geneti-

cally similar (nonsignificant FST values, Table 3). The

mean Dest estimations were similar to the results of

the pair-wise FST analysis (data not shown). Most of

the nonsignificant Dest values were between popula-

tions within the NS (Table 3). Unlike the FST results,

the UKR population showed more nonsignificant

pair-wise Dest values, but this might be due to the

lower sample size in UKR.

Geneland suggested the presence of eight genetic

populations in Europe. Not surprisingly, Iceland

formed its own group. In the NS, four clusters

with clear genetic boundaries were identified. The

two Scottish populations were clustered together

(UKD and UKA), and so were the two English

Channel populations (UKP and UKR). The two

French populations were grouped with the two

Dutch populations which had predominantly plank-

tonic larvae (FRS and FRCþNLB and NLH), and

there was a clear boundary with NLS (which

formed its own cluster), although the latter is geo-

graphically close to NLH. Within the BS there were

three genetic clusters, but the boundaries among

these were more ambiguous. The Finnish popula-

tions formed one cluster, which was clearly separated

from the others. The German sample formed its own

cluster, but alternatively could have been clustered

with the Danish samples. The three Danish popula-

tions grouped with high probability with the Swedish

population, but alternatively the Swedish sample

could also have been clustered with NLS. Similar

clustering was seen in the Structure analysis, which

estimated the presence of nine genetic clusters. As in

the Geneland analysis, Structure assigned geographi-

cally close populations together, and both analyses

distinguished NLS from the other two Netherlands

populations and suggested that the German popula-

tion differs from the other Baltic populations.

However, the likelihood values for different K were

Table 3 Population pair-wise FST values for Pygospio elegans in Europe

Code UKR UKP FRS FRC NLB NLH NLS UKA UKD SWE DKR DKV DKH GER FIH FIF FIA ICE

UKR 0

UKP 0.024 0

FRS 0.041 0.016 0

FRC 0.035 0.017 0.004 0

NLB 0.034 0.017 0.005 0.009 0

NLH 0.046 0.014 0.002 0.008 0.005 0

NLS 0.026 0.035 0.047 0.039 0.047 0.048 0

UKA 0.066 0.026 0.024 0.023 0.029 0.021 0.054 0

UKD 0.058 0.027 0.029 0.029 0.034 0.023 0.050 �0.001 0

SWE 0.050 0.024 0.037 0.059 0.031 0.036 0.033 0.050 0.050 0

DKR 0.045 0.035 0.052 0.038 0.054 0.058 0.019 0.058 0.055 0.033 0

DKV 0.043 0.033 0.042 0.034 0.046 0.046 0.016 0.049 0.046 0.027 0.010 0

DKH 0.035 0.031 0.039 0.032 0.043 0.046 0.011 0.041 0.040 0.031 0.009 0.006 0

GER 0.058 0.013 0.016 0.022 0.016 0.013 0.044 0.016 0.024 0.021 0.042 0.033 0.031 0

FIH 0.071 0.098 0.109 0.098 0.107 0.121 0.048 0.113 0.109 0.083 0.034 0.056 0.042 0.105 0

FIF 0.039 0.061 0.068 0.061 0.067 0.079 0.025 0.076 0.074 0.053 0.023 0.025 0.017 0.066 0.016 0

FIA 0.029 0.048 0.060 0.046 0.063 0.069 0.018 0.063 0.061 0.047 0.019 0.020 0.009 0.055 0.028 0.008 0

ICE 0.106 0.055 0.082 0.091 0.074 0.077 0.102 0.096 0.099 0.059 0.104 0.095 0.101 0.064 0.170 0.131 0.124 0

Note that most of the comparisons are significant and only the FST comparisons with nonsignificant P-values are underlined and bold.

Comparisons with nonsignificant Jost Dest values are on a gray background (Dest values not shown).
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very similar, indicating possible problems with the

data, likely explained by a pattern of IBD (see

below).

According to the AMOVA analysis, most micro-

satellite variation in European P. elegans resides

within the populations (93.3%, P50.001). Low, but

significant, genetic differentiation was seen between

BS and NS groups (3.34%, P50.001), suggesting

the presence of variation also on a larger scale.

FST among the NS populations (0.020) was some-

what lower than among the BS populations

(FST¼ 0.028), but AMOVA indicated significant

within-group structure as well (2.35%, P50.001).

A plot of linearized population pair-wise FST against

geographic distance (Fig. 2) indicates that population

genetic structure can be explained by a pattern of

IBD (r¼ 0.687, P50.001). Similarly, Mantel tests of

correlations between genetic distance and geographic

distance matrices were significant for the whole data

set as well within areas: NS, BS, Southern BS (all

P50.01); but not within the Northern BS (Finnish

populations only). Spatial autocorrelation was posi-

tive and significant in only the smallest distance clas-

ses estimated for each group (data not shown) also

indicating a pattern of IBD.

Using the methods of Johannesson and André

(2006), we did not find a strong genetic shift be-

tween the BS and NS (Fig. 3). However, we do see

increased divergence (FST) with distance from the

northern Baltic, a trajectory resembling a combina-

tion of the IBD model and the peripheral-pertur-

bation model in which the Northern Baltic

populations are differentiated from all other popula-

tions because of their marginal location.

Migration patterns

In Finland, the two methods used to estimate gene

flow produced similar results. The benthic FIA pop-

ulation receives the highest amount of migration.

The mean migration rates into FIA from FIF were

0.17–0.37 and from FIH 0.10–0.15, but the reverse

migration rates from FIA to these populations were

lower. BIMr estimated a higher migration rate from

FIA to FIF than did BayessAss (0.15 versus 0.03). In

Denmark, the results were also fairly consistent be-

tween the two methods, showing a high rate of self-

recruitment in most populations. Both methods sug-

gested high migration rate from DKR to the inner

parts of the fjords (DKV and/or DKH) and migra-

tion rate from Sweden to Denmark was low. Among

the NS samples, a surprisingly high level of self-

recruitment was seen. With BayesAss, the highest

outward migration rates were from the French

populations, suggesting they are source populations.

There were high migration rates from France to the

nearby Netherlands sample (NLB and NLH com-

bined) and also to the UK populations across the

English Channel and to the northern parts of the

UK. However, migration rates in the opposite direc-

tion (into France) were very low. On the other hand,

BIMr estimated high symmetrical migration rate be-

tween France and the planktonic Dutch populations

(NLBþNLH), but no migration from France to the

other sites. It also estimated zero migration into

the UK populations, which is inconsistent with the

BayesAss results. The NLS population was estimated

to have low migrant proportions and low levels of

outward migration to the other populations (using

both methods) (Table 4).

Discussion

If a correlation between dispersal ability and larval

developmental mode exists, population genetic struc-

ture of marine invertebrate species is expected to

show a predictable pattern: species with planktonic,

dispersive larvae should have larger populations

with high genetic diversity and effective gene

flow, whereas species with benthic, brooded larvae

should have considerable population genetic struc-

ture due to limited gene flow among smaller, less

diverse populations (e.g., Ellingson and Krug 2006;

Lee and Boulding 2009; Binks et al. 2011). We in-

vestigated whether the expected correlation between

developmental mode, dispersal, and population

genetic structure would be predictable for the poly-

chaete P. elegans, a poecilogonous species that dis-

plays variation in developmental mode primarily

among populations, but also within populations.

We confirmed our hypothesis that P. elegans popu-

lations with predominantly planktonic developmen-

tal mode had higher genetic diversity than did

populations that also had benthic larvae. The same

result was found previously using DNA sequence data

from the mitochondrial gene cytochrome c oxidase

subunit I (Kesäniemi et al. 2012b). However, higher

diversity in the populations with planktonic larvae

could be explained by factors other than develop-

mental mode.

First, higher genetic diversity in the populations

with planktonic larvae could be explained by a

larger effective population size (Ne) in these popula-

tions. Although we do not have estimates of Ne, all

of the populations with predominantly planktonic

larvae also appeared to have a high density of

worms. Higher Ne could also explain the higher

number of private alleles we observed in most of
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the NS populations (although these were not signif-

icantly higher). These observations are only qualita-

tive, so a relationship between high density/high Ne

and high genetic diversity would need to be ad-

dressed with more quantitative methods. However,

higher genetic diversity achieved by retention of al-

leles in large populations has been proposed for

other species with planktonic larvae (e.g., Lee and

Boulding 2009).

Second, asexual reproduction observed in the

Baltic populations of P. elegans (Rasmussen 1953;

Anger 1984; J. E. Kesäniemi and E. Geuverink, per-

sonal observation) could also lower their genetic

diversity and complicate interpretations of our find-

ings. Asexual reproduction has not been observed in

P. elegans in the NS (Morgan et al. 1999; Bolam

2004; K. E. Knott and E. Geuverink, personal obser-

vation). The lack of asexual reproduction in the NS

could be explained by a higher density of worms in

these populations. Wilson (1983) found that in the

laboratory, the proportion of asexually reproducing

P. elegans increased when worms were reared at low

densities, and this may also occur in nature. Despite

asexual reproduction in some populations, none of

the sampled individuals appeared to be clones (mul-

tilocus genotypes were not shared); there were, how-

ever, significant deviations from HWE and positive

FIS values for the loci we studied in most popula-

tions, indicating that processes increasing population

identity by descent may be common in P. elegans.

Inbreeding, within population genetic structure (the

Wahlund effect) and high local recruitment, in addi-

tion to asexual reproduction, could lead to devia-

tions from HWE. These processes may be more

common in populations with benthic larvae than in

populations with planktonic larvae, but other results

(discussed below) indicated that at least high local

recruitment was common in most populations. High

positive FIS values and deviations from HWE have

been noted in other population genetic analyses of

marine invertebrates (Addison and Hart 2005; Zhan

et al. 2009).

Finally, the difference in genetic diversity could exist

because of the association of developmental mode and

geographic location. Initial survey of predominant

developmental mode indicated that benthic larvae

may be more common in the BS (Table 1). However,

Fig. 2 Scatterplot showing the isolation-by-distance pattern between pair-wise genetic distance (linearized FST: FST/(1� FST)) and

geographic distance (km).

Fig. 3 Genetic differentiation (pair-wise FST values, y-axis)

between the innermost Baltic population (FIA) and other popu-

lations at increasing distances. The x-axis shows distance (km)

from the population at the entrance to the Baltic Sea (our GER

sample at zero), with negative values going toward the northern

Baltic and positive values outside the Baltic through the Kattegat.
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there are exceptions; all developmental modes are

observed in NLS, and benthic larvae have been re-

ported for UKR and UKP (Morgan et al. 1999). We

found lower genetic diversity in the BS populations

compared to those in the NS, but the pattern may

not be related to developmental mode. Lower diversity

in the Baltic is not unexpected, and is known for

marine plants, invertebrates (see Johannesson and

André 2006), and vertebrates (Nielsen et al. 2003;

Säisä et al. 2005; Hemmer-Hansen et al. 2007).

Nevertheless, exceptional populations in the NS that

also had benthic larvae, (NLS and possibly UKP and

UKR), did have somewhat lower genetic diversity than

did other NS populations in which only planktonic

larvae were found.

In order to tease out the potential factors influenc-

ing diversity in this system, additional analyses

contrasting populations which differ only in devel-

opmental mode, but not in habitat characteristics,

density, or propensity for asexual reproduction

would be required. A comparison between popula-

tions NLS and NLH perhaps provide one such

example, but replicate comparisons would be neces-

sary. Alternatively, concomitant analyses of genetic

data and environmental data may provide a way to

identify the most probable factors influencing genetic

patterns (e.g., Case et al. 2005; Banks et al. 2007;

Dionne et al. 2008; Gaggiotti et al. 2009).

Given our hypothesis that developmental mode

influences the genetic structure of populations, we

expected to find significant genetic differentiation

only among the Baltic populations with benthic

developmental modes. However, significant genetic

structure among populations in both the BS and

NS were detected (AMOVA). Pair-wise FST and

Dest analyses also indicated significant population

differentiation between almost all populations

(Table 3). In Finland, all three samples were geneti-

cally differentiated, despite short geographic dis-

tances between their locations (20–100 km). Here

P. elegans is strongly associated with seagrasses, and

its distribution is likely to be patchy due to the

highly fragmented distribution of the sea grass

Zostera marina in the Finnish archipelago (Boström

et al. 2006). In a patchy habitat, brooded, nondis-

persive larvae should be favored as they would main-

tain local recruitment (Levin 1984; Pechenik 1999).

In the Southern Baltic, where populations show mul-

tiple developmental modes, genetic differentiation is

also seen, but not among all samples. Interestingly,

Table 4 Migration rates among Pygospio elegans populations within three areas analyzed separately (Northern Baltic Sea, Southern

Baltic Sea, and North Sea)

To From

Northern Baltic Sea

FIA FIF FIH

FIA 0.68/0.53 (0.01/0.13) 0.17/0.37 (0.07/0.14) 0.15/0.10 (0.07/0.07)

FIF 0.03/0.15 (0.02/0.12) 0.90/0.79 (0.06/0.12) 0.07/0.06 (0.06/0.05)

FIH 0.01/0.06 (0.01/0.08) 0.11/0.19 (0.05/0.13) 0.88/0.75 (0.05/0.01)

Southern Baltic Sea

DKV DKH DKR SWE

DKV 0.68/0.51(0.01/0.08) 0.01/0.18 (0.01/0.08) 0.29/0.22 (0.02/0.08) 0.02/0.09 (0.02/0.05)

DKH 0.02/0.00 (0.02/�) 0.70/1.00 (0.02/�) 0.27/0.00 (0.03/�) 0.01/0.00 (0.01/�)

DKR 0.02/0.00 (0.01/�) 0.02/0.00 (0.01/�) 0.86/1.00 (0.03/�) 0.10/0.00 (0.03/�)

SWE 0.11/0.00 (0.03/�) 0.01/0.00 (0.01/�) 0.02/0.00 (0.02/�) 0.86/1.00 (0.03/�)

North Sea

FRCþ FRS NLBþNLH NLS UKAþUKD UKPþUKR

FRCþ FRS 0.96/0.75 (0.02/0.06) 0.00/0.15 (�/0.06) 0.01/0.01 (0.01/0.01) 0.03/0.05 (0.02/0.03) 0.00/0.04 (�/0.03)

NLBþNLH 0.30/0.14 (0.01/0.06) 0.67/0.73 (�/0.06) 0.01/0.02 (0.01/0.01) 0.02/0.03 (0.01/0.02) 0.00/0.01 (�/0.05)

NLS 0.04/0.00 (0.02/�) 0.01/0.00 (0.01/�) 0.93/1.00 (0.02/�) 0.01/0.00 (0.01/�) 0.01/0.00 (0.01/�)

UKAþUKD 0.11/0.00 (0.03/�) 0.00/0.00 (�/�) 0.01/0.00 (0.01/�) 0.87/1.00 (0.03/�) 0.00/0.00 (0.00/�)

UKPþUKR 0.22/0.00 (0.05/�) 0.01/0.00 (�/�) 0.06/0.00 (0.03/�) 0.04/0.00 (0.03/�) 0.67/1.00 (0.01/�)

First values are from BayesAss, the second from BIMr and the respective standard deviations are in brackets (SD values 50.00 are marked with

a �). The source populations for migration are given in columns and populations receiving migrants are in rows. Migration values along the

diagonal axis are the proportions of individuals with local recruitment (underlined and in italics).
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the German population, sampled from deeper water,

is more similar to the NS populations than it is to

the Baltic populations and it also has higher diversity

than do other Baltic populations.

Only a few P. elegans populations were not signif-

icantly differentiated according to the pair-wise FST

and Dest comparisons, and these included primarily

the populations with planktonic larvae in the English

Channel and adjacent populations in the Wadden

Sea (UKP and UKR; FRS, FRC, NLB and NLH).

Nevertheless, there was genetic differentiation be-

tween the English Channel (UK) populations and

those from the French and Dutch sites. Notably,

NLS, from which all larval developmental modes

have been found, was significantly differentiated

from the nearby population NLH, in which plank-

tonic larvae dominate. Clearly, in P. elegans, addi-

tional factors other than developmental mode must

affect the patterns of genetic structure among popu-

lations. In analyses of allozyme data, Morgan et al.

(1999) found genetic structure in the English

Channel to differ between the French coast and the

southern coast of UK, probably because of a hydro-

graphic barrier.

Given the many pair-wise population comparisons

showing significant genetic differentiation, long-

distance dispersal might not be successful in this

species. Planktonic larvae of P. elegans are expected

to have significant dispersal potential since they can

live for 4–5 weeks in the plankton (Anger et al.

1986). However, high larval mortality (Pedersen

et al. 2008), or higher-than-expected local recruit-

ment could determine realized dispersal in this spe-

cies. Our estimates of migration rates revealed

surprisingly high estimates of self-recruitment in all

populations, including those with primarily plank-

tonic larvae (Table 4). As a result, realized dispersal

appears not be tightly correlated with developmental

mode and the expected association between larval

developmental mode and genetic structure of popu-

lations is not clear-cut. In principle, oceanic currents

can transport different life-stages over large distances,

but currents can also promote local differentiation

that can help to explain population genetic patterns

(Knutsen et al. 2004; Fievet et al. 2006; Kenchington

et al. 2006; White et al. 2010). Local habitat charac-

teristics; such as the estuarine environment, or

behavioral factors can also affect retention of the

larval stage, as well as population genetic structure

(Levin 1986; Palumbi 1994; Metaxas 2001; Sponaugle

et al. 2002; Swearer et al. 2002). For example, Bolam

(2004) suggested that the P. elegans larvae in Drum

Sands (UKD) might settle locally because of local

hydrodynamic conditions. Further study of larval

behavior of P. elegans would be worthwhile to

pursue in order understand limitations on dispersal

in this species.

In our study, we found significant IBD across the

entire region (Fig. 2) and within both the BS and the

NS, regardless of the larval developmental mode. In

previous studies, IBD is more often found in species

with nondispersive larvae (Duran et al. 2004). For

example, in bryozoans, species with planktonic

larvae had lower population genetic structure and

low or absent IBD, whereas species with

nondispersive larvae showed higher genetic differen-

tiation among populations combined with a pattern

of IBD (Goldson et al. 2001; Watts and Thorpe

2006). Hellberg (1996) saw a similar pattern in

corals from the coast of California. Together, our

results of significant IBD on multiple scales, signifi-

cant genetic autocorrelation at the smallest geo-

graphic distance classes (within populations), and

high estimated local recruitment support a conclu-

sion of limited dispersal by planktonic larvae of

P. elegans. In terms of dispersal, the different devel-

opmental modes of this species may actually be very

similar.

Focusing our geographic study on the natural

environmental transition in salinity between the NS

and the BS, we also saw evidence of IBD. Pygospio

elegans did not show strong differentiation over this

transition, whereas genetic differentiation is com-

monly seen in other species with populations in

both areas (Bekkevold et al. 2005; Johannesson and

André 2006; O’Leary et al. 2007; Wiemann et al.

2010). Additional sampling between Germany and

Finland would provide a more rigorous test of the

geographic pattern. However, the result implies that

the change in salinity does not impose a barrier to

gene flow for P. elegans. Johannesson and André

(2006) noted that the patterns of loss of diversity

among regions and the strength of IBD were not

different among species with different dispersal

potential. However, Hemmer-Hansen et al. (2007)

compared population genetic structure of European

flounder (Platichthys flesus L.) with plasticity in egg

type, a phenomenon uncommonly seen in fish. This

species spawns benthic eggs in the northern Baltic,

but ‘‘normal pelagic eggs’’ in the southern BS and in

the NS. A genetic barrier suggesting restricted gene

flow was found for the flounder between these areas

and was associated with the difference in develop-

mental mode.

The apparent association of developmental

mode with habitats of low salinity may indicate

that different developmental modes may be advanta-

geous under different environmental conditions.

192 J. E. Kesäniemi et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/52/1/181/739566 by U

.S. D
epartm

ent of Justice user on 16 August 2022



Hannerz (1956) and Rasmussen (1973) hypothesized

that environmental variation and developmental

plasticity would explain larval phenotypic variation

in P. elegans. However, Anger (1984) did not find

plasticity in developmental mode in experiments ma-

nipulating temperature and salinity. Environmental

variation is known to affect poecilogony in some

species, for example, the sea slug Alderia willowi

(Krug 2007). Also, geographical patterns in poecilog-

ony are not uncommon. In another poecilogonous

polychaete, Boccardia proboscidea, females at higher

latitudes along the western coast of North America

invest more in larval nutrition and produce a larger

proportion of brooded larvae (Oyarzun et al. 2011).

We examined the role of developmental mode and

environment in a broad survey of genetic structure

among populations of P. elegans extending over a

region with extremes of salinity (from the NS to

the BS). We found that most genetic variation

existed within populations, but that there was signif-

icant genetic differentiation at a large spatial scale

(across the entire region studied) as well as at mod-

erate scales (within subregions: NS and BS). We

observed a significant trend of IBD at both the

broadest and regional scales, and the genetic struc-

ture of populations did not appear to be affected by

the transition zone of changes in salinity, or by the

predominant developmental mode of the popula-

tions. However, the association of developmental

mode and geographic location makes it difficult to

separate the effects of these two factors. Our results

raise questions about the assumed dispersal potential

of the planktonic larvae of P. elegans. Local recruit-

ment was estimated to be high regardless of devel-

opmental mode or habitat, and could be explained

by high mortality rates for planktonic larvae

(Pedersen et al. 2008). Alternative explanations of

genetic structure in populations with planktonic

larvae, such as possible sweepstakes reproductive suc-

cess (Hedgecock 1994) or temporal Wahlund effects

should be investigated.
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Söderström A. 1920. Studien über die Polychaeten familie

Spionidae [dissertation]. Sweden: University of Uppsala.

Sotka EE, Wares JP, Barth JA, Grosberg R, Palumbi SR. 2004.

Strong genetic clines and geographical variation in gene

flow in the rocky intertidal barnacle Balanus glandula.

Mol Ecol 13:2143–56.

Sponaugle S, Cowen RK, Shanks A, Morgan SG, Leis JM,

Pineda J, Boehlert GW, Kingsford MJ, Lindeman KC,

Grimes C, et al. 2002. Predicting self-recruitment in

marine populations: Biophysical correlates and mecha-

nisms. B Mar Sci 70:341–75.

Swearer SE, Shima JS, Hellberg ME, Thorrold SR, Jones GP,

Robertson DR, Morgan SG, Selkoe KA, Ruiz GM,

Warner RR. 2002. Evidence of self-recruitment in demersal

marine populations. B Mar Sci 70:251–71.

Thorrold SR, Jones GP, Hellberg ME, Burton RS, Swearer SE,

Neigel JE, Morgan SG, Warner RR. 2002. Quantifying larval

retention and connectivity in marine populations with ar-

tificial and natural markers. B Mar Sci 70:S291–308.

Poecilogony and population genetic structure 195

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/52/1/181/739566 by U

.S. D
epartm

ent of Justice user on 16 August 2022



Watts PC, Thorpe JP. 2006. Influence of contras-

ting larval developmental types upon the population-

genetic structure of cheilostome bryozoans. Mar Biol

149:1093–101.

Weersing K, Toonen RJ. 2009. Population genetics, larval dis-

persal, and connectivity in marine systems. Mar Ecol Prog

Ser 393:1–12.

White C, Selkoe KA, Watson J, Siegel DA, Zacherl DC,

Toonen RJ. 2010. Ocean currents help explain population

genetic structure. Proc R Soc B 277:1685–94.

Wiemann A, Andersen LW, Berggren P, Siebert U, Benke H,

Teilmann J, Lockyer C, Pawliczka I, Skóra K, Roos A, et al.
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