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ABSTRACT 

Kesäniemi, Jenni 
Variation in developmental mode and its effects on divergence and maintenance 
of populations 
Jyväskylä: University of Jyväskylä, 2012, 47 p. 
(Jyväskylä Studies in Biological and Environmental Science 
ISSN 1456-9701; 243) 
ISBN 978-951-39-4818-4 (nid.) 
ISBN 978-951-39-4819-1 (PDF) 
Yhteenveto: Kehitysmuotojen variaatio ja sen populaatiogeneettiset seuraukset 
Diss. 

For invertebrates with complex life cycles in which one or more larval stages 
precede the adult stage, developmental mode is a key life-history characteristic. 
A variety of different larval developmental modes are seen among marine 
invertebrate species and the different modes typically have differing dispersal 
potential, and this consequently affects population-level gene flow and genetic 
differentiation, especially in species were adults are sessile. The spionid 
polychaete Pygosio elegans can produce small free swimming larvae feeding in 
the plankton, or benthic larvae feeding on nurse eggs while brooded in egg 
capsules in the maternal tube. Support for poecilogony in P. elegans was found 
using DNA sequence data and phylogenetic analyses: divergence in the COI 
gene was low and haplotypes were shared among populations with different 
larval modes. In population genetic analyses with newly developed genetic 
markers, genetic variation and effective population size were found to be 
higher in populations were the planktonic larval mode predominates, 
compared to populations with benthic larvae. Populations with benthic larvae 
were also more prone to the effects of genetic drift and were temporally 
unstable. Isolation by distance pattern and significant genetic structure was 
seen among most population pairs in Europe, despite larval mode. These 
results and the high estimated local recruitment rates suggest that the larval 
dispersal may not be tightly correlated with the developmental mode in this 
species and that factors other than dispersal may be affecting the genetic 
structure seen. On a small geographical scale, no habitat characteristics were 
found to significantly affect the observed genetic structure, but on a larger scale, 
the developmental mode may be associated with geography or environmental 
factors. Because of the observed polymorphism in developmental mode seen in 
P. elegans, it is a good model species for research on the mechanisms and 
consequences of life history variation. 
 
Keywords: Developmental mode; dispersal; microsatellite; poecilogony; 
population genetics; Pygospio elegans.  
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1 INTRODUCTION 

1.1 Diversity of marine life history strategies 

The study of life history evolution aims at understanding the diversity of 
adaptive strategies that optimize the survival and reproduction of organisms in 
different environments (Stearns 1992). A wide diversity of developmental 
strategies have evolved in marine species, and in many marine phyla, there can 
be multiple larval stages between the embryo and adult.  For invertebrates with 
complex life cycles, larval type, or developmental mode of the larvae, is a key 
life-history characteristic. In the literature, developmental modes of larvae have 
been categorized based on different criteria, e.g. embryology, nutritional mode 
or site of development (Thorson 1950, Mileikovsky 1971, Jablonski & Lutz 1983, 
Wilson 1991, McEdward & Janies 1993, Levin & Bridges 1995, Raff & Byrne 
2006). In general, if larval development occurs in the water column it is called 
planktonic development, whereas benthic development takes place on the 
seafloor or within the sediment. If the development is benthic, the larvae can be 
free crawling or more commonly, they can be encapsulated in gelatinous 
masses, capsules or cocoons. These structures are usually attached to the sea 
floor, plants, on the body of the adult (e.g. some sea stars) or, in tube building 
species (e.g. some polychaetes), capsules can be laid within the tube. If 
developmental mode is categorized based on nutritional needs, larvae that feed 
in the plankton are called planktotrophic. This kind of development is common 
and widespread in marine invertebrate phyla, as is spawning of gametes into 
the water column. Facultative planktotrophic larvae do not need to feed (but 
are able to) in order to reach metamorphosis (Levin & Bridges 1995). If the 
parent provides nutrition for the developing larvae it can occur via large yolky 
eggs (lecithotrophy) or the developing larvae can feed on extra embryonic 
nutritional eggs or their siblings (adelphophagy). Adelphophagy, seen in some 
nemerteans, polychaetes and molluscs, is considered to be rarer than 
lecithotrophy (see Levin & Bridges 1995). Maternal food provisioning 
(especially adelphophagy) is often connected to the protection of larvae during 
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development in egg masses or capsules (for example, in spionid polychaetes, 
see Blake & Arnofsky 1999; and in gastropods, see Collin 2004, Collin et al. 
2007), but not all species with egg capsules have nurse eggs (Thorson 1946, 
1950). Indeed, multiple developmental strategies are often mixed within taxa. 
For example, in some polychaetes, nemerteans and gastropods, a mixed larval 
strategy with an initial benthic or brooded lecithotrophic phase followed by a 
planktotrophic free living phase is common (Pechenik 1979). Also, direct 
development (no larval stage) is known to occur in most marine invertebrate 
phyla (Levin & Bridges 1995). 

1.2 Evolution of different larval developmental modes 

Understanding the variation and complexity seen in the developmental modes 
of marine invertebrates is critical for understanding their evolution. It has been 
suggested that external fertilization and feeding planktonic (planktotrophic) 
mode is the ancestral developmental mode of most taxa (Thorson 1950, 
Strathmann 1978, Levitan 1996, but see McHugh & Rouse 1998), but in 
polychaetes, internal fertilization and lecithotrophy may be the ancestral mode 
(Rouse 2000). The potential ancestral developmental mode is important for 
inferring transitions in developmental modes and the evolutionary pressures 
that may lead to such transitions. For example, an evolutionary transition from 
a feeding larva to a non-feeding larva may be more common than one in the 
opposite direction, since the evolution of morphological structures required for 
feeding is expected to be complex (but see Rouse 2000). However, phylogenetic 
inferences and multiple observations of sister species with different 
developmental modes (Christiansen & Fenchel 1979, Hart et al. 1997, Blake & 
Arnofsky 1999, Jeffery et al. 2003, Collin 2004, Ellingson & Krug 2006, Raff & 
Byrne 2006), suggest that transitions in developmental mode happen often and 
rapidly on an evolutionary time scale. In some groups,  a wide range of 
different developmental modes can be seen even within a taxonomic family: for 
example in spionid polychaete annelids, the range is from broadcast spawners 
followed by planktotrophic or lechithotrophic development in the plankton, to 
brooding on the female or in capsules (with or without a planktonic phase), to 
viviparity (Hannerz 1956). 

The existence of different developmental modes has been connected to the 
proposed energetic tradeoffs between egg size, developmental time and 
number of offspring and the risks to the survival of the offspring (Vance 1973, 
Strathmann 1985, Havenhand 1995, but see Levitan 2000). The prediction is that 
planktonic feeding larvae develop from small eggs that are nutritionally poor in 
yolk and therefore less costly to the mother to produce (Thorson 1950), whereas 
lecithotrophic, non-feeding larvae develop from larger, nutrient rich eggs which 
require a significant input of maternal resources. The proposed advantages of 
planktotrophy are high fecundity and low parental protection, but due to high 
mortality rates in the plankton (Morgan 1995), a transition towards copulation, 
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internal fertilization and parental protection may increase the survival of the 
offspring (Strathmann 1993). 

The evolution of lecithotrophy is therefore coupled with increased 
maternal investment leading to selection for larger egg size and shorter 
developmental time (Strathmann 1985, Havenhand 1993), or alternatively, the 
brooding of embryos and providing them with extra embryonic nutrition 
reduces the need for planktotrophy and high fecundity (see Wray 1995). 
Evolution of different larval modes can be influenced by ecological factors, such 
as predation, food availability and competition (Strathmann 1993, Krug & 
Zimmer 2000, Marshall & Keough 2009). Also, factors affecting settlement and 
juvenile survival are important. For example, selection for shorter 
developmental time (egg to juvenile) can affect post-settlement demographics 
(Havenhand 1993) and larval nutrition can affect the success of the juvenile 
stage (Pechenik 2006, Emlet & Sadro 2006). 

1.3 Consequences of developmental mode 

1.3.1 Developmental mode, dispersal and genetic variation 

The developmental mode of larvae can affect a species at many levels, for 
example their fecundity, developmental time and dispersal potential. As 
mentioned, planktonic life stages have high mortality rates because of the 
numerous risks the larvae face in the plankton, for example predation, poor 
food availability or changes in abiotic factors such as salinity and temperature 
(Thorson 1950, Morgan 1995, Pechenik et al. 2004) and the risks are thought to 
increase with a longer planktonic larval period (Thorson 1950, Rumrill 1990, 
Pechenik & Levine 2007). In addition to allowing independence from variable 
external food sources, the shortened developmental time of larvae with 
maternal food provision (lecithotrophy or adelphophagy) allows for higher 
survivorship (Thorson 1950, Wray & Raff 1991, Morgan 1995). Encapsulation of 
larvae could further increase larval survival, since the time spent in the 
plankton is shortened or eliminated and the larvae are more protected from 
predation (Pechenik 1979, Strathmann 1985). 

For benthic marine invertebrates, the larval developmental mode is 
connected to the dispersal ability of a species, which in turn has important 
evolutionary consequences. In these species, the adults are typically sessile or 
sedentary, and dispersal is expected to occur mainly during the larval stage, but 
the active or passive movement of adults and larvae through rafting, crawling, 
or for example with ballast water in ships should not be ignored (Martel & Chia 
1991, Watts et al. 1998, Anil et al. 2002, Fraser et al. 2011). Species with 
planktonic larvae are generally thought to have high dispersal potential, which 
is expected to lead to high effective gene flow and low genetic structure among 
populations. In species with benthic or direct developing larvae, the opposite 
pattern is expected since the larvae are more likely to settle in their natal 



10 

population than disperse (Thorson 1950, Palumbi 1994, Bohonak 1999). Because 
tracking the movements of larvae in the water column is very challenging 
(Thorrold et al. 2002, Levin 2006), larval dispersal patterns have been commonly 
studied with indirect methods such as genetic markers. The pattern of higher 
connectivity in species with planktonic larvae compared to non-dispersive 
larvae has been found in many population genetic studies of different marine 
species (Hellberg 1996, Arndt & Smith 1998, Kyle & Boulding 2000, Collin 2001, 
Dawson et al. 2002, Elligson & Krug 2006), but studies with different patterns 
are not uncommon (Bowen et al. 2006, Miller & Ayre 2008, Kelly & Palumbi 
2010). Also, higher genetic variation is seen in species with planktonic larvae 
(Foltz et al. 2004, Ellingson & Krug 2006, Binks et al. 2011) and also higher 
effective population size is often seen, likely due to the higher fecundity and 
dispersal ability allowing considerable migration into populations. 

Understanding the effects of the different dispersal potential of larval 
developmental modes is an important evolutionary question, for example in 
terms of speciation. In theory, species with planktonic larvae should have wider 
geographic ranges, low extinction rates and low speciation rates because of high 
effective gene flow among populations. In species with non-dispersive larvae, 
populations are expected to become isolated faster (Palmer & Strathmann 1981, 
reviewed in Jablonski & Lutz 1983 but see Hart & Marko 2010). When thinking 
about contemporary populations, the balance between dispersal and local 
population maintenance is important. Non-dispersive larvae may be selected 
for in optimal habitats because these larvae settle into the natal population with 
high probability, but in an unstable or fragmented habitat, dispersal capacity 
could be beneficial, since offspring would then be able to move to different 
habitats that might increase the chances of survival and reproduction (Palmer & 
Strathmann 1981, Havenhand 1995, but see Strathmann et al. 2002). 

1.3.2 Developmental mode and population temporal dynamics 

Opportunistic life history characteristics, for example small adult size, high 
fecundity (with planktonic larvae), short life span and an ability to disperse 
(Grassle & Grassle 1974, Pearson & Rosenberg 1978) can allow individuals of a 
species to take advantage of habitats with variable conditions. Opportunistic 
species can quickly colonize new or re-colonize disturbed habitats, leading to 
fluctuations in population sizes and instability in the genetic structure of marine 
populations (Whitlack & Zajac 1985, Warwick 1986, Bolam & Fernandes 2002). In 
addition, high fecundity coupled with high larval mortality may lead to high 
variation in reproductive success among individuals. If only a small proportion 
of the population produces the majority of the individuals of the next generation 
(sweepstakes reproductive success), the genetic structure of the population may 
vary temporally (Hedgecock 1994, Hedgecock & Pudovkin 2011). Brooding 
species with benthic developmental modes are expected to have less flexibility in 
terms of their potential response to a changing environment and be relatively 
protected from stochastic variation in reproductive success. As a result, species 
with larval brooding may have increased temporal genetic stability (Lee & 
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Boulding 2009). However, in a stochastic and often unpredictable marine 
environment, other factors affect the temporal stability of populations also, for 
example in small populations, genetic drift may be the main force shaping 
temporal and spatial genetic patterns on a short time scale (Tessier & Bernatchez 
1999, Virgilio & Abbitatti 2006, Lee & Boulding 2009).  

1.3.3 Other factors affecting population genetic structure 

Recent trends in population genetic studies have included incorporating the 
effects of historical and environmental factors on population genetic structure 
to aid the identification of dispersal barriers. Unexpected genetic structure can 
be caused by patterns of oceanic currents (Sotka et al. 2004, Pineda et al. 2007), 
and on different scales, different current patterns may either transport larval life 
stages long distances or promote local larval retention (Knutsen et al. 2004, 
Fievet et al. 2006, Kenchington et al. 2006, White et al. 2010).  Local retention of 
planktonic larvae can be influenced by habitat characteristics and larval 
behaviour (Levin 1986, Palumbi 1994, Metaxas 2001, Sponaugle et al. 2002, 
Swearer et al. 2002). However, population genetic patterns are often created by 
a complex interplay of developmental mode, population size, connectivity, 
adaptation and environmental factors and it may be very difficult to separate 
the effects of individual factors. 

1.4 Poecilogony 

While closely related species with different developmental modes are common 
among marine invertebrates (e.g. Blake & Arnofsky 1999, Jeffery et al. 2003, 
Collin 2004, Ellingson & Krug 2006), it is rare to observe different larval 
developmental modes within a single species. This within species 
polymorphism in developmental mode is termed poecilogony (Giard 1905), and 
it is mainly known in spionid polychaetes and sacoglossan sea slugs (Chia et al. 
1996, Blake & Arnofsky 1999, Gibson & Gibson 2004, Ellingson & Krug 2006). It 
is unclear what causes developmental mode polymorphism, but several 
different mechanisms could maintain poecilogony. For example, poecilogony 
could be determined by genetic polymorphism or be an adaptive response to 
maintaining populations in variable environmental conditions, i.e. as 
environmentally induced plasticity (see Knott & McHugh 2012). 

One well-studied example of a poecilogonous species is the spionid 
polychaete Streblospio benedicti, which lays its embryos in maternal brood sacs 
attached to the female. In this species, the different larval phenotypes are visible 
already as differences in egg size among females (Levin 1984) and egg size, as 
well as other larval traits have been found to be heritable (Levin et al. 1991). 
Planktotrophic larvae develop from small eggs (60-90μm in diameter) and they 
are released from the maternal brood sacs at an early stage to feed in the 
plankton. If the eggs are large (100-200 μm) and yolky, larvae are brooded for a 
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longer time and then are released as large lecithotrophic larvae (Levin 1984, 
Blake & Arnofsky 1999, Pernet & McArthur 2006). The two different larval 
types have different morphology: some larval traits are missing (e.g., the larval 
bristles, Levin 1984), and some traits have different structure or develop at a 
later stage of the developmental period in lecithotrophic larvae in comparison 
to planktotrophic larvae (Gibson et al. 2010, Pernet & McHugh 2010). Despite 
the morphological and heterochronic differences during the larval period, 
adults which have developed through the different pathways are 
morphologically indistinguishable and interfertile (Levin et al. 1991). 

In S. benedicti, there is evidence for genetic control over the larval 
phenotype, but in another poecilogonous polychaete, the different larval 
developmental modes are dependent on the variability of maternal food 
provisioning to the embryos. The tube building spionid Boccardia proboscidea 
lays its embryos and nurse eggs (non-developing eggs that serve as food for the 
larvae) into egg capsules inside the maternal tube (Gibson 1997). Three different 
reproductive strategies are seen: in the absence of nurse eggs, only 
planktotrophic larvae are produced; if a small amount of nurse eggs are 
deposited in the capsules, larvae hatch as slightly larger planktotrophic type 
larvae (rare), but when nurse eggs are plentiful, the capsules can contain both 
small planktotrophic larvae and a few adelphophagic larvae that feed on nurse 
eggs and the smaller larvae. The adelphophagic larvae do not disperse after 
their release from the egg capsules (Gibson 1997, Gibson et al. 1999). Different 
larval types are seen within a population (Gibson 1997, Oyarzun et al. 2011), 
and adults that developed from different larval types are interfertile. When 
such adults interbreed, their offspring develop via the same developmental 
mode as did the maternal worms (Gibson 1997). 

In the sacoglossan sea slug Alderia willowi, the eggs are laid in benthic egg 
masses and there are seasonal changes in the larval developmental mode. 
Larger eggs and lecithotrophic larvae are produced in the summer, and a 
switch to smaller egg size and planktotrophic larvae occurs with a drop in 
temperature and salinity when winter is approaching (Krug 1998, Krug 2007). 
Interestingly, these changes happen within individuals, whereas seasonal shifts 
within individuals are rare in other poecilogonous species (Krug 1998).  

In the literature, there have been different definitions for poecilogony. In 
the original description by Giard (1905), poecilogony encompasses variation 
seen within individuals and among individuals within or between populations. 
In some cases, the term has been used when describing plasticity in the timing 
of hatching but without phenotypic differences in the larvae (see Knott & 
McHugh 2012), where it may not be the appropriate term. 

1.5 Aims of this thesis 

I study Pygospio elegans (Fig. 1), a spionid polychaete annelid with larval 
polymorphism. First, since poecilogony is rare and since many presumed 
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poecilogonous species have been proven to be cryptic species with different 
developmental modes, it is important to test the hypothesis of poecilogony. 
Using molecular tools, including DNA barcoding and phylogenetic approaches, 
the poecilogony hypothesis in P. elegans was examined (I). Species with within 
species polymorphism can be used as a model system in studies aiming to 
understand the evolutionary transitions in developmental mode. However, the 
first step is to understand how poecilogony affects population maintenance and 
how populations are connected via gene flow. To study the consequences of the 
dispersal potential of different larval types and population connectivity in P. 
elegans, new species-specific molecular markers were developed for use in 
population genetic studies (II). These microsatellite markers were used in 
population genetic analyses of P. elegans at different spatial scales. On a large 
scale, genetic diversity and genetic structure in and among European P. elegans 
populations with different developmental modes was examined (III). The main 
questions were to examine if there is a correlation between larval dispersal 
ability and developmental mode within a poecilogonous species, more 
specifically, whether the populations with planktonic larvae are more 
connected and have higher migration rates than the populations that also have 
benthic larvae (III). The broad sampling scale also allowed us to investigate if 
the commonly seen pattern of low diversity and genetic isolation in marine 
populations of the Baltic Sea is observed in P. elegans as well (III). In benthic 
marine invertebrates, larval developmental mode affects not only gene flow, 
but also the temporal stability of a population. Therefore, temporal genetic 
stability of P. elegans populations differing in developmental mode was studied 
to clarify the relationship between larval developmental mode and genetic 
population structure (IV). In the marine environment, the barriers to larval 
dispersal may not be obvious. Combining data from habitat characteristics and 
population genetic patterns may reveal more about factors other than 
developmental mode that affect larval dispersal and population connectivity 
(V). A poecilogonous species provides an opportunity to investigate the 
relationships between larval developmental mode, larval dispersal and 
population genetic patterns, without the influence of possible species-specific 
behaviours or adaptive differences which accumulate during or after speciation.  

 

 

FIGURE 1 An adult Pygospio elegans worm (female, approximately 10 mm long). 



  

2 MATERIAL AND METHODS 

2.1 Study species 

Pygospio elegans (Claparède), is a small (max. 15 mm) tube-dwelling spionid 
polychaete worm. It has a broad geographic distribution, in the N. Atlantic and 
Pacific Oceans and in the Baltic Sea. P. elegans can be found from variety of 
habitats, ranging from exposed, intertidal sand or mud flats (Morgan et al. 1999, 
Bolam 2004), seagrass beds (e.g. Boström & Bonsdorff 1997), deeper subtidal 
areas (Kube & Powilleit 1997), to polluted areas (Anger 1984), but sandy 
sediments in shallow waters are preferred (Muus 1967, Rasmussen 1973). In the 
Baltic, P. elegans can be the dominant benthic species (Rasmussen 1973) and it is 
an important prey item for epibenthic predators, e.g. fish (e.g. Mattila 1997). 
Additionally, if the worm densities are high, P. elegans tube beds can have a 
significant impact on community and physical structure in benthic habitats (e.g. 
Bolam & Fernandes 2003).  

P. elegans can produce different types of larvae following sexual 
reproduction. After spermatophore transfer and an internal fertilization, the 
female lays embryos and nutritional nurse eggs into egg capsules within the 
maternal tube (Söderström 1920, Hannerz 1956, Rasmussen 1973). The genuine 
eggs (fertilized embryos) are approximately 100μm in diameter with a distinct 
nucleus, whereas the nurse eggs are visibly smaller (approx. 70μm), orange-
coloured yolky eggs that lack a nucleus (Rasmussen 1973). The difference in the 
egg types is already visible inside the female coelom before egg laying 
(Rasmussen 1973, pers.obs. Fig. 2A). If the amount of nurse eggs is small 
relative to the amount of embryos, planktotrophic larvae develop. These are 
released from the egg capsules at an early stage (3-setigers) to feed in the 
plankton (Fig. 2B). In the laboratory, the planktonic period can last up to 5 
weeks (Anger et al. 1986). If only a few embryos are laid per egg capsule, they 
are brooded throughout their development and the developing larvae feed on 
nurse eggs (adelphophagy). These benthic larvae (Fig. 2C) lack a planktonic 
stage and swimming setae, and are ready to settle soon after their release (at 14-
20-setiger stage). In between these extreme types, intermediate forms are 
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commonly seen (Gudmudsson 1985, pers.obs). P. elegans can also reproduce 
asexually by fragmenting its body (Rasmussen 1953). 

Variation in developmental mode in P. elegans has been reported both 
among and within populations (e.g. Hannerz 1956, Rasmussen 1973, Anger 
1984, Gudmundsson 1985, Morgan et al. 1999) and the differences among 
populations can be seasonal or geographical (Muus 1967, Rasmussen 1973, 
Gudmundsson 1985, Morgan et al. 1999). Anger (1984) and Morgan (1997) have 
studied if the variation in larval phenotype is affected by environmental 
variation, but in Anger’s (1984) experiments with planktonic populations, 
changes in rearing temperature or salinity did not affect the larval development 
mode. Developmental mode was also conserved in experiments done by 
Morgan (1997) in which nutrient level and worm densities were varied in two 
populations with different larval developmental mode. The results from these 
experiments and observations of populations with apparently fixed 
development (just one larval type) have raised the question of possible cryptic 
species with different developmental modes within this species. However, 
within population larval polymorphism and some genetic and morphological 
evidence (Morgan et al. 1999) suggest poecilogony. 

 

 

FIGURE 2 Pygospio elegans egg types and examples of two different larval modes. A. 
True eggs with nuclei (100 μm in diameter) and smaller nurse eggs removed 
from the coelom of a female. B. A planktonic larva after release from the egg 
capsule (approx. 0.2 mm in length). C. A benthic larva in an egg capsule 
(width of the egg capsule is approx. 1 mm).  

2.2 Sample collecting 

P. elegans worms were collected from several locations during years 2008 to 
2011. From Europe, sample collecting was done from the Baltic Sea (Finland, 
Sweden, Denmark, Germany), the Wadden Sea (Netherlands), North Sea (UK), 
the English Channel (UK, France), the North Atlantic Ocean (Iceland) and the 
White Sea (Russia). Three locations from the US were also sampled for the 
phylogenetic study (I) (east coast: two locations in Maine and west coast: 
Washington). For the temporal sampling, 7 European populations were 
sampled from the same location 2–3 times during years 2008–2011 (IV). 
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In the non-tidal Baltic Sea, sediment sampling was done either by scuba 
diving at 3-5 m depth (Finland), or by wading and shoveling the sediment in 
less than 1.5 m deep water (Denmark, Sweden). The German sample was 
collected from a depth of 18 m using a sediment grab operated from a boat. In 
the mud and sand flats in the Netherlands, France, and UK, partially exposed 
sediment was sampled in the intertidal zone during low tides. The sediment 
was immediately sieved (with 0.5 or 1.0 mm sieve) and the P. elegans sand tubes 
were placed on trays with seawater without any sediment. The worms will 
emerge from their tubes after this disturbance (in most cases, worms were left 
on trays for up to 24h). Then, the worms were sexed and examined for the 
presence of gametes or nurse eggs, which can be seen in the coelom through the 
body wall using a microscope. Sand tubes were examined for egg capsules and 
if capsules were found, the larvae were examined to determine their 
developmental mode (embryos can be distinguished from the nurse eggs even 
during the early stages of their development). Water samples from all the 
sampling locations were also examined for the presence of planktonic larvae. 
Worms were preserved in ethanol (70-90 %) until DNA analyses. Also, some 
live worms were transported to the University of Jyväskylä and were 
maintained in the laboratory in simple aquaria setup (Anger et al. 1986) where 
their reproduction could be monitored. 

2.3 Molecular methods 

2.3.1 Microsatellite loci isolation 

For the microsatellite library (I), genomic DNA was extracted from whole 
individuals using PUREGENE® DNA Purification Kit (Gentra systems). 
Microsatellite loci were isolated following a modified (Grapputo 2006) FIASCO 
technique (Zane et al. 2002). Four enrichment libraries were prepared with the 
following probes: (CA)22, (TA)12, (CAG)11, (CATA)8. PCR amplicons were cloned 
using the TOPO-TA cloning kit (Invitrogen) and One Shot® TOP10 competent 
Escherichia coli cells. Positive clones were amplified with vector specific primers, 
sequenced using BigDye Terminator 3.1 reagents and visualized with the ABI 
PRISM 3130xl (Applied Biosystems). When repeat regions were found in the 
sequences, primers were then designed to the flanking regions. In total, primers 
were designed for 17 microsatellite repeat loci using PRIMER3 (Rozen & 
Skaletsky 2000) and PCR reactions were optimized for the markers. 

2.3.2 DNA extractions 

DNA was extracted from whole individuals using Qiagen chemicals and 
protocols from Qiagen’s DNeasy Blood and Tissue extraction kit either using 
the spin columns provided (for small individuals less than 1 cm in length) or 
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with modifications for use with a KingFisher magnetic processor (Thermo 
Fisher Scientific) (I, II, III, IV, V). 

2.3.3 Sequencing  

A 567 or 600 bp fragment of the cytochrome c oxidase subunit I (COI) gene was 
amplified using species-specific primers (developed by Paul Rawson) in 20 μl 
reactions containing 1 μl of DNA, 3 mM MgCl2 (Biotools), 200 μM of each dNTP 
(Fermentas), 0.5 μM of each primer (TAG Copenhagen), 0.1 U of Taq 
polymerase and 1 X PCR Buffer (Biotools). Thermocycling conditions were an 
initial denaturation step at 94 °C for 2 min, then 35 cycles of 94 °C for 15 s 
denaturation, annealing at 55 °C for 15 s and extension at 72 °C for 45 s, 
followed by a final extension at 72 °C for 2 min. For sequencing, the PCR 
products were treated with Exonuclease I and Shrimp alkaline phosphatase 
(Fermentas), cycle sequenced in both directions using the BigDye v.3.1 kit, and 
visualized with an ABI 3130xl Genetic Analyzer and Sequencing Analysis v.5.2 
software (all Applied Biosystems)  Sequences were corrected by eye and aligned 
using the ClustalW option of MEGA4 (Tamura et al. 2007) (I). 

2.3.4 Microsatellite-PCR and genotyping 

5 of the microsatellite loci (Pe6, Pe7, Pe12, Pe13, Pe19) were amplified in 10 μl 
PCR reactions as follows: 1 μl of DNA, 1X PCR buffer (Biotools), 200 μM of each 
dNTP (Fermentas), 0.5 μM of the sequence specific primers (1/8 of the forward 
primer was fluorescently labelled with either 6FAM, NED, VIC or PET, Applied 
Biosystems), 1.5-3 mM MgCl2 and 0.5 U of Taq DNA polymerase (Biotools). 

Thermocycling conditions were: initial denaturation at 94 °C for 5 min, then 35 
cycles of at 94 °C for 30 s (denaturation), primer specific Ta for 30 s (annealing), 
72 °C for 30 s (extension), followed by a final extension of 10 min at 72 °C. The 3 
other loci (Pe15, Pe17 & Pe18) were amplified using a method described in 
Schuelke (2000). This method uses three primers, a sequence specific forward 
primer with M13(-21) tail, a sequence specific reverse primer and universal 
fluorescently labelled M13(-21) primer (labels 6FAM, NED, VIC or PET, 
Applied Biosystems). PCR was performed in 10μl reactions with 1μl of DNA, 
1X PCR buffer (Biotools), 200 μM of each dNTP (Fermentas), 8 pmol of reverse 
primer and labeled M13(-21) primer, 2 pmol of the M13(-21) tailed forward 
primer, 1.5 - 2 mM MgCl2 (Biotools) and 0.5 U of Taq DNA polymerase 
(Biotools). Thermocycling conditions were 94 °C for 5 min, then 30 cycles of 94 
°C for 30 s, Ta for 30 s, 72 °C for 30 s, followed by 8 cycles of 94 °C for 30 s, 53 °C 
for 45 s, 72 °C for 45 s, ending with a final extension of 72 °C for 10 min. All 
PCR reactions were performed in BioRad C1000 or S1000 thermocycling 
machines. The PCR products were separated using an ABI PRISM 3130xl and 
genotyped using GeneMapper v.3.7 software (Applied Biosystems) (II, III, IV, 
V). 
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2.4 Statistical analyses 

2.4.1 Analyses with the COI sequences (I) 

Haplotype and nucleotide diversity were examined using DnaSP 4.0 (Rozas et 
al. 2003) and the sequence divergence was calculated using MEGA 4 (Tamura et 
al. 2007). To visualize the relationships among the COI haplotypes, a minimum 
spanning network was constructed using Arlequin v.3.5.1.2 (Excoffier & Lischer 
2010). For the phylogenetic tree reconstruction, maximum likelihood (PhyML 
3.0, Guindon & Gascuel 2003) and Bayesian (MrBayes 3.1.2, Ronquist & 
Huelsenbeck 2003) methods were used. Phylogenetic trees were visualized with 
FigTree v1.2.2 (http://tree.bio.ed.ac.uk/software/figtree/). Population genetic 
structure was investigated using AMOVA in Arlequin in which the sequences 
were grouped according to their sample location (Northern Baltic Sea, Southern 
Baltic Sea, North Sea + Wadden Sea + English Channel and North Atlantic 
Ocean). Also, a Bayesian model-based method implemented in BAPS 5.3 
(Corander & Tang 2007) was used to examine if the haplotypes grouped 
together based on their sampling location or larval developmental mode. 

Haplotype and nucleotide diversity between populations with different 
developmental modes were compared using a Mann-Whitney U Test in PASW 
Statistics 18 (SPSS, Inc., 2009, Chicago, IL, www.spss.com). Neutrality of the 
sequences were tested with DnaSP 4.0 (Rozas et al. 2003), and population 
demographic history (past population expansion) was studied by calculating 
mismatch distributions (the frequencies of observed pairwise differences 
between haplotypes within a population) and R2 (Ramos-Onsins & Rozas 2002) 
and raggedness statistics (Harpending 1994) for each population using DnaSP. 

2.4.2 Population genetic analyses with the microsatellite genotype data (II, 
III, IV, V) 

Descriptive population genetic analyses, such as allele frequencies, and 
observed and expected heterozygosities were calculated with Arlequin v.3.5.1.2 
(Excoffier & Lischer 2010). Allelic richness and private alleles were examined 
with HP-RARE (Kalinowski 2005). FSTAT v.2.9.3.2 (Goudet 2001) was used for 
calculating inbreeding coefficients and linkage disequilibrium among the loci. 
Hardy-Weinberg equilibrium was calculated in Arlequin. The presence and 
frequency of null alleles in the loci were studied using Micro-Checker (Van 
Oosterhout et al. 2004) and FreeNA (Chapuis & Estoup 2007). The differences in 
the level of genetic diversity between populations with different developmental 
modes were compared with the Mann-Whitney U test (III). 

Population genetic structure was examined with pairwise comparisons of 
genetic differentiation. Pairwise FST was calculated with Arlequin and Jost’s Dest 
with DEMEtics (Gerlach et al. 2010) or SMOGD (Crawford 2010). The number 
of genetic clusters in Europe was estimated with a Bayesian method (Structure 
v2.3, Pritchard et al. 2000) and with Geneland (Guillot et al. 2005) which 
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incorporates spatial information of the locations in the analysis (III, V). Isolation 
by distance was measured by Mantel test and spatial autocorrelation test (III, V) 
using GenAlEx v.6.4 (Peakall & Smouse 2006). A hierarchical analysis of 
molecular variance (AMOVA) was used to examine the partitions of genetic 
variation on different spatial scales, for example among sea areas (III), temporal 
samples (IV) or on a smaller scale between estuaries (V). The possible genetic 
isolation of the Baltic Sea populations was estimated with a FST-based method 
(III) described in Johannesson & André 2006. 

To examine if migration was more effective among the populations with 
planktonic larvae (III), recent migration rates among our study populations 
were studied with two Bayesian methods, BayessAss 3 (Wilson & Rannala 2003) 
and BIMr v.1.0 (Faubet & Gaggiotti 2008). 

Temporal genetic stability and the possible relationship with 
developmental mode and sweepstakes reproductive success in P. elegans (IV) 
was studied by examining the patterns of population genetic structure in time 
(FST, AMOVA), and with an individual assignment test (GeneClass 2, Piry et al. 
2004). Structure (Pritchard et al. 2000) was used to see if the temporal samples 
from a population clustered together. The temporal sampling scheme (IV) also 
allowed the calculation of short term effective population sizes using different 
temporal methods. Three methods assuming closed populations were used: 
Moment Based Temporal method (MBT, Waples 1989), a likelihood based 
method (MLNE, Wang & Whitlock 2003) and TempoFs (Jorde & Ryman 2007). 
MLNE was also used to calculate Ne and migration rates jointly. A historical 
effective population size (represented by theta,  = 4Ne , where  is the 
microsatellite mutation rate), was estimated with Migrate 3.2.6 (Beerli & 
Felsenstein 2001). 

2.4.3 Combined analysis of genetic and environmental data (V) 

To investigate population genetic structure and the possible effect of different 
environmental variables on it, multiple P. elegans populations were sampled 
from a Danish estuary complex with heterogeneous habitat (Isefjord and 
Roskilde fjord). The effect of the estuary,  distance from the mouth of the 
estuaries, salinity, larval developmental mode, sediment type, the presence of 
vegetation, worm density and the presence of juveniles (representing a 
difference in timing of reproduction) were included as variables in the analysis 
conducted with a Bayesian method in GESTE (Foll & Gaggiotti 2006). This 
program uses a general linear model to correlate local population FST values 
with environmental variables to find the best model explaining the observed 
genetic structure.   



  

3 RESULTS AND DISCUSSION 

3.1 Poecilogony and cryptic speciation 

When multiple developmental modes are observed within a species, a question 
of the presence of cryptic species is raised. This question is relevant, since in 
some cases, species suggested to be poecilogonous have turned out to be cryptic 
species with different developmental modes (see Hoagland & Robertson 1988) 
and cryptic sibling species are commonly overlooked (Knowlton 1993). Based 
on their observations of developmental mode in different P. elegans populations, 
Hannerz (1956) and Rasmussen (1973) concluded that the variation in 
development seen represents extremes of a single developmental trajectory. 
Rasmussen (1973) hypothesized that the variation in development stems from 
variation in environmental factors, in particular, temperature. However, this 
hypothesis was refuted in some experiments which have been conducted to 
determine if larval polymorphism is a plastic response to changing 
environmental factors. Since neither Anger (1984) nor Morgan (1997) observed 
changes in the developmental mode in P. elegans during their experiments, 
plasticity in response to environmental variation in this species was not 
supported. Anger (1984) suggested that cryptic species, each with different 
developmental modes, comprise the taxon P. elegans. Later, using allozyme loci 
as genetic markers, Morgan and colleagues (1999) studied population genetic 
structure among 4 P. elegans populations differing in developmental mode. 
Their results suggested poecilogony for P. elegans, but indicated significant 
population genetic structure among some populations (Morgan et al. 1999).  

Based on these previous studies, the hypothesis was that P. elegans is 
indeed poecilogonous. In this study, the geographical scope was expanded to 
include 14 European and 3 North American populations sampled from a 
variety of environmental conditions in order to increase the chances of 
detecting possible cryptic species if they existed. Using DNA barcoding 
approach and phylogenetic and haplotype network analyses of data from the 
COI gene, further evidence to support the hypothesis of poecilogony in P. 
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elegans was found. First, even though the European samples were from 
populations with different developmental modes, low mean sequence 
divergence in the COI sequence (1.7 %) was seen, lower than the within species 
divergence observed in other poecilogonous species (Schulze et al. 2000, 
Ellingson & Krug 2006) or the DNA barcoding threshold (Goetze 2003, Hebert 
et al. 2003, Costa et al. 2007). The COI sequence divergence between European 
and North American samples was higher (5.3 %), and possible cryptic species in 
North America cannot be ruled out without a larger scale analysis. 
Nevertheless, the COI sequence divergence among closely related species is 
commonly higher than 5 % (Jolly et al. 2005, Blank & Bastrop 2009, Luttikhuizen 
& Dekker 2010, Carr et al. 2011, Nygren & Pleijel 2011). Despite the low 
sequence divergence observed in Europe, there were 123 unique haplotypes in 
the data set of 299 sequences, leading to a large number of low frequency 
haplotypes. 

Secondly, in the phylogenetic analyses, minimum spanning haplotype 
network analysis (MSN), and in the clustering analysis, the COI haplotypes did 
not group according to geography or larval developmental mode. In the 
phylogenetic trees, only a few well-supported groups (based on high bootstrap 
support) were formed among the European samples due to the low sequence 
divergence. Haplotypes were also shared among populations with different 
larval types, a pattern found also in other poecilogonous species (B. proboscidea: 
Gibson et al. 1999, Oyarzun et al. 2011; A. willowi: Ellingson & Krug 2006). The 
two most common haplotypes (comprising 25 % of all individuals) spanned the 
whole sampling area, and the most common haplotype, EUNA10, was also 
observed from the east coast of North America. The rest of the North American 
haplotypes were clearly different from the European sequences (differing by 26 
mutational steps in the MSN and with high bootstrap values in the 
phylogenetic trees). It is acknowledged that in some rare cases, subspecies may 
not be distinguished with mitochondrial DNA analyses, for example due to 
recent hybridization events (Nikula et al. 2007). 

Demographic analyses suggested that most European populations were in 
demographic equilibrium, except for signs of recent population expansion in 
the populations with planktonic larvae from the UK and France. Especially low 
sequence divergence was seen in the geographically marginal populations with 
benthic larvae in Iceland and Ängsö, Finland, in the northern Baltic Sea. A 
higher COI haplotype diversity was seen in the populations with planktonic 
larvae, and AMOVA analyses indicated population genetic structure on 
different spatial scales. 

Based on these results, it is concluded that P. elegans is poecilogonous and 
that differences in different developmental modes between populations affects 
their genetic diversity. To clarify the correlation of genetic structure and 
developmental mode in P. elegans, additional population genetic analyses using 
additional polymorphic genetic markers was then conducted.  
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3.2 Microsatellite marker isolation 

Since there were almost no genetic tools available for P. elegans when this study 
was initiated (2008), new markers were developed for the population genetic 
analyses. 17 loci containing repeat regions were isolated with the microsatellite 
library protocol, and after primer design, testing and optimization of the PCR 
reactions, 12 loci were amplified successfully and 8 of these were polymorphic. 
The 8 novel microsatellite markers were highly polymorphic and revealed 
population genetic structure even on a small scale of 100 m (II). Heterozygote 
deficiency caused deviations from Hardy-Weinberg equilibrium in some loci 
and low to moderate null allele frequencies were seen in the deviating samples 
(except in locus Pe12, null allele frequencies were moderate to high). In addition 
to the possible presence of null alleles, other explanations to HWE deviations in 
P. elegans are inbreeding, asexual reproduction, within population genetic 
structure (II) and high local recruitment (III). Positive FIS values (caused by 
heterozygote deficiency) and HWE deviations in population genetic studies of 
marine species are not uncommon (Addison & Hart 2005, Zhan et al. 2009). 
Despite these issues, the loci proved to be useful new genetic tools for 
investigating population genetic patterns in P. elegans. The markers could also 
be tested for use in other, closely related spionid species to increase their utility.  

3.3 Developmental mode polymorphism and population genetic 
structure 

3.3.1 Spatial genetic structure 

Many studies have found a correlation between larval developmental mode, 
larval dispersal and population genetic structure, resulting in predictable 
pattern: species with planktonic larvae are genetically more diverse and show 
higher population connectivity than species with non-dispersive larvae 
(Hellberg 1996, Hoskin 1997, Arndt & Smith 1998, Ayre & Hughes 2000, Kyle & 
Boulding 2000, Collin 2001, Dawson et al. 2002, Ellingson & Krug 2006, Watts & 
Thorpe 2006, Lee & Boulding 2009, Binks et al. 2011). This pattern is expected to 
be a general one, and when deviations from the pattern are found (e.g. 
Johannesson 1988, Taylor & Hellberg 2003, Ayre et al. 2009, Kelly & Palumbi 
2010), an explanation is usually provided showing that larval dispersal is 
independent of developmental mode, for example, through larval behaviour 
(Warner & Palumbi 2003). Comparisons of population genetic patterns have 
been made previously only between closely related species differing in 
developmental mode. A poecilogonous species provides a useful study model 
when investigating the effect of developmental mode on population genetic 
structure when populations differ in their developmental mode (as in P. 
elegans). The general pattern should exist at the population level as well as 
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species level: populations with planktonic larvae were expected to be more 
diverse genetically and have higher population connectivity. Since the adult P. 
elegans worms live in tubes embedded in the sediment, they are relatively 
sessile, and the larval stage is assumed to be the dispersing life stage in this 
species. Planktonic P. elegans larvae can live for up to 5 weeks in the plankton 
(based on laboratory estimates, Anger et al. 1986), whereas benthic larvae are 
assumed to disperse only short distances (based on their ability to build their 
own tubes after emergence from brood capsules and their lack of swimming 
setae). 

In the study with 18 P. elegans populations from Europe (Table 1, III), 
higher genetic diversity (expected heterozygosity, allelic richness and gene 
diversity) was found in the populations with planktonic larvae compared to 
those populations that also have benthic larvae. However, because the 
developmental mode may be associated with geography, it may be difficult to 
determine if the patterns results from developmental mode differences alone. In 
this study populations with planktonic larvae were more commonly seen in the 
marine North Sea area, whereas longer brooding was more common in the 
Baltic Sea, leading to a pattern of lower genetic diversity in the Baltic Sea. In B. 
proboscidea, another poecilogonous spionid polychaete, longer brooding and 
higher maternal investment is seen at higher latitudes (Oyarzun et al. 2011).  

The population pairwise FST values ranged from 0.001 to 0.170, but 
significant spatial genetic structure (statistically significant values) were seen 
between most populations. In the Baltic Sea, genetic structure was seen even 
among geographically close populations, whereas in the North Sea where the 
planktonic larval type predominates, some geographically close populations 
were genetically similar. Nevertheless, significant genetic structure was seen in 
the North Sea also. Interestingly, the polymorphic Schiermonnikoog population 
from the Netherlands was more similar to the Danish populations (also 
polymorphic) than to the other Dutch populations where planktonic larvae 
predominate (indicated by significant FST values). The genetic structure in 
Europe was characterized by an isolation by distance pattern, which is more 
commonly found in marine species with non-dispersive larvae (Hellberg 1996, 
Goldson et al. 2001, Duran et al. 2004, Watts & Thorpe 2006). Clustering 
analyses led to a similar conclusion of isolation by distance: here, 
geographically close populations clustered together. Also, asymmetric 
migration rates and high self-recruitment were estimated for most populations, 
regardless of the larval developmental mode. The results indicate that the 
planktonic larvae of P. elegans may not be superior dispersers, but that the 
dispersal potential in the different larval modes may be similar (III). The 
individual assignment test results also supported this conclusion (IV).  In fact, 
many recent studies have suggested that local recruitment of planktonic marine 
larvae may be more common than thought (Swearer et al. 2002, Warner & 
Cowen 2002, Almany et al. 2007). The proposed correlation between larval type, 
dispersal potential and population genetic structure is not clearly supported in 
P. elegans, suggesting that the larval type of a species cannot be used to predict 
population connectivity if larval dispersal is not tightly correlated with larval 
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type. Similar findings have been seen in other studies (Porter et al. 2002, Bowen 
et al. 2006, Marko et al. 2007, Miller & Ayre 2008, Shanks 2009, Zhan et al. 2009, 
Kelly & Palumbi 2010). Also, the hypothesis of longer planktonic larval 
duration leading to increased distances of larval migration and therefore 
stronger population differentiation has been challenged (Weersing & Toonen 
2009). 

 
TABLE 1 Information on Pygospio elegans sample locations, observed population 

developmental modes and observed densities (qualitative observations only) 
for the populations used in study III.   

 
     
Region Country Location Developmental 

mode* 
Estimated 

density 
Baltic Sea Finland Ängsö B (A) Low 
  Fårö (A) Low 
  Hanko (A) Low 
 Germany Germany   
 Denmark Vellerup I, P, B (A) Medium 
  Herslev I, B (A) Low 
  Rorvig I, B, P (A) Medium 
 Sweden Gullmar fjord  Low 
North Sea Netherlands Schiermonnikoog P, I, B High 
  Harlingen P High 
  Breskens P High 
 France Canche Bay P Very high 
  Somme Bay P Very high 
 UK Drum sands P High 
  Eden estuary  High/medium 
  Plym Bay P Low/medium 
  Ryde sands  Very low 
Atlantic Ocean Iceland Iceland B, I  
     

* Observed larval developmental mode: B = benthic, I = intermediate, P = planktonic, (A) = 
asexual reproduction 

 

3.3.2 Temporal dynamics and effective population size 

Next it was examined whether the hypothesis that temporal genetic stability 
will be higher in species with brooding than in species with planktonic larvae 
(Lee & Boulding 2009) would also be relevant for a poecilogonous species with 
populations differing in developmental mode. In the marine environment, 
temporal genetic instability is often found in species with planktonic larvae 
(Heath et al. 2002, Østergaard et al. 2003, Lee & Boulding 2007) and in some 
cases (Planes & Lenfant 2002, Robainas-Barcia et al. 2005, Florin & Höglund 
2007) the instability can be explained by sweepstakes reproductive success 
(Hedgecock 1994, Hedgecock & Pudovkin 2011), which is caused by high 
variation in individual reproductive success. Species with high fecundity but 
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high larval mortality are potentially more affected by individual variation in 
reproductive success (Thorson 1950, Morgan 1995, Pechenik 1999, Lee & 
Boulding 2009) than species developing via other modes. Since the planktonic 
larvae of P. elegans have a high mortality rate (Pedersen et al. 2008), populations 
with this larval developmental mode could be more prone to variation in 
reproductive success and temporal genetic variation.  

In most of the study populations used here, the patterns of genetic 
diversity (heterozygosity, allelic richness) fluctuated only slightly among the 
different sampling years, although AMOVA analysis suggested both spatial 
and temporal genetic structure in P. elegans (IV). Contrary to expectations, 
significant temporal genetic structure (based on FST and Structure clustering 
analyses) was found in the Baltic Sea populations where benthic or intermediate 
larval developmental modes predominate. However, the most striking 
temporal change was seen in a Dutch population (Schiermonnikoog) with 
multiple larval types, in which the 2011 sample was very diverse genetically 
and noticeably different from samples collected in the previous years. 
Additionally, the estimated effective population sizes were low for all the 
populations except for the one UK population (IV) with strictly planktonic 
larvae and high genetic diversity (III). Genetic drift seems to be the most likely 
explanation for the temporal genetic patterns in these populations. In the Baltic, 
P. elegans density is lower in comparison to the more marine areas (Morgan 
1997, Boström & Bonsdorf 1997, 2000), which could also lead to lower Ne and 
support the proposed role of random genetic drift on the temporal patterns. The 
Baltic populations also had a lower historical population size (IV). In the 
Netherlands population, extreme environmental conditions during the harsh 
winter of 2010/2011 probably reduced the population size, after which the site 
was probably recolonized by migration from multiple nearby populations. In 
species with planktonic larvae, gene flow from different sources can be a likely 
cause of temporal genetic variation (Johnson & Black 1982, 1984, Moberg & 
Burton 2000).  

Signatures of sweepstakes reproductive success may have gone 
undetected due to the restricted sampling of the strictly planktonic populations 
and short time span between the samples. However, these results indicate that 
other factors are more likely to cause the observed temporal instability in P. 
elegans. 

3.3.3 Effect on environmental factors on population structure 

Although P. elegans shows broad environmental tolerances and can be found in 
a variety of habitats, the distribution of P. elegans could be affected by 
environmental factors, which could also affect developmental mode as 
originally hypothesized by Hannerz (1956) and Rasmussen (1973). For example, 
according to previous observations, populations with primarily planktonic 
larvae are found from marine intertidal mud- or sand-flats, whereas 
populations with a larger proportion of benthic developmental modes are 
found in estuarine habitats (I, II, III). The environment also may affect 
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population genetic structure without any effect on developmental mode. For 
example, in the Finnish archipelago P. elegans is associated with the sea grass 
Zostera marina, and exists in a fragmented Z. marina landscape (Boström & 
Bonsdorff 2000). As a result, P. elegans presence and abundance is also patchy in 
this area. Patchy habitat together with a predominance of benthic larvae and 
asexual reproduction are likely all involved in creating the significant 
population genetic structure observed in P. elegans in the northern Baltic Sea 
(spatially, on the scale of 20km [III] and temporally, on the scale of a few years 
[IV]). 

Distribution of P. elegans is also patchy in the Danish estuarine complex, 
Isefjord and Roskilde fjord, which could be due to the heterogeneity of the 
habitats in the estuaries (Rasmussen 1973, and see Bilton et al. 2002). It was 
found that the population genetic structure among P. elegans populations in this 
area was not affected by the geography of the estuary complex, i.e. gene flow 
between the estuaries was not limited. However, many population pairwise 
FST/Dest comparisons (within and between estuaries) were statistically 
significant (V). The overall genetic pattern could not be explained by isolation 
by distance, which was previously seen among P. elegans populations on a 
larger spatial scale (III). However, any significant environmental variables were 
not identified to help explain the somewhat “chaotic” genetic structure seen in 
the estuaries. The opportunistic life  history characteristics often linked to P. 
elegans (e.g. Desprez et al. 1992, Morgan et al. 1999), fluctuations in population 
size (pers. obs, Morgan 1997, Bolam & Fernandez 2002, 2003) and genetic drift 
may have affected the observed genetic patterns in the estuaries, and these may 
be temporally unstable (IV). 

In other studies using a larger geographical scale, genetic structure has 
been found to be affected by factors other than larval dispersal ability. For 
example, oceanic current patterns (Galarza et al. 2009, Selkoe et al. 2010, White 
et al. 2010), temperature (Dionne et al. 2008), salinity (Gaggiotti et al. 2009), 
habitat fragmentation (Johnson & Black 2006) or even behavioral characteristics 
(Gaggiotti et al. 2009) can help explain genetic structure. Also, adaptation to 
local environmental conditions could create population genetic differentiation 
(Larmuseau et al. 2010, Nissling & Dahlman 2010) and even affect life-history 
characteristics (Hemmer-Hansen et al. 2007).  

Local habitat characteristics can be important for the successful settlement 
of marine invertebrate larvae and juvenile survival (Turner et al. 1994, Cohen & 
Pechenik 1999, Qian et al. 2000). Also, the benthic community structure may be 
affected, for example in terms of competition or predation (Kube & Powilleit 
1997, Bolam & Fernandes 2003). To conclude, further analysis with more 
specific qualitative environmental factors (e.g. sediment grain size and organic 
material content of the sediment, or species richness) and sampling across a 
larger spatial scale may reveal more about the importance of different 
environmental factors on the stability and connectivity of P. elegans populations. 
 



  

 

4 CONCLUSIONS 

Despite the wide range of developmental strategies seen in marine invertebrate 
species, different larval phenotypes are rarely seen within a single species 
(poecilogony). Different explanations have been suggested for the presence of 
such polymorphism, for example, whether there is a genetic basis for the 
phenotypes, or if the plasticity is environmentally induced (polyphenism) (see 
Knott & McHugh 2012). Also, a correlation to speciation has been proposed, in 
which larval polymorphism represents a transient stage in speciation coupled 
with a transition in developmental mode (Gibson & Gibson 2004, Ellingson & 
Krug 2006). When considering the evolution of larval developmental modes, it 
is important to understand the evolutionary forces driving transitions of 
developmental modes. Poecilogonous species are ideal models for such studies, 
since although individuals might differ in developmental mode, other 
differences between them are expected to be minor. This contrasts with studies 
of sibling species in which in addition to developmental mode differences, 
considerable differentiation in other traits is expected to have accumulated 
during speciation. Also, studying the effects of developmental mode variation 
on population maintenance and connectivity sheds more light on the 
demographic consequences of poecilogony.  

As a first step, using sequencing and phylogenetic methods combined 
with a broad sampling scale, further support for poecilogony in P. elegans was 
found (I). Different larval phenotypes were found both among and within 
populations, and intermediate larval forms were commonly seen in the Baltic 
Sea. The sequence divergence in COI was low, and no clustering based on 
developmental mode or geographical location was seen.  

After developing new species specific polymorphic microsatellite markers 
for P. elegans (II), it was investigated whether the pattern of genetic connectivity 
is affected by the larval developmental mode in this poecilogonous species (III). 
In marine invertebrate species with sedentary or sessile adults, a planktonic 
larval stage is hypothesized to lead to high population connectivity, whereas a 
non-dispersive larval stage would lead to genetically differentiated 
populations. However, the pattern of genetic structure in the European P. 
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elegans populations was best explained by an isolation by distance pattern and 
most of the pairwise comparisons of genetic differentiations were significant 
(III). In the fragmented sea grass landscape of the northern Baltic Sea, the 
observation of genetically differentiated P. elegans populations was not 
surprising, since their patchiness is most likely linked to the patchiness of the 
sea grass landscape they inhabit. Also, benthic larval type and asexual 
reproduction in a patchy habitat may be favored to maintain local populations 
(Levin 1984, Pechenik 1999). However, genetic differentiation was observed 
among some of the planktonic North Sea populations also. Estimations of 
migration rates indicated high local recruitment despite developmental mode. 
Together these results suggest that dispersal is limited among P. elegans 
populations, even in the case of planktonic larval production, and the observed 
genetic patterns may be maintained by the continuous high local recruitment of 
individuals (III, IV). Recent studies have also suggested that the marine 
environment may not be as open as previously thought, and local larval 
recruitment and unexpected population genetic patterns are often seen.  

The expected pattern of lower genetic diversity in the P. elegans 
populations with also benthic larvae compared to populations with only 
planktonic larvae was seen (I, II, III). Temporal genetic instability in the strictly 
planktonic population due to the high mortality of the planktonic larvae 
(Pedersen et al. 2008) was expected. However, unstable temporal structure was 
seen in the populations where benthic or intermediate larval modes 
predominate (IV). This variation is likely caused by genetic drift and not 
migration from other populations, since these populations have low effective 
population size (IV) and high local recruitment rates (III). 

In many species, the Baltic Sea populations are genetically isolated and 
have low genetic diversity (Johannesson & André 2006). This pattern might 
result from the young age of the area, geographical isolation, low salinity, low 
temperature and lower oxygen levels compared for example to the North Sea. 
In P. elegans, the distribution of the different larval modes may be connected to 
geography or environmental variables, since in Europe, longer larval brooding 
was observed in the brackish Baltic Sea, whereas planktonic populations were 
predominating in the marine habitat of the North Sea (I, II, III). However, this 
pattern was not without exceptions (all larval modes were seen in both areas 
also). Also, genetic structuring was seen between the Baltic and the North Sea 
populations, but it was not considerably stronger than structure seen among 
populations within an area (I, III). On a smaller geographical scale, when 
information on ecological variables and spatial information was added to the 
analysis of population genetic data, no specific factors which would predict the 
observed P. elegans genetic patterns in the heterogonous habitat of the Danish 
estuary complex were found (V), but significant patterns may arise if larger 
scales would be used. 

The association of geography and larval mode can be seen in other 
poecilogonous species also. Selection may favour longer brooding in higher 
latitudes, for example due to environmental factors affecting developmental 
rate or food availability (Thorson 1950, Elligson & Krug 2006, O’Connor et al. 
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2007, Oyarzun et al. 2011). One larval phenotype may be more successful in one 
environment, and a different larval phenotype in another, and this could lead to 
populations with different larval types. The existence of populations with 
multiple larval types is challenging to explain, since if one of the phenotypes 
had fitness advantage over the others, the other types would be expected to be 
eventually lost (Levin et al. 1987). Even though the different larval modes affect 
many population parameters and life history characteristics, the fitness of the 
mothers producing the different larval types may be similar in the end, as is 
suggested for S. benedicti (Levin & Hugget 1990), where the high fecundity in 
the planktonic larvae is balanced by the high survival of the lecithotrophic 
larvae. Also, multiple modes within a population could coexist because of a bet-
hedging strategy, an adaptation to surviving and maintaining a population in 
unpredictable or heterogeneous environments (where plasticity is favoured) 
(Krug 2009, see also Crean & Marshall 2009). This would allow the maintenance 
of the local population, but also migration away from the population if the local 
habitat conditions deteriorate, for example due to high predation pressure or 
competition (Strathmann et al. 2002), or with seasonal changes (Krug 1998, 
Krug 2007). However, this kind of bet-hedging plasticity is rare.  

In the future, more detailed research on why and with what mechanisms 
do developmental mode transitions occur could be pursued using P. elegans as a 
model. Gene expression experiments using transcriptome and qPCR techniques 
allow investigation of whether different genes are involved in the development 
of the different larvae or if the developmental genes have timing differences in 
their expression when development proceeds through different modes (see 
Gibson & Gibson 2004 for heterochrony in B. proboscidea). Also, since maternal 
food provisioning is associated with the different developmental modes in P. 
elegans and other poecilogonous species, maternal influences on the larval 
developmental modes and the possible differences in production of genuine 
eggs and nurse eggs should be addressed. In addition, the role of 
environmental cues on larval polymorphism could be studied further because 
of the observed geographical pattern in the developmental modes. Laboratory 
experiments using both polymorphic and fixed populations and multiple worm 
generations are needed. In addition, mating experiments combining individuals 
from populations with different larval modes would reveal more about the 
genetic background and heritability of the larval phenotype. In the future, 
results from studies like these will improve our understanding of life history 
evolution in marine species.  
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YHTEENVETO (RÉSUMÉ IN FINNISH) 

Kehitysmuotojen variaatio ja sen populaatiogeneettiset seuraukset 

Meressä elävillä lajeilla tavataan erityisen paljon erilaisia lisääntymisstrategioi-
ta. Esimerkiksi monilla selkärangattomilla pohjaeläinlajeilla aikuinen kehittyy 
useiden erilaisten toukkavaiheiden kautta, ja näillä lajeilla toukkien kehitys-
muoto onkin tärkeä mm. lajin lisääntymismenestykseen, yksilönkehitysaikaan 
ja levittäytymispotentiaaliin vaikuttava elinkiertopiirre. Meressä elävillä selkä-
rangattomilla yleisin lisääntymisstrategia on luultavasti gameettien vapautta-
minen veteen ja sitä seuraava ulkoinen hedelmöitys ja planktinen vedessä va-
paasti elävä ja ravintoa etsivä toukka. Jos toukalla ei ole vapaasti uivaa vaihetta, 
se voi elää meren pohjalla joko vapaana tai suojattuna (ei-planktinen toukka). 
Ei-planktiset toukat kehittyvät usein ravinteikkaista suurista munasoluista, jol-
loin toukan ravinnontarve on vähäinen. Toukka voi myös kasvaa naaraan te-
kemässä suojatussa rakenteessa (kapseli tai suojaava massa), jolloin naaras voi 
antaa toukalle ulkoista ravintoa (ravintomunia). Tällaista strategiaa on tavattu 
mm. joillakin madoilla ja nilviäisillä. Meriselkärangattomat voivat myös kehit-
tyä kokonaan ilman toukkamuotoa, ja myös suvuton lisääntyminen on yleistä. 
Toukkamuotojen monimuotoisuuden tunteminen on keskeinen asia kehitys-
muotojen synnyn evolutiivisen taustan ymmärtämisessä. Monilla meressä elä-
villä läheistä sukua olevilla lajeilla on erilaisia toukkamuotoja, mistä voidaan 
päätellä että siirtymiä eri toukkamuotojen välillä on tapahtunut useasti ja suh-
teellisen lyhyessä ajassa. Toukkamuotojen evoluutioon on usein ajateltu liitty-
vän energeettisiä kompromisseja jälkeläisten määrän, munasolun koon ja kehi-
tysajan suhteen. Myös monet ekologiset tekijät, kuten elinympäristön laatu, 
predaatioriski, ravinnon saatavuus ja kilpailu, ovat todennäköisesti vaikutta-
neet eri toukkamuotojen syntyyn ja niiden nykyiseen esiintymiseen. 

Erilaisia toukkamuotoja on havaittu myös samalla lajilla (poecilogonia). 
Tämänkaltainen monimuotoisuus on harvinaista, ja sitä tavataan vain joillakin 
kotiloilla (Sacoglossa-kotilot), sekä Spionidae-heimon monisukasmadoilla. 
Toukkamuotojen polymorfismi voi olla esimerkiksi geneettistä tai ympäristö-
olojen säätelemää. Tutkimuslajini Pygospio elegans (hiekkaputkimato) on raken-
tamassaan hiekkaputkessa meren pohjassa elävä monisukasmato (Spionidae), 
joka pystyy lisääntymään erilaisten toukkamuotojen kautta. Sisäisen hedelmöi-
tyksen jälkeen P. elegans naaras munii alkiot ja ravintomunia kapseleihin hiek-
kaputkensa sisälle. Jos alkioita on paljon, naaras vapauttaa toukat aikaisessa 
vaiheessa planktoniin (planktinen toukka). Jos taas alkioita on vain muutama, 
ne elävät kapseleissa suojattuna ja syövät ravintomunia. Kun nämä toukat va-
pautuvat kapseleistaan, niillä ei ole planktista kehitysvaihetta, vaan ne ovat 
valmiita muodonvaihdokseen toukasta juveniileiksi (ei-planktinen muoto). La-
jilla tavataan myös välimuotoisia toukkia, joilla on lyhyt planktinen vaihe. 
Toukkamuodot voivat siis erota toisistaan lukumäärältään ja morfologialtaan 
sekä ravinnon tarpeen ja planktisen vaiheen pituuden suhteen.  Toukkamuoto-
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jen on havaittu muuntelevan sekä populaatioiden sisällä että niiden välillä, 
mutta on epävarmaa pystyykö yksi naaras tuottamaan eri toukkamuotoja.   

Väitöskirjatutkimukseni tavoitteena oli selvittää kuinka lajinsisäinen vari-
aatio toukkien kehitysmuodoissa vaikuttaa P. elegansin populaatiogeneettiseen 
rakenteeseen, siinä tapahtuviin muutoksiin ja populaatioiden väliseen migraa-
tioon.  Eri toukkamuotoja tuottavien P. elegans -populaatioiden on aikaisemmin 
päätelty kuuluvan eri lajeihin, ja koska lajinsisäinen polymorfia kehitysmuo-
doissa on harvinaista, selvitin väitöskirjatyössäni myös P. elegansin lajistatusta 
molekyyligeneettisin menetelmin.  Sekvenssiaineisto ja fylogeneettiset analyysit 
osoittivat, että laajalta maantieteelliseltä alueelta erilaisista ympäristöoloista 
kerätyt näytteet kuuluvat hyvin todennäköisesti samaan lajiin, koska ne eivät 
ryhmittyneet fylogeneettisissä puissa toukkamuodon tai populaation mukaan, 
ja myös sekvenssien divergenssi oli alhainen. Saman DNA-alueen sekvensointia 
on käytetty myös tutkittaessa muita kehitysmuotopolymorfiaa omaavia lajeja 
(Streblospio benedicti, Alderia willowi).  

Seuraavaksi P. elegansin genomista eristettiin kahdeksan uutta polymorfis-
ta mikrosatelliittimarkkeria populaatiogeneettisiä tutkimuksia varten. Polymor-
fisen lajin populaatiogenetiikka on mielenkiintoista, sillä erilaisilla toukkamuo-
doilla on meriympäristössä hyvin erilaiset kohtalot ja ne eroavat mm. kuollei-
suuden ja levittäytymispotentiaalin suhteen. Hypoteesin mukaan pohjaeläinla-
jeilla, joilla on dispersoiva planktinen toukkavaihe, populaatioiden välinen 
migraatio ja geenivirta johtavat geneettisesti samankaltaisiin monimuotoisiin 
populaatioihin. Jos lajilla ei ole dispersoivaa toukkavaihetta, populaatioiden 
välinen migraatio on rajattua ja ne eriytyvät geneettisesti. Näitä hypoteeseja on 
tutkittu vertaamalla keskenään kehitysmuodoiltaan erilaisia lähisukuisia lajeja, 
mutta kehitysmuodoiltaan polymorfisen lajin käyttäminen tällaisissa tutkimuk-
sissa on uutta. P. elegans onkin hyvä mallilaji tutkittaessa toukkamuodon, levit-
täytymiskyvyn ja populaatiogeneettisen rakenteen välisiä suhteita, koska yhtä 
polymorfista lajia tutkittaessa ei tarvitse ottaa huomioon lajiutumiseen liittyviä 
adaptiivisia eroja. Koska P. elegans –lajin aikuiset elävät tekemässään hiekka-
putkessa, ne ovat suhteellisen paikallaan pysyviä, ja levittäytymisen oletetaan 
tapahtuvan pääasiassa toukkavaiheen aikana.  

Tutkimusta varten näytteitä kerättiin P. elegans –lajista useista populaati-
oista Euroopasta. Planktisia toukkia tuottavien populaatioiden havaittiin olevan 
geneettisesti monimuotoisempia verrattuna populaatioihin, joissa oli myös ei-
planktisia toukkia. Maantieteellinen sijainti saattaa vaikuttaa toukkamuodon 
esiintymiseen tällä lajilla, sillä Pohjanmeren alueella havaittiin yleisesti plankti-
sia toukkia, kun taas Itämeressä ei-planktisten toukkien ja välimuotojen osuus 
oli suurempi.  Suomen saaristossa P. elegans esiintyy pääasiassa meriajokasnii-
tyillä (Zostera marina), ja koska saariston niityt ovat fragmentoituneita, tämä 
vaikuttaa myös P. elegansin esiintymiseen. Tutkimuksessa havaittiinkin Itäme-
ressä lähekkäin olevien populaatioiden olevan geneettisesti eriytyneitä. Geneet-
tisesti eriytyneitä populaatioita havaittiin myös Pohjanmeren alueella, jossa 
planktinen toukkamuoto on yleisin. Lajin populaatiorakenne näyttää riippuvan 
populaatioiden välisistä maantieteellisistä etäisyyksistä, jolloin geneettinen 
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eriytyminen kasvaa etäisyyden kasvaessa, riippumatta toukkakehitysmuodos-
ta. Kun populaatioiden välistä migraation voimakkuutta analysoitiin, havaittiin 
paikallisista populaatioista ulospäin suuntautuvan migraation olevan vähäistä 
toukkamuodosta riippumatta. Nämä tulokset viittaavat siihen, että erilaisilla P. 
elegansin toukkamuodoilla ei ole suurta eroa levittäytymiskyvyssä, eikä plank-
tinen toukkamuoto välttämättä johda voimakkaampaan geenivirtaan ja popu-
laatioiden geneettiseen samankaltaisuuteen. Muita populaatiogeneettiseen ra-
kenteeseen vaikuttavia tekijöitä voivat olla mm. lajin historiaan ja leviämiseen 
liittyvät tekijät, käyttäytyminen tai esimerkiksi habitaatti ja merivirrat. Tut-
kimme ympäristötekijöiden vaikutusta populaatiogeneettisen rakenteeseen 
pienellä mittakaavalla Tanskan Själlantin saaren vuonojen heterogeenisessä 
elinympäristössä, mutta tutkimuksessa ei havaittu minkään yksittäisen tekijän 
(esimerkiksi sedimenttityypin tai veden suolapitoisuuden) vaikuttavan popu-
laatioiden eriytymiseen.  

Toukan kehitysmuoto voi vaikuttaa myös populaatioiden ajalliseen va-
kauteen, ja geneettisen populaatiorakenteen nopeaa ajallista muutosta on ha-
vaittu useimmiten lajeilla, joilla on planktisia toukkia. Planktisten toukkien 
korkea kuolleisuus voi johtaa epätasaiseen lisääntymismenestykseen naaraiden 
välillä, ja geneettisesti eriytyneisiin ikäluokkiin. Vastoin odotuksia Itämeren 
populaatioista eri vuosina kerättyjen P. elegans –lajin näytteiden havaittiin ole-
van geneettisesti erilaisia, vaikka ei-planktiset ja välimuotoiset toukat ovat näis-
sä populaatioissa yleisiä, kun taas vain planktisia toukkia tuottava Pohjanmeren 
populaatio oli ajallisesti muuttumaton. Toukkamuoto vaikutti mahdollisesti 
myös efektiiviseen populaatiokokoon, koska se estimoitiin huomattavasti pie-
nemmäksi populaatioissa joissa oli ei-planktisia toukkia. Pieni (efektiivinen) 
populaatiokoko ja alhainen migraationopeus populaatioiden välillä viittaavat 
siihen, että ajalliset muutokset populaatiogeneettisessä rakenteessa johtuvat 
tällä lajilla geneettisestä satunnaisajautumisesta. 

Tulevaisuudessa P. elegans -lajilla voidaan tutkia tarkemmin erilaisia 
toukkamuotoja, esimerkiksi geenien ilmentymisen tasolla (transkriptomiikka), 
ja eri toukkamuotoja tuottavien naaraiden vertailu voi tuoda lisätietoa naaraan 
vaikutuksesta toukkamuotoon. Lajit, jotka ovat kehitysmuotojen suhteen poly-
morfisia, ovat erityisen hyviä malleja tutkimuksissa, joissa halutaan ymmärtää 
kehitysmuotojen sekä niiden muuttumisen evolutiivista taustaa. 
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Abstract

Development in marine invertebrate species can take place through a variety of
modes and larval forms, but within a species, developmental mode is typically uni-
form. Poecilogony refers to the presence of more than one mode of development
within a single species. True poecilogony is rare, however, and in some cases, ap-
parent poecilogony is actually the result of variation in development mode among
recently diverged cryptic species. We used a phylogenetic approach to examine
whether poecilogony in the marine polychaete worm, Pygospio elegans, is the re-
sult of cryptic speciation. Populations of worms identified as P. elegans express a
variety of developmental modes including planktonic, brooded, and intermediate
larvae; these modes are found both within and among populations. We examined
sequence variation among partial mitochondrial cytochrome c oxidase subunit I
sequences obtained for 279 individual worms sampled across broad geographic and
environmental scales. Despite a large number of unique haplotypes (121 haplo-
types from 279 individuals), sequence divergence among European samples was
low (1.7%) with most of the sequence variation observed within populations, rel-
ative to the variation among regions. More importantly, we observed common
haplotypes that were widespread among the populations we sampled, and the two
most common haplotypes were shared between populations differing in develop-
mental mode. Thus, our results support an earlier conclusion of poecilogony in
P elegans. In addition, predominantly planktonic populations had a larger number
of population-specific low-frequency haplotypes. This finding is largely consistent
with interspecies comparisons showing high diversity for species with planktonic
developmental modes in contrast to low diversity in species with brooded develop-
mental modes.

Introduction
Most marine invertebrates have complex life cycles and show
a diverse range of larval developmental modes. Developmen-
tal mode is often defined as discrete categories describing
characteristics of larvae, or larval types (Levin and Bridges
1995). For example, larvae can be planktonic (pelagic) or
benthic, feeding or nonfeeding, brooded or free-living, and a
combination of multiple descriptors is often necessary for a
complete definition of developmental mode (e.g., McEdward
and Janies 1993; Collin 2003; Raff and Byrne 2006). Devel-
opmental mode is an important aspect of invertebrate life
histories, with wide-ranging consequences affecting, for ex-

ample, development time, mortality, and dispersal potential
(Levin and Bridges 1995). Understanding the consequences
and evolution of different developmental modes is, on one
hand, aided by our tendency to categorize it as discrete types.
On the other hand, such definitions may also lead us to over-
look intermediate or facultatively varying forms that do not
fit definitions of discrete developmental modes (Allen and
Pernet 2007).

Many different developmental modes may be observed
within genera or larger taxonomic groups, but typically only
one developmental mode exists within a single species. In
rare cases, species may express two or more development
modes. The term poecilogony (Giard 1905 cited in Krug
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2009) has been used to describe such developmental mode
polymorphism. In poecilogonous species, multiple develop-
mental modes are observed, either within or among different
populations of a single species. True poecilogony has been
documented within spionid worms (e.g., Streblospio bene-
dicti, Levin 1984, and Boccardia proboscidia, Gibson 1997;
Oyarzun et al. 2011) and in sacoglossan sea slugs (reviewed in
Krug 2007, 2009). However, in a number of cases, what were
originally described as poecilogonous species have turned out
to be morphologically cryptic species with species-specific
developmental modes (see Hoagland and Robertson 1988).
The rarity of true poecilogony has led some authors to sug-
gest that there are costs associated with polymorphic devel-
opment and that poecilogony is a transient stage of speciation
co-occurring with developmental mode transitions (Gibson
and Gibson 2004; Ellingson and Krug 2006). Alternatively,
poecilogony might be an advantageous plastic response, and
a potential bet-hedging strategy, to enhance offspring suc-
cess in the face of changing environmental conditions (Krug
2007).

One possible poecilogonous species is Pygospio elegans
Claparède, a small, sedentary, tube-building spionid poly-
chaete worm, widely distributed in the northern hemi-
sphere (Muus 1967; Anger 1984). After internal fertilization
(Hannerz 1956), females deposit embryos and yolky nurse
eggs in capsules inside the maternal tube. Different larvae
emerge from the capsules depending on the relative number
of embryos and nurse eggs laid by the mother; there are no
initial differences in embryo size (Söderström 1920; Hannerz
1956; Rasmussen 1973; Anger et al. 1986; Blake and Arnofsky
1999, pers. obs.). Here, we define planktonic larvae as those
that emerge when they are 3-setigers long (typically >20 em-
bryos laid per capsule with few or no nurse eggs). The larvae
develop long swimming setae and actively swim and feed in
the water column (Hannerz 1956). Brooded larvae, on the
other hand, do not have swimming setae and remain inside
the capsules for a longer period subsisting only on nurse eggs
(typically one to two embryos laid per capsule, Fig. 1). These
larvae lack a pelagic phase during development and meta-
morphose into juveniles soon after their emergence from the
capsules at 14–20 setigers. An intermediate type of larva also
occurs (4–10 embryos laid per capsule; Hannerz 1956, pers.
obs.). After emergence at approximately 10 setigers, these lar-
vae have a short pelagic phase. Despite their differences, all
larval types metamorphose into morphologically and eco-
logically identical adults.

Monitoring reproduction in P. elegans is laborious and
has been done exhaustively in only a few populations. There
have been some observations of different larval forms si-
multaneously within a single population (Rasmussen 1973;
Gudmundsson 1985, pers. obs.), providing some evidence
that P. elegans is a true poecilogonous species. However,
whether or not a single individual can produce multiple lar-

Figure 1. Brooded Pygospio elegans larvae in capsules (from Ängsö,
Finland). The capsules (approx. 0.5 mm long, each containing one to
two larvae) are visible after breaking down the sand tube. Photo credit:
Jenni Kesäniemi.

val types is not clear (but, see Fig. 30 in Rasmussen 1973).
Hannerz (1956) and Rasmussen (1973) hypothesized that de-
velopmental mode polymorphism in P. elegans is in fact vari-
ation within a single developmental mode, reflecting plastic
responses to environmental variation. This hypothesis was
based on observations that in some populations different
larvae are produced seasonally. However, neither simultane-
ous nor seasonal production of different larvae in a single
population is universal. More commonly, among popula-
tion differences in developmental mode are noted, and some
populations have even been considered “fixed” for a partic-
ular developmental mode since no other modes have been
observed during repeated sampling from these populations
(Anger 1984; Morgan et al. 1999; Bolam 2004, pers. obs.). The
presence of “fixed” populations differing in developmental
mode raises suspicion that cryptic species may be present.
This suspicion was strengthened when Anger (1984) found
that experimental exposure of worms from several “fixed”
populations to different salinities and temperatures did not
induce a change in developmental mode. No correlations
between other environmental variables and developmental
mode have been noted in the literature, but few experimen-
tal tests have been performed. Changes in density and food
supply did not induce changes in developmental mode in
P. elegans collected from Somme Bay, France (Morgan 1997),
but in North America, low density has apparently increased
the frequency of asexual reproduction in P. elegans (Wilson
1983).

To clarify the species status of P. elegans popula-
tions, Morgan and colleagues (1999) examined population
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structure among four potentially “fixed” populations in the
English Channel differing in developmental mode. They
found high genetic similarity and potentially high gene flow
among the P. elegans populations, and concluded that the
species is poecilogonous. Nevertheless, due to the limited
scope of their study and the rarity of poecilogony, the ques-
tion of poecilogony versus cryptic speciation still remains.
We addressed this question by surveying variation in a por-
tion of the mitochondrial gene cytochrome c oxidase subunit
I using haplotype network and phylogenetic methods, and
using a DNA sequence-based criterion advocated in DNA
barcoding studies to assess the presence of cryptic species.
Our samples covered both a broad geographical area and a
range of environmental conditions. For some populations,
there were also data available regarding the predominant de-
velopmental mode among individuals. The large dataset also
allowed us to investigate within-population diversity in our
study populations. We hypothesized that P. elegans is indeed
a poecilogonous species, despite apparent divergence of pop-
ulations in developmental mode.

Materials and Methods

Sample collection and molecular methods

Adult P. elegans were collected between 2007 and 2010 from
14 locations in Europe (Fig. 2) and three locations in the
United States (east coast: Maine and west coast: Washington).
In Europe, populations from the Baltic Sea (Finland,
Germany, Denmark, Sweden), Wadden Sea (the Netherlands,
Schiermonnikoog Island), North Sea (Edinburgh, UK), the
English Channel (Plymouth, UK, and Somme Bay, France),
White Sea (Russia), and the North Atlantic Ocean (Iceland)
were sampled (Fig. 2, Table 1). Several colleagues enabled
the collecting effort (see Acknowledgements). At most lo-
cations, the samples were collected from the shallow inter-
tidal zone (0.1–1 m). The two samples from the Finnish
archipelago (Ängsö and Fårö) were collected by scuba from
2–5 m deep water. Samples from Germany were collected
from 18-m depth.

At the time of collecting, the adult worms and sand tubes
were examined for signs of larvae or egg capsules and then
preserved in ethanol (94–99%). Using these observations,
and information from previous studies of P. elegans’ repro-
duction and development (i.e., Rasmussen 1973; Morgan
et al. 1999; Bolam 2004), we characterized the sampling loca-
tions by the different larval developmental modes observed
(Table 1). This characterization is tentative, since we were
unable to survey all populations exhaustively, but represents
our best knowledge of the predominant developmental mode
in the populations. Additional sampling at the same sites
has confirmed our characterization of developmental mode
(pers. obs.) but at some sites we have not observed any signs

of sexual reproduction and so a predominant developmental
mode is not known.

From the European samples, genomic DNA was extracted
using the DNeasy Blood and Tissue extraction kit (Qiagen,
Germany) and a KingFisher magnetic processor (Thermo-
Scientific, MA, USA). A 600-bp fragment of the cytochrome
c oxidase subunit I (COI) gene was amplified using species-
specific primers (PeCox1 F 5′ – TAT AGG CCT TTG ATC
AGG AAC – 3′, PeCox1 R 5′ – AGG GTC TCC GCC TCC
TGT – 3′). Polymerase chain reactions (PCRs) were per-
formed in 20 μL reactions containing 1 μL of the DNA ex-
tract, 3 mM MgCl2 (Biotools, Spain), 200 μM of each dNTP
(Fermentas, Germany), 0.5 μM of each primer (TAG Copen-
hagen, Denmark), 0.1 U of Taq polymerase, and 1 X of PCR
Buffer (Biotools). Reaction conditions included an initial de-
naturation step at 94◦C for 2 min, then 35 cycles of denat-
uration at 94◦C for 15 s, annealing at 55◦C for 15 s, and
extension at 72◦C for 45 s, followed by a final extension
at 72◦C for 2 min. For sequencing, the PCR products were
treated with Exonuclease I and Shrimp alkaline phosphatase
(Fermentas), cycle sequenced in both directions using the
BigDye v.3.1 kit, and visualized with an ABI 3130xl Genetic
Analyzer and Sequencing Analysis v.5.2. software (all Applied
Biosystems, CA, USA).

DNA extraction, amplification, and sequencing of the
North American samples followed similar protocols, but se-
quencing artifacts at the 5′ end of the resulting sequences
reduced the length of high-quality sequence reads for these
samples. To be conservative, we analyzed a shorter fragment
of the COI gene (567 bp) when North American samples were
included. In analyses involving only the European samples,
the 600-bp fragment was used.

Haplotype network and phylogenetic
analyses

Sequences were aligned using the ClustalW option of
MEGA 4 (Tamura et al. 2007). For these analyses, the 567-bp
fragment of the COI gene was used and all individuals were
included. To examine the relationship between the haplo-
types, a minimum spanning network was constructed with
Arlequin v.3.5.1.2. (Excoffier and Lischer 2010) and visual-
ized with HapStar (Teacher and Griffiths 2010).

For phylogenetic analyses, a single representative of each
haplotype was used. JModeltest (Posada 2008) was used to
find the optimal model of sequence evolution for the COI
data (selected using the Akaike information criterion, AIC).
The general time reversible model with invariant positions
and gamma-distributed rates (GTR + I + G) was selected
and used in tree reconstruction. Sequence divergence was
estimated with MEGA 4 using a gamma shape parame-
ter of 0.637 (according to JModeltest) and the Tamura Nei
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Figure 2. European sampling sites labeled according to their abbreviations in Table 1. Sites FIA (Ängsö) and FIF (Fårö) are located in the Finnish
archipelago, approximately 20 km apart. Regional grouping of populations for the hierarchical AMOVA analysis are indicated with numbered
superscripts: 1. Northern Baltic Sea: Finland, 2. Southern Baltic Sea: Denmark, Germany, Sweden, 3. North Sea + Wadden Sea + English Channel: UK,
France, the Netherlands, and 4. North Atlantic Ocean: Iceland.

substitution model since the GTR model is not available in
MEGA 4.

For tree reconstruction, we explored both maximum like-
lihood and Bayesian analyses. Bayesian analysis was con-
ducted with MrBayes v.3.1.2. (Ronquist and Huelsenbeck
2003). MCMC (Markov Chain Monte Carlo) chains (one
cold and three heated chains) were run for 4 million genera-
tions, trees were sampled every 100 generations, and 25% of
the trees were discarded in the burnin. All parameters were
estimated in the analysis. Posterior probabilities were used to
assess clade support, with 80% used as the minimum cutoff.
Maximum likelihood analysis was conducted with PhyML
3.0. (Guindon and Gascuel 2003). All parameters were es-

timated in the analysis except the gamma shape parameter,
which was set to 0.637 according to the results from JMod-
eltest. Bootstrap analysis with 1000 replicates provided an
estimate of clade support, with 70% used as the minimum
cutoff. After analysis, trees were rooted along the lineage
leading to most of the North American haplotypes (also the
longest branch). Trees were visualized using FigTree v.1.2.2.
(http://tree.bio.ed.ac.uk/software/figtree/).

Analysis of genetic diversity

Our genetic diversity analyses focused on populations with
sufficient sample sizes for making robust estimates, so the
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Table 1. Sampling location information, population codes, diversity measurements, and observed larval modes of the populations. N = number
of individuals in the genetic analysis, H = haplotype diversity, and π = nucleotide diversity. Box indicates the European populations with sufficient
sample size used in diversity and demographic analyses as well as hierarchical analyses of population structure (AMOVA). Groups (regions) defined for
AMOVA analysis are shaded.

Region Location Code N *No. of haplotypes H π Observed larval mode

Europe
Northern Baltic Sea Ängsö, Finland FIA 22 4 0.260 0.0017 Brooded

Fårö, Finland FIF 21 10 0.890 0.0129 Not known
Hanko, Finland FIH 19 6 0.778 0.0128 Not known

Southern Baltic Sea Germany GER 22 16 0.909 0.0118 Not known
Vellerup, Denmark DKV 20 12 0.916 0.0141 Brooded, intermediate
Herslev, Denmark DKH 20 11 0.916 0.0154 Brooded, intermediate
Rorvig, Denmark DKR 21 6 0.710 0.0116 Intermediate, planktonic
Gullmarfjord, Sweden SWE 21 5 0.633 0.0080 Not known

Wadden sea the Netherlands NET 23 14 0.822 0.0107 Intermediate, planktonic
North sea Drum sands, UK UKD 20 19 0.995 0.0130 Planktonic
English Channel Somme Bay, France FRA 23 22 0.996 0.0141 Planktonic

Plym Bay, UK UKP 24 20 0.975 0.0153 Planktonic
Atlantic Ocean Iceland ICE 20 3 0.511 0.0009 Brooded, intermediate

White Sea Russia RUS 3 1 0.000 0.0000 Not known
North America
Atlantic (east) Lubec, ME NAE1 7 3 0.733 0.0360 Not known

Lowe’s cove, ME NAE2 6 3 0.810 0.0210 Not known
Pacific (west) False Bay, WA NAW 7 1 0.000 0.0000 Not known

*Based on 600 bp COI fragment in European populations, but based on 567-bp fragment in North American populations.

Russian sample (n = 3) and the North American samples
(n = 6–7) were excluded. In these analyses, the 600-bp frag-
ment of the COI gene was used. Haplotype diversity and
nucleotide diversity for each population were calculated with
Arlequin v.3.5.1.2. (Excoffier and Lischer 2010), which was
also used to estimate population structure (�ST) via a hi-
erarchical analysis of molecular variance (AMOVA). In the
AMOVA analysis, sequences were grouped according to geo-
graphical regions (four groups: Northern Baltic Sea; South-
ern Baltic Sea; North Sea + Wadden Sea + English Channel;
and North Atlantic Ocean; 10,000 permutations). Population
structure was also investigated using BAPS 5.3 (Corander and
Tang 2007), a Bayesian model-based clustering method that
can use sequence data. In these analyses, the maximum num-
ber of clusters (K) was set from two to 13, and for each the
analysis was run 10 times. In the end, the K with the highest
likelihood was chosen to describe the samples.

Exploratory analyses tested whether differences in haplo-
type and nucleotide diversity measures were evident among
the European populations with different developmental
mode. Here, planktonic populations (UKP, UKD, FRA, see
Table 1) were compared to populations that produce brooded
or intermediate type larvae (FIA, DKV, DKH, DKR, NET,
ICE). This comparison is contingent on our definition of
predominant developmental mode (see Table 1), so popu-
lations where developmental mode is not known (FIF, FIH,
GER, SWE, and RUS) were excluded. For these comparisons,

Mann–Whitney U tests were performed using PASW Statis-
tics 18 (SPSS, Inc., 2009, Chicago, IL, www.spss.com).

To assess if European populations (excluding RUS) have
gone through a recent population expansion, Fu’s Fs neutral-
ity test was calculated. Fu’s test (which is based on the haplo-
type distribution; Fu 1997) was used because it is thought to
be better at revealing signs of population expansion than
Tajima’s D test (Fu 1997; Schneider and Excoffier 1999).
Tajima’s D (Tajima 1989) and Fu and Li’s F (Fu and Li 1993)
were also calculated to test for neutrality of the sequences.
Mismatch distributions, the frequencies of observed pair-
wise differences between haplotypes, were calculated for each
European population. Also R2 (Ramos-Onsins and Rozas
2002) and raggedness statistics (rg, Harpending 1994) with
confidence intervals based on coalescent simulations were
calculated to detect expansion (10,000 permutations and
theta estimated from the data were used in the coalescent
simulations). Lower R2 and rg values are expected for a pop-
ulation growth scenario (Harpending 1994; Ramos-Onsins
and Rozas 2002). These analyses were performed in DnaSP
4.0 (Rozas et al. 2003).

Results

Polymorphism and haplotype diversity

A total of 279 P. elegans individuals from 14 European
locations were sequenced. From this sample, 121 unique

998 c© 2012 The Authors. Published by Blackwell Publishing Ltd.



J. E. Kesäniemi et al. No Cryptic Speciation in Pygospio elegans

haplotypes of the COI gene fragment (600 bp) were iden-
tified. An expanded dataset included 20 additional individ-
uals from three North American locations for a total of
299 sequences, 567 bp in length, with 123 unique haplo-
types (GenBank accession numbers JN033571–JN033693).
The most common haplotype, EUNA10, was shared by 36
European individuals and was found in all three Danish
populations, Iceland, Sweden, and Plym Bay in the UK
(English Channel). This haplotype was also observed in
worms sampled from both populations on the East Coast
of the United States (NAE). The second most common hap-
lotype, EU11, was found in Denmark, Finland, France, the
Netherlands, and the White Sea, Russia (35 individuals). Note
that both EUNA10 and EU11 were found in populations dif-
fering in developmental mode (see Table 1). These two most
common haplotypes also were found within the whole sam-
ple range in Europe and comprise 25% of all individuals
sequenced.

We observed a large number of low frequency haplotypes
within locations in Europe. Out of 121 haplotypes, 98 were
detected only once in the European dataset (from only one
individual of the 279 sequenced). Ninety percent of the hap-
lotypes (109 out of 121) were found in only one population
(11 of these were found from more than one individual). Pop-
ulations from the North Sea, English Channel, and Wadden
Sea had the highest percentage of population-specific low-
frequency haplotypes. The Baltic Sea populations (Finland,
Denmark, Germany, Sweden) shared many haplotypes (seven
out of 12 shared haplotypes are found only in the Baltic Sea),
and only one haplotype (EU8) was shared exclusively among
the three populations in the UK and France. In most pop-
ulations, haplotype diversity was high (Table 1). However,
two European populations had low diversity with most in-
dividuals sharing the same haplotype. In Ängsö, Finland, 19
of 22 individuals sampled (86%) shared an identical haplo-
type (EU6) and in the sample of 20 individuals from Iceland,
13 shared haplotype EU1 and six shared haplotype EUNA10.
Overall, populations with predominantly planktonic larvae
had higher haplotype diversity than populations that also
produced other larval types (N = 9, U = 0.000, z = –2.334,
P = 0.020). However, nucleotide diversity was not signifi-
cantly different (N = 9, U = 4.5, z = –1.167, P = 0.243). Hap-
lotype diversity in the North American samples was some-
what lower than in most of the European samples (Table 1),
but North American sample sizes were also relatively small
and so estimates of diversity from these populations may not
be reliable.

Mean sequence divergence (Tamura Nei model) within
the total European dataset was 1.7%. Divergence between
the European and North American haplotypes was notice-
ably higher: 5.3% (or 6.1% when excluding EUNA10, the
haplotype that is shared with the European samples). Mean
sequence divergence within the total North American dataset

was 3.1%, higher than what we observed from the European
sample.

Haplotype network and phylogenetic
analyses

Figure 3 shows the minimum spanning haplotype network as
calculated in Arlequin. The low sequence divergence among
haplotypes is reflected in the network and haplotypes from
different populations are intermingled. Arlequin detected
many alternative connections among the European haplo-
types due to the low level of divergence between them, but
graphing all possible alternative connections would have
made the network unreadable. The most common hap-
lotype, EUNA10, was found from almost all populations
and other linked haplotypes came from Iceland, the North
Sea, the English Channel, and the Southern Baltic Sea, but
not from Finland. The other common haplotype, EU11, is
multiple mutational steps away from EUNA10. Moreover,
the other North American haplotypes were not connected
closely to EUNA10 and were clearly different from the Euro-
pean sequences. The European haplotype closest to the clus-
ter of North American haplotypes is from the Netherlands
(Fig. 3), and alternative connections (also 26 mutational steps
to NAW NAE) are from the UK (two haplotypes from UKP,
one from UKD; not shown). Overall, the minimum span-
ning network included a large number of small nodes de-
picting the high frequency of singleton haplotypes noted ear-
lier, and some medium frequency haplotypes (observed in
two to eight individuals) that were detected in one popula-
tion only. These singleton and low-frequency haplotypes are
widespread throughout the network.

Phylogenetic analyses resulted in similar tree topologies
regardless of which tree reconstruction method was used,
therefore, only the results from the maximum likelihood
analysis are discussed and shown (Fig. 4). As in the hap-
lotype network, there was a clear separation between the
European haplotypes and most North American haplotypes
(other than EUNA10) and the European clade was well sup-
ported by bootstrap analysis (Fig. 4). Within the European
clade, there was very little divergence and only a few groups
were clearly resolved with high bootstrap support (Fig. 4, dots
at supported nodes). The lack of bootstrap support at most
nodes indicates limitations of the data for resolving relation-
ships of the P. elegans haplotypes. However, this analysis also
reveals clusters detected in the haplotype network. For exam-
ple, one well-supported group contains almost all the Finnish
Ängsö haplotypes (3 out of 4; EU6, FIA43, FIA44). Another
well-supported group contains individuals from Germany
and all of the three Danish populations, even though other
haplotypes from these populations were also distributed else-
where in the phylogenetic tree. In addition, most Swedish
(except one) and all Icelandic haplotypes were included in a
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Figure 3. Haplotype network of the 123 COI haplotypes detected in P. elegans. Circle size is proportional to haplotype frequency and haplotypes with
more than one individual are also named. Small black circles represent undetected intermediate haplotypes and lines connecting circles represent one
mutational step unless otherwise specified. Circles are colored to represent sampling sites. Haplotypes found from more than one location are colored
as pie charts with proportionally sized wedges representing the haplotype frequency in each population. Ovals with dashed outlines encircle clusters
in the haplotype network which were also detected in phylogenetic analyses with strong (70% or greater) bootstrap support.

well-supported group, which also included EUNA10, one
of the most common haplotypes also sampled from North
America. The two most commonly encountered haplo-
types (EUNA10 and EU11) did not group together (Fig. 4,
asterisks).

Population structure and demographic
analyses

For the test of regional subdivision of sequence diversity in
Europe (AMOVA), the populations were arranged into four
groups according to geographical region (1. Northern Baltic
Sea: Finland, 2. Southern Baltic Sea: Denmark, Germany,
Sweden, 3. North Sea + Wadden Sea + English Channel:
UK, France, the Netherlands, and 4. North Atlantic Ocean:
Iceland, see Fig. 2). These results (Table 2) showed that most
of the variation was found within populations (69.8%, P >

0.001) and that differentiation among the regions was sig-

nificant although small (accounting for 8% of the molecular
variance, P = 0.001). Additional significant variation among
populations within each region (22.2%, P > 0.001) indicated
that structure may also be present on smaller spatial scales.

Analysis using the program BAPS detected seven genetic
clusters in our data (with the probability of 0.99). Clusters
were not based on sampling location, each cluster containing
individuals from four to ten sampling locations. Two clusters
were strictly Baltic, one containing most of the individuals
sampled from the Finnish Ängsö site and the other containing
most of the German samples, although German individuals
were also placed into four other clusters (Table 3).

Demographic analyses suggested there has been recent
population expansion in the populations from the UK and
France. In these populations, Fu’s Fs values were negative and
significant. Unimodal mismatch distribution curves for these
populations also indicate that a recent population expansion
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Figure 4. Maximum likelihood tree of COI haplotypes detected in P. elegans. Nodes marked with black dots indicate clades resolved with bootstrap
values of 70% or higher. Dashed lines connect haplotype names to the branches and should not be interpreted as branch length. Numbers in the
brackets following the haplotype name indicate the number of individuals observed with that haplotype. When no number is indicated, the haplotype
was sampled only once. Asterisks indicate the two most common haplotypes: EUNA10 and EU11. Central color wheel indicates region of sampling:
light gray = Baltic Sea (Northern + Southern); dark gray = Iceland; black = North Sea, English Channel and Wadden Sea; and white = shared European
haplotypes. Note, the North American haplotypes in the circular phylogeny are in the center of the color wheel.
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Table 2. Analysis of molecular variation results. Four groups (regions) were used in the analysis: Northern Baltic Sea; Southern Baltic Sea;
North Sea + Wadden Sea + English Channel; North Atlantic Ocean. Populations included in each region are indicated in Table 1.

Source of variation Sum of squares % of variance Fixation index P-value

Among regions 148.06 8.01 0.080 0.001
Among populations in regions 230.19 22.21 0.241 >0.001
Within populations 864.15 69.78 0.302 >0.001

Table 3. Results from the BAPS genetic clustering analysis. The population code is underlined if 10 or more individuals from that population are in
the cluster. If the code is in parentheses, only one to three individuals from that population are observed in the cluster.

N Population code Northern Baltic Southern Baltic NS, WS, EC1 Atlantic Ocean White Sea

Cluster 1 27 FIA, FIF (DKR, GER) 25 2
Cluster 2 19 FIH (GER, UKD, UKP, FIA) 11 3 5
Cluster 3 57 NET, FIF, DKV, DKR, FIH (DKH, RUS, SWE, UKD) 18 21 15 3
Cluster 4 43 UKD, FRA, DKH, UKP, NET (GER, FIH, FIF) 2 11 30
Cluster 5 22 GER, DKV (DKH, DKR, FIF) 1 21
Cluster 6 52 FRA, UKP, UKD, NET, DKH, SWE (GER, FIF, FIH, DKV) 5 14 33
Cluster 7 59 ICE, SWE, DKR, UKP, DKV (DKH) 32 7 20

1NS = North Sea; WS = Wadden Sea; EC = the English Channel.

may have occurred (see, e.g., Fig. S1). Lower R2 and rg values
were also seen in these populations, but none of these values
are significant. For these populations, Tajima’s D and Fu and
Li’s neutrality tests were nonsignificant (Table 4), supporting
an expansion hypothesis rather than possible selection. Most
other populations had bi- or multimodal mismatch curves
(characteristics of populations in demographic equilibrium)
as well as nonsignificant neutrality test values (Table 4). The
one exception is the Finnish Ängsö population which showed
negative and significant neutrality test values (Tajima’s D,
Fu and Li). Truncated, left-skewed mismatch distribution
curves were seen for the Finnish Ängsö and Iceland popula-
tions, indicating that most haplotypes were identical within
these populations.

Discussion

Our analysis of partial mitochondrial COI sequences from
P. elegans found little evidence for cryptic species. Sequence
divergence was low particularly among European samples
(1.7%), which originated from populations with different
developmental modes. This modest degree of divergence is
lower than within species divergence observed in similar stud-
ies of other polychaetes and of other poecilogonous species
(discussed further below). In addition, the sequence diver-
gence in European P. elegans was lower than threshold values
used for delineating “potential” species in the DNA barcod-
ing program (see Goetze 2003; Hebert et al. 2003; Costa et al.
2007; Carr et al. 2011).

However, average sequence divergence between samples
from Europe and North America was approximately three-

Table 4. Neutrality tests and mismatch distribution parameters. Coa-
lescent simulations (10,000 permutations) were used to asses P-values
for rg (Raggedness statistics) and R2.

Population Fu’s Fs Fu and Li’s F Tajima’s D rg R2

FIA 0.093 −3.716∗ −2.314∗∗ 0.369 0.171
FIF 0.777 −0.477 0.112 0.072 0.129
FIH 4.481 1.055 1.085 0.098 0.179
GER −4.776 −1.509 −1.017 0.031 0.083
DKV −0.696 0.539 0.959 0.027 0.166
DKH 0.387 −0.285 −0.141 0.078 0.125
DKR 4.452 −0.527 0.534 0.156 0.151
SWE 3.925 1.143 0.527 0.291 0.157
NET −2.799 −1.975 −1.048 0.036 0.085
UKD −11.426∗∗∗ −1.048 −0.906 0.024 0.089
FRA −14.231∗∗∗ −1.486 −0.997 0.022 0.081
UKP −7.748∗∗ −1.038 −0.708 0.018 0.096
ICE −0.060 −0.525 −0.090 0.201 0.155

∗P < 0.02; ∗∗P < 0.01; ∗∗∗P < 0.001.

fold higher (5.3%). The higher divergence is not surprising
given the geographic distance of the samples, but it may
indicate a possible cryptic species in North America. Unfor-
tunately, since our collections in North America were limited
(three populations, each with six to seven sampled individ-
uals), we are unable to make a strong conclusion about this
result, and additional data from unsampled populations in
North America and larger sample sizes are needed. However,
the degree of divergence among the North American and Eu-
ropean haplotypes provides perspective and strengthens our
conclusion of poecilogony among European populations.
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Several studies have investigated the level of sequence diver-
gence in COI among closely related species of polychaetes. For
example, between species divergence in the genus Arenicola
is on the order of 14% (Luttikhuizen and Dekker 2010) and
it is as high as 16% in Pectoria koreni (Jolly et al. 2005). Sim-
ilarly, divergence between species in the Eumida sanguinea
and Marenzelleria species complexes ranges from 6.5% to
18.5% (Nygren and Pleijel 2011) and 11.7% to 21.7% (Blank
and Bastrop 2009), respectively. Carr and colleagues (2011)
used a COI barcoding approach to survey broadly polychaetes
collected from Canadian waters. On average, they detected
16.5% divergence between species, and within-species diver-
gence ranged from 0% to 3.8%.

Divergence in COI sequence also has been used pre-
viously to address whether marine invertebrate taxa with
observed developmental polymorphism are truly poecilo-
gonous or actually cryptic species. For example, Schulze
and colleagues (2000) found evidence for two distinct
COI sequence clades among polychaetes in the genus
Streblospio in North America. Sequence divergence between
the two proposed species, a planktotrophic S. gynobranchiata
and poecilogonous S. benedicti was approximately 20% and
within-species divergence was ∼5%. Both planktotrophic
(planktonic) and lecithotrophic (brooded) larvae have been
documented within the S. benedicti clade. COI sequence
data have also been employed to investigate the potential
for cryptic species in the marine gastropod genus Alderia.
Ellingson and Krug (2006) found evidence for two well-
supported species-specific sequence clades for A. willowi and
A. modesta, which were 20.6% divergent from one another.
Within each clade, sequence divergence was less than 5%. Al-
though the A. modesta clade produces only planktonic larvae,
slugs in the A. willowi clade produce multiple larval types.
In this case, both sequence data and morphological evidence
(Krug et al. 2007) indicated that A. willowi is poecilogonous.

The distribution of genetic variation among P. elegans pop-
ulations provides a second line of support to a conclusion
that this species is poecilogonous. We found high haplotype
diversity in P. elegans in Europe although nucleotide diver-
sity was low. This pattern was consistent with the observed
high proportion (90%) of low-frequency haplotypes found
in one or a few populations. On the other hand, two hap-
lotypes dominated the sample (25% of individuals). Both of
these haplotypes had a broad distribution in many of the
European populations we sampled and EUNA10 was also
sampled from North America. We also found four haplo-
types that were shared among populations characterized by
different modes of development, including the most com-
mon haplotypes, EUNA10 and EU11. Similar findings were
reported for the poecilogonous A. willowi, for which shared
haplotypes were observed by Ellingson and Krug (2006) be-
tween slugs producing different larval types; and also for the
polychaete B. proboscidea, where there was no association

between sequence clades and developmental mode (Gibson
et al. 1999; Oyarzun et al. 2011). In our study, we have com-
pared patterns of genetic differentiation among populations
which we have characterized by the predominant develop-
mental mode. Ideally, we would have both sequence and
developmental mode information for all individuals in our
study. Nevertheless, the low levels of sequence divergence
and the fact that haplotypes are shared among populations
differing in developmental mode and throughout the broad
sampling area (Baltic Sea, Wadden Sea, North Sea, and At-
lantic Ocean) are inconsistent with a hypothesis of cryp-
tic speciation. Instead, our data support the hypothesis that
P. elegans populations, particularly those in Europe, are poe-
cilogonous.

However, the significant AMOVA results among regions
and among populations within regions indicate that there is
genetic structuring at multiple spatial scales within Europe.
Our sampled populations cover both a latitudinal and lon-
gitudinal gradient and experience different environmental
conditions, such as differing temperature extremes, salini-
ties, and substrata, so potential barriers to dispersal may be
present between our sampling localities. The AMOVA indi-
cated significant �ST among sea regions but it only accounted
for 8% of variation in the model. The BAPS-based analy-
sis also suggested the presence of multiple genetic clusters
within Europe. On the whole, the clusters did not corre-
spond to our definition of populations by collection locality.
The only exceptions were for the haplotypes obtained from
Ängsö (Finland), Sweden, and Iceland populations, which
were also found in some of the few well-supported clades in
our maximum likelihood phylogeny. Overall, these results in-
dicated that the bulk of genetic variation in P. elegans resided
within populations.

We observed especially low genetic diversity among the
worms in the two marginal populations: Ängsö, being lo-
cated in the inner parts of the Finnish Archipelago, and Ice-
land, further away from the bulk of the sampled localities in
the Atlantic Ocean. Mismatch distribution curves for the se-
quences from these populations were strongly skewed to the
left showing the reduced diversity, which likely reflects lim-
ited gene flow to these populations because of their marginal
distribution or a recent (re)colonization or other bottleneck-
like event. The significant neutrality test values seen in the
Ängsö population indicate that selection could also cause this
pattern. However, if selection were the cause, we would expect
the other two nearby Finnish populations (the distance from
FIA to FIF is only 20 km) to show similar results. Alternatively,
asexual reproduction could lead to lower diversity. Asexual
reproduction has previously been observed in some P. elegans
populations (e.g., Rasmussen 1953; Hobson and Green 1968;
Anger 1984; Lindsay et al. 2007). Wilson (1983) reported that
asexual reproduction predominates in False Bay, Washington
(west coast United States). In our study, only one P. elegans

c© 2012 The Authors. Published by Blackwell Publishing Ltd. 1003



No Cryptic Speciation in Pygospio elegans J. E. Kesäniemi et al.

COI haplotype was found from False Bay, but the sample size
was low (N = 7) and some possible variation may have gone
undetected, so it is impossible to say at present whether an
increased frequency of asexual reproduction leads to a greater
reduction in genetic diversity.

Several studies have compared genetic diversity among
marine invertebrate species with different developmen-
tal modes and generally found higher genetic diversity
in planktonic-developing species compared to brooded or
direct-developing species (Hellberg 1996; Hoskin 1997;
Arndt and Smith 1998; Ayre and Hughes 2000; Kyle and
Boulding 2000; Collin 2001; Breton et al. 2003; Ellingson
and Krug 2006; Lee and Boulding 2009). For example,
among snails in the genus Littorina, Boulding and col-
leagues (Kyle and Boulding 2000; Lee and Boulding 2009)
observed that genetic diversity is higher in the planktotrophic
species L. scutulata and L. plena than in the direct-developing
species L. sitkana and L. subrotundata. Lee and Boulding
(2009) suggested that effective population size (Ne) is larger
in planktonic-developing species than in direct-developing
species, and as a result, the effects of genetic drift are dimin-
ished and a larger number of rare haplotypes are more likely
to be retained. In another notable example, Ellingson and
Krug (2006) found genetic diversity to be higher in the fully
planktotrophic A. modesta compared to genetic diversity in
the poecilogonous A. willowi.

Our analysis with P. elegans suggests that the patterns of
genetic diversity and development mode may be correlated
within a poecilogonous species as well. Haplotype and nu-
cleotide diversity were lowest in Ängsö, Finland population
for which brooding is the predominant mode of develop-
ment, although reduced diversity in this population could
also be the result of other demographic factors (see above).
In contrast, populations showing a predominantly planktonic
developmental mode were more diverse than the Ängsö pop-
ulation as well as those populations showing multiple devel-
opmental modes. Fu’s Fs test gave significant negative values
for the three populations with predominantly planktonic lar-
vae (UKD, FRA, UKP), indicating an excess of haplotypes,
while sequences from these same populations had unimodal
mismatch distributions with large numbers of pairwise dif-
ferences. A pattern of significant Fu’s Fs and nonsignificant
Fu and Li’s test suggests that the populations may have under-
gone recent expansion and have high Ne and that background
selection is not likely (Rogers and Harpending 1992; Fu 1997).
The populations with multiple developmental modes typi-
cally had bimodal mismatch distributions with both highly
similar and highly differentiated haplotypes.

Although we cannot be certain that our definition of pre-
dominant developmental mode for the different populations
is correct, our results are interesting because they reflect the
general expectations of how developmental mode can in-
fluence the genetic diversity within populations, as well as

population genetic structure and gene flow among popula-
tions of a species (see reviews by Avise et al. 1987; Bohonak
1999; Pechenik 1999). For example, many empirical studies
have shown that gene flow is greater for species with pelagic
larvae resulting in less genetic structure among populations
when compared to species with brooded larvae (e.g., Hellberg
1996; Hoskin 1997; Arndt and Smith 1998; Ayre and Hughes
2000; Collin 2001; Ellingson and Krug 2006). However, the
generality of this expectation depends upon dispersal during
the pelagic phase. When dispersal is not realized during the
pelagic phase, exceptions can occur, and studies highlighting
such contrary findings are not uncommon (e.g., Porter et al.
2002; Miller and Ayre 2008; Weersing and Toonen 2009; and
see Hellberg et al. 2002 for review).

Our analysis suffers from the lack of individual level data
for developmental mode and has only tentatively defined
populations as predominantly planktonic, brooding, or both.
We cannot rule out the possibility that other developmental
modes are predominant at other times of the year or that
developmental mode might fluctuate temporally either due
to phenotypic plasticity or population turnover. In this re-
gard, it is interesting to note that Morgan and colleagues
(1999) found only brooded larvae in the Plym Bay popu-
lation during repeated sampling in 1997, while in 2010, we
observed only planktonic larvae in the same population. In
our analyses, the Plym Bay population had high haplotype
diversity similar to that seen in other planktonic populations.
The change in developmental mode noted in this population
may be explained by the ability of P. elegans to re-colonize
rapidly disturbed areas (Desprez et al. 1992; Kube and Pow-
illeit 1997). For other populations that have been repeatedly
sampled, we found no evidence of a change in developmen-
tal mode. We observed only planktonic larvae at the Drum
Sands and Somme Bay populations, the same mode reported
by Bolam (2004) and Morgan et al. (1999), respectively. Like
Rasmussen (1973), we found that Danish populations had
both planktonic and brooded larvae, as well as intermediate
larvae. Pygospio elegans from Gullmar Fjord, Sweden, have
been previously reported to have intermediate and brooded
larvae (Hannerz 1956), but we did not observe reproductive
females or larvae during our collection.

Our study is not the first to consider whether P. elegans is
poecilogonous. Morgan and colleagues (1999) studied four
P. elegans populations from the English Channel. They found
that the Plym Bay and Ryde Sand populations from UK were
strictly brooding while the French Somme Bay population
and English Swale Bay populations produced only planktonic
larvae. Based on allozyme analysis, they observed significant
population structure but found no evidence of cryptic species
in the English Channel. In our study, we widened the sample
area in an attempt to increase the chance of finding cryptic
species if such existed in Europe, but our conclusions uphold
the previous results even at the broader spatial scale. Although
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the previous experimental study by Anger (1984) led her
to suggest cryptic species, (since changes in temperature or
salinity did not induce changes in developmental mode),
we found little evidence to support her view. We feel that
alternative explanations for her results should be considered:
for example, developmental mode may not be a plastic trait,
or if it is, temperature and salinity may not be the appropriate
cues to trigger a plastic response.

Conclusion

In this study, we analyzed DNA sequence variation from
P. elegans sampled from a broad geographic range. Very little
sequence divergence was observed among individuals de-
spite variation in developmental mode observed both among
and within populations. Using a DNA barcoding criterion
based on sequence divergence, there is no evidence for cryptic
species in this taxon. In addition, haplotype network and phy-
logenetic analyses did not point to potentially cryptic species
as no clear clustering of haplotypes was resolved among the
European samples. Divergence of North American P. elegans
may warrant further study. Given these results, we conclude
that developmental polymorphism in P. elegans is likely a true
case of poecilogony. These results also confirm the previous
population genetic study of Morgan and colleagues (1999)
which used genetic methods with lower resolution and had a
more restricted geographical scope.
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Abstract Identifying population genetic structure

can shed light on how life history characteristics of

opportunistic species affect population turnover and

(re)colonization of disturbed habitats. Plasticity in life

history traits can be particularly important for oppor-

tunistic species. In this study, we investigated popu-

lation genetic structure of two populations of Pygospio

elegans, an opportunistic polychaete worm. The

populations represented extremes of the range of

habitats P. elegans exploits: a subtidal brackish site

where P. elegans is found at lower densities associated

with seagrass patches; and a disturbed mudflat in a

marine tidal environment where P. elegans can reach

very high densities with patchy distribution. Eight

novel microsatellite loci were isolated from P. elegans

for the genetic studies. We found higher genetic

diversity in the mudflat, which could be due to larger

population size, opportunistic behaviour, or the pre-

dominantly planktonic larval production of P. elegans

in this population. No genetic structure was found

within the seagrass patch in the Archipelago Sea (SW

Finland) where samples were separated by 5–15 m.

However, low structure was observed in the Bay of

Somme, mudflat (France) where samples were sepa-

rated by approx. 100 m. When the two locations were

compared, high genetic differentiation was observed,

indicating restrictions on gene flow between the sea

areas. Themicrosatellite loci were highly polymorphic

and proved to be useful tools for investigating the

genetic diversity and genetic structure in P. elegans at

different spatial scales, despite deviations from

Hardy–Weinberg expectations at some loci.

Keywords Spionidae � Microsatellite � Spatial
genetic structure �Dispersal �Opportunistic � Plasticity

Introduction

Opportunistic species are characterized as having

small size, early reproduction, high fecundity, strong

dispersal ability and a short life span, which enable

them to colonize new and disturbed or defaunated

habitats rapidly (Pianka, 1970; Grassle & Grassle,

1974; Pearson & Rosenberg, 1978). As a consequence

of these life history traits, opportunistic species

commonly have unstable populations with fluctuating

population sizes (Whitlatch and Zajac, 1985; War-

wick, 1986; Bolam and Fernandes, 2002). Together,

these characteristics of opportunistic species also can
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University of Jyväskylä, P.O. Box 35, 40014 Jyväskylä,

Finland

e-mail: jenni.kesaniemi@jyu.fi

C. Boström

Department of Biosciences, Environmental and Marine
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affect their population genetic structure. For example,

such populations may show genetic signatures of rapid

population growth, or population bottlenecks when

(re)colonized areas are founded by only a few

individuals (e.g. Bay et al., 2008). Given these

relationships, clarification of population structure

can shed light on how an opportunistic life history

strategy affects population dynamics.

Among polychaetes, an opportunistic life history

strategy is common. In particular, polychaetes living

in frequently disturbed habitats, such as sand- and

mudflats, show opportunistic characteristics (Grassle

& Grassle, 1974). Examples include, e.g. Streblospio

benedicti, Polydora cornuta, Hobsonia florida, Cap-

itella capitata, Syllides verrili and Microphthalmus

aberrans (Grassle & Grassle, 1974; Pearson &

Rosenberg, 1978). The capability for widespread

dispersal via planktonic larvae is common in these

opportunistic species, but also local population main-

tenance without outside larval supply can be important

(e.g. through brooded larvae or asexual reproduction:

Grassle & Grassle, 1974; Tsutsumi, 1990). Opportu-

nistic species are often tolerant to pollution and can

thrive in organically enriched habitats (e.g. Pearson &

Rosenberg, 1978; Levin, 1986; Tsutsumi, 1987;

Bridges et al., 1994). Probably the best known

example of opportunistic polychaete, the Capitella

spp., appears to reach exceptionally high population

densities only in heavily polluted or organically rich

areas (Grassle & Grassle, 1974; Tsutsumi, 1987).

Some opportunistic species can also be described as

invasive (e.g. the polychaete P. cornuta; Streftaris &

Zenetos, 2006; Karhan et al., 2008). Invasive species

often have the same life history characteristics as

opportunistic species (see McMahon, 2002), but

opportunistic species are thought to be relatively poor

competitors (Grassle & Grassle, 1974; Whitlatch &

Zajac, 1985), whereas invasive species represent a

threat to native species (e.g. Branch & Steffani, 2004).

The spionid polychaete Pygospio elegans Clap-

aréde 1863 is often characterized as an opportunistic

species (e.g. Desprez et al., 1992; Beukema et al.,

1999;Morgan et al., 1999; Bolam&Fernandes, 2002).

This species, common in the northern hemisphere,

inhabits a wide range of intertidal and subtidal

habitats, e.g. mudflats (e.g. Morgan et al., 1999;

Bolam, 2004), seagrass beds (Boström & Bonsdorff,

1997), rock crevices (Gudmundsson, 1985) and sub-

tidal areas (Kube & Powilleit, 1997; Fleischer &

Zettler, 2008), and even tolerates organically enriched

habitats (Anger, 1984). In addition, P. elegans thrives

in a wide range of salinities, but is most common in

sandy, estuarine habitats (Muus, 1967; Morgan 1997;

Bolam 2004).

Pygospio elegans displays variation in larval

developmental mode, both among and within popula-

tions (Hannerz, 1956; Rasmussen, 1973; Morgan

et al., 1999; Kesäniemi et al., 2012 in press), which

likely contributes to its success as an opportunistic

species. After internal fertilization, females deposit

true eggs and nurse eggs into egg capsules. Depending

on the ratio of true eggs and nurse eggs, either

planktotrophic larvae emerge to feed and develop in

the plankton; or benthic larvae are brooded, feeding on

the nurse eggs provided by the mother. P. elegans can

also reproduce asexually (Rasmussen, 1953).

Although planktonic larvae of P. elegans can live up

to 4–5 weeks under laboratory conditions (Anger

et al., 1986), mortality of these larvae is expected to be

very high (Pedersen et al., 2008), so it is unclear how

large an effect larval dispersal has on population

connectivity in this species.

Adult P. elegans are also motile and they will

rapidly emerge from their sand tubes and search for

new habitat if disturbed (Anger et al., 1986; pers. obs.).

Rapid recolonization of disturbed sites by P. elegans

has also been observed in the field (Desprez et al.,

1992; Kube & Powilleit, 1997). P. elegans can form

dense aggregations of tube mats, and these are often

transient patches in frequently disturbed habitats

(Morgan, 1997; Morgan et al., 1999; Boström &

Bonsdorff, 2000; Bolam & Fernandes, 2002, 2003).

However, this is only one extreme of observed P.

elegans populations. Under less disturbed conditions,

for example, in areas where P. elegans is explicitly

associated with seagrass patches embedded in bare

sand, their own patchiness is directly linked to the

vegetation mosaic, probably influenced by stabilizing

roots (Boström & Bonsdorff, 2000). In seagrasses, P.

elegans density is lower compared to that of tube mats

found in sandy or muddy estuaries lacking vegetation:

these vary between 300 and 3,000 ind. m2 in seagrass

patches in the northern Baltic Sea (Boström &

Bonsdorff, 1997, 2000), to as high as 400,000 ind.

m2 in a mudflat in northern France, Bay of Somme

(Morgan, 1997).

The different extremes of P. elegans populations

seen in brackish and marine habitats allow
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examination of the potential influence of life history

characteristics on population genetic structure. Here,

we describe isolation of microsatellite markers for this

species and we test the markers ability to reveal within

population genetic structure in two populations sam-

pled at different spatial scales. The populations

differed in several ways. In the subtidal population

from Finland, the sediment is stabilized by seagrasses,

worm density is low, and brooded larvae and asexual

reproduction are common. However, in the mudflat in

France, sediments are less stable, worms are found at

high density and planktonic larvae are produced, and

asexual reproduction has not been observed. We

expected that genetic diversity would be lower in

Finland than in France, where the unstable environ-

ment accentuates the opportunistic life history traits of

P. elegans, leading to frequent population turnover

and where the potential influx of planktonic larvae

from other populations is expected to be high. We had

no clear expectations of the extent of genetic structure

within populations, however, between population

structure was expected to be high due to the geo-

graphic distance between them.

Materials and methods

Isolation of microsatellite markers

For the microsatellite library, genomic DNA was

extracted from whole individuals using the PURE-

GENE� DNA Purification Kit (Gentra systems).

Microsatellite loci were isolated following the

FIASCO technique (Zane et al., 2002) with some

modifications (Grapputo, 2006). Four enrichment

libraries were prepared with the following probes:

(CA)22, (TA)12, (CAG)11, (CATA)8. PCR amplicons

were cloned using the TOPO-TA cloning kit (Invitro-

gen) and One Shot� TOP10 competent Escherichia

coli cells. Positive clones were amplified with vector-

specific primers, sequenced using BigDye Terminator

3.1. reagents and visualized with the ABI PRISM

3130xl and Sequencing Analysis v.5.2 software

(Applied Biosystems). Primers were designed to the

flanking regions of 17 microsatellite repeat loci using

PRIMER3 (Rozen & Skaletsky, 2000). Twelve loci

were amplified successfully and eight of these were

polymorphic.

Study sites and sampling

In Finland, adult P. elegans were collected at Ängsö

(60.1�N, 21.7�E), a bight located in the Archipelago

Sea, northern Baltic Sea. The average (n = 10)

density of P. elegans at this site is 2,800 ind. m2

(Boström et al., 2006), but densities up to 10,000 ind.

m2 have also been recorded in the northern Baltic Sea

(Boström & Bonsdorff, 1997, 2000). The salinity of

the site is typically 6–6.5 psu and sediment is fine sand

(in vegetation) and sandy gravel in non-vegetated

areas (for a general description of the area, see

Boström et al., 2006). Samples were collected in

August 2009 by SCUBA diving from approximately

4–5 m depth. At this site, and in the northern Baltic

Sea area in general, P. elegans densities peak in

seagrass Zostera marina meadows. We therefore

chose to sample a Z. marina patch (approx. 12 m in

diameter). Worms were collected along a transect

perpendicular to the shore. The transect crossed the

centre of the seagrass patch and contained five

sampling plots located approximately 5 m from each

other: (1) bare sand (shore side, Sand1), (2) patch edge

(shore side, Edge1), (3) patch centre, (4) patch edge

(offshore, Edge2) and (5) bare sand (offshore, Sand2)

(see Table 3 for sample sizes). At each sampling plot,

a non-quantitative sample of approximately 3–4 kg of

sediment was collected using a shovel and a bag. The

sample was carefully sieved and processed in a boat.

Since the density of worms in bare sand was very low,

we did not obtain enough material from the sand plot

furthest from the shore (Sand2, N = 3) and therefore

this plot was not included in the genetic analyses. No

juveniles or reproducing worms were found. During

other collections over 3 years at this site, sexually

reproductive females were found only rarely, and all

of these produced brooded larvae, however, asexual

reproduction also occurs at this site (pers. obs.).

The Bay of Somme (50.23�N, 1.60�E) is an

exposed macrotidal estuary in France (max. tidal

amplitude of 9–10 m) with water salinity never

dropping below 25 psu (Rybarczyk et al., 1993;

Morgan, 1997; Morgan et al., 1999). This mudflat

supports a high density of P. elegans (densities of over

100,000 ind. m2 are regularly recorded), which seems

to be the dominant species in the area (pers.obs). High

P. elegans density fluctuations have been observed at

this site (Desprez et al., 1992; Morgan, 1997; Morgan

et al., 1999) and periodic mass mortalities due to

Hydrobiologia (2012) 691:213–223 215
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anoxia have also been reported. Also, the sediment in

the Bay of Somme can be unstable, since the estuary

has two tides per day (Desprez et al., 1992; Rybarczyk

et al., 1993; Morgan, 1997). This population was

sampled during low tide in March 2010. Three

sampling plots were chosen. Plots 1 and 2 were

approximately 100 m apart, but both were along the

shoreline, approximately 200 m from the shore

(Shore1 and Shore2), and Plot 3 (Sea2) was approx-

imately 100 m towards the sea from Plot 2 (Shore2)

(see Table 3 for sample sizes). Sediment samples

(1–2 kg) were sieved at each plot. Large numbers of

juveniles were found, but these were not used in the

analysis. Most adult individuals collected contained

immature gametes and planktonic larvae were also

observed in the egg capsules. At this site, only

development of planktonic larvae has been observed

previously and asexual reproduction has not been

observed (Morgan, 1997; Morgan et al., 1999).

Microsatellite genotyping

From individual adult worms, genomic DNA was

extracted using a Kingfisher magnetic processor

(Thermo Fisher Scientific) and Qiagen chemistry

(DNeasy kit reagents). All amplification reactions

were run in Thermo Hybaid MultiBlock System

thermocyclers. Three of the loci (Pe15, Pe17 and

Pe18) were amplified using the method described by

Schuelke (2000). This method uses three primers, a

sequence-specific forward primer with M13(-21)

sequence tail, a sequence-specific reverse primer and

a fluorescently labelled M13(-21) primer (6FAM,

NED, VIC or PET, Applied Biosystems). Amplifica-

tion was performed in 10 ll reactions with 1 ll of
DNA, 19 PCR buffer (Biotools), 200 lM of each

dNTP (Fermentas), 8 pmol of reverse primer (TAG

Copenhagen), 8 pmol of labelled M13(-21) primer

(Applied Biosystems), 2 pmol of the M13(-21) tailed

forward primer (TAG Copenhagen), 1.5–2 mM of

MgCl2 (Biotools) and 0.5 U of Taq DNA polymerase

(Biotools). Thermocycling conditions were 94 �C for

5 min, then 30 cycles of 94 �C for 30 s, Ta for 30 s

(see Table 1), 72 �C for 30 s, followed by 8 cycles of

94 �C for 30 s, 53 �C for 45 s, 72 �C for 45 s, ending

with a final extension of 72 �C for 10 min. The other

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

using two sequence-specific primers, forward primer

being labelled. Amplifications were also performed in

10 ll reactions as described above, except using

0.5 lM of both primers (1/8 of the forward primer

was labelled, Applied Biosystems) and 1.5–3 mM of

MgCl2. Thermocycling conditions were as follows:

94 �C for 5 min, then 35 cycles of at 94 �C for 30 s, Ta

for 30 s (see Table 1), 72 �C for 30 s, followed by a

final extension of 10 min at 72 �C. Products were

separated using the ABI PRISM 3130xl and genotyped

using GeneMapper v.3.7. software (Applied

Biosystems).

Population genetic and statistical analyses

For within population genetic diversity analyses, the

number of alleles, gene diversity, and observed and

expected heterozygosity at each locus and within a

sampling plot were calculated in Fstat v.2.9.3.2.

(Goudet, 1995) or Arlequin v.3.5.2.1 (Excoffier &

Lischer, 2010). Allelic richness and private allele

richness were calculated with HP-RARE 1.1 (Kali-

nowski, 2005), which uses a rarefaction method that

compensates for the unequal sample sizes of the plots.

Deviations from Hardy–Weinberg equilibrium

(HWE) were assessed with the exact test implemented

in Genepop (Raymond & Rousset, 1995) and signif-

icance values were adjusted with Bonferroni correc-

tion. The presence and frequency of null alleles was

checked with Micro-Checker (Van Oosterhout et al.,

2004) and FreeNA (Chapuis & Estoup, 2007). Since

HWE deviations were present in our data (and since

the presence of null alleles can lead to overestimation

of FST and genetic distance, Chapuis & Estoup, 2007),

FST analyses were calculated with both the original

dataset (8 loci) and a reduced dataset of six loci

(removing Pe12 and Pe15 or Pe13 which had the

highest null allele frequencies). Linkage disequilib-

rium was tested with Genepop and significance values

were adjusted with Bonferroni correction. Genetic

differentiation was estimated with FST (calculated in

Arlequin) and Dest (calculated in SMOGD; Crawford,

2010). FST was also calculated with FreeNA, which

uses the ENAmethod (described in Chapuis & Estoup,

2007) for correcting the bias introduced by null alleles.

Samples (plots) were also grouped by country (Finland

and France) and allelic richness (also calculated with

HP-RARE), heterozygosity and gene diversity for the

two populations were calculated and compared using

Fstat.
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Results

Characteristics of the microsatellite loci

Details of the microsatellite loci, primers and opti-

mized amplification conditions are shown in Table 1.

Polymorphism of the loci ranged widely, with 9–35

alleles per locus (Table 2). In Finland, the number of

alleles per locus ranged from 4 to 32 and in France

from 8 to 33. In all loci except Pe7, more alleles were

found in France than in Finland. Gene diversity was

also higher in France in all loci expect Pe7 where

values were equal in both countries. No linkage

disequilibrium between the loci was detected. Signif-

icant departures from HWE after Bonferroni correc-

tion were detected in several loci (Table 3). In

Finland, significant deviations from HWE were

detected in three loci from most (Pe12 and Pe15 in

Centre, Edge1 and Edge2, also Pe13 in Edge2), but not

all of the sampling plots. In France, the loci Pe13 and

Table 1 Primer sequences and PCR conditions for the 8 microsatellite loci

Locus

name

Repeat Primer sequence 50–30 Ta (�C) MgCl2
(mM)

Product

size (bp)

GenBank

accession no.

Pe6 (CA)28 F: ACTACGGAAACTGCCTGCAC 54 2 250 GU321899

R: ATATGGCCACCGAAACCTCT

Pe7 (CATA)13 F: CTCACCCTTTACACCCAAGG 54 3 152 GU321900

R: AGCGTCTGTTATGGGGTACAG

Pe12 (CT)38 F: ACTCGGTGTTTTCCCTAACG 55 3 212 GU321901

R: CGACGTGATCAGTTCTGCTG

Pe13 (GA)23 F: CCGGCGTCTCTACACAATAC 58 1.5 176 GU321902

R: TTCCATTGTGCACGTTCTTT

Pe15 (GT)10(GA)24 F: M13(-21) ? TAGTGATCACCCCACATCCA 57 1.5 202 GU321903

R: AACACACCTTCCCTCACACC

Pe17 (TG)4N3(TG)8 F: M13(21) ? CAAATGAGTTGTGGACTAGTAGGG 57 2 172 GU321904

R: CCCCCTGTGGGCTAGATAG

Pe18 (CAA)4N(CAA)2 F: M13(-21) ? TGGATACGGTCTCAACCTTTG 57 2 200 GU321905

R: AGCCATTGCCCAATGATAAC

Pe19 (GCAA)2 F: TATCCAACGCACACCTACCA 54 2 241 GU321906

(GCAGCAA)4 R: TTGAGTGATGGTGCGAGGTA

M13(-21) sequence: 50-TGT AAA ACG ACG GCC AGT-30 (18 bp), Ta PCR annealing temperature, product size base pairs

between the primers in the cloned allele

Table 2 Number of alleles

and gene diversity per locus

in both countries

NaALL number of alleles

across both populations, Na

number of alleles,

N number of individuals

genotyped

Locus NaALL Ängsö, Finland

N = 90

Bay of Somme, France

N = 67

Na Gene diversity Na Gene diversity

Pe6 9 4 0.201 8 0.372

Pe7 34 32 0.941 27 0.941

Pe12 35 29 0.960 30 0.964

Pe13 28 26 0.954 28 0.962

Pe15 34 27 0.948 33 0.970

Pe17 20 11 0.263 18 0.858

Pe18 12 5 0.523 9 0.610

Pe19 17 8 0.368 13 0.730

Hydrobiologia (2012) 691:213–223 217

123



Pe12 were problematic, and the plot Sea2 plot showed

deviations in three additional loci (Pe 15, Pe17 and

Pe18). Analysis with Micro-Checker suggested the

presence of null alleles in these sampling plots and

loci. FreeNA calculations showed moderate

(0.05–0.2) or high (Pe12, Pe17 and Pe18 in Sea2)

null allele frequencies in the sampling plots with the

HWE deviations.

Population genetic structure

In Finland, there was no difference in observed

heterozygosity or gene diversity among the sampling

plots. Slightly lower allelic richness and private allele

richness was noticed in the Sand1 plot (Table 4). Also,

pairwise FST comparisons among the sampling plots

indicated no genetic structure (Table 5). In France,

Table 3 Observed heterozygosity (Ho) of each locus across all sampling plots

Locus Finland Ho Locus France Ho

Centre

(N = 29)

Edge1

(N = 23)

Sand1

(N = 9)

Edge2

(N = 26)

Shore1

(N = 18)

Shore2

(N = 17)

Sea2

(N = 32)

Pe6 0.310 0.261 0.000 0.154 Pe6 0.267 0.412 0.375

Pe7 0.828 0.913 0.889 0.769 Pe7 0.833 0.824 0.900

Pe12 0.913 0.588 0.857 0.826 Pe12 0.667 0.563 0.444

Pe13 0.852 0.750 0.750 0.739 Pe13 0.600 0.563 0.767

Pe15 0.553 0.565 0.444 0.680 Pe15 0.813 0.750 0.633

Pe17 0.310 0.261 0.111 0.231 Pe17 0.750 0.529 0.581

Pe18 0.464 0.565 0.778 0.520 Pe18 0.412 0.333 0.304

Pe19 0.444 0.429 0.222 0.308 Pe19 0.625 0.588 0.645

Significant HWE deviations (after Bonferroni correction) are shown in italics

Table 4 Observed heterozygosity (Ho), gene diversity (Hs), allelic richness and private allelic richness (averaged over loci) among

sampling sites within location

Finland France

N Ho Hs Allelic richnessa

(14 genes)

Private allelica

richness

N Ho Hs Allelic richnessa

(30 genes)

Private allelica

richness

Sand1 9 0.506 0.605 5.66 1.23 Shore1 18 0.621 0.757 10.62 2.39

Edge1 23 0.542 0.665 6.48 1.62 Shore2 17 0.570 0.761 10.66 2.41

Centre 29 0.584 0.664 6.58 1.68 Sea2 32 0.581 0.834 12.98 3.35

Edge2 26 0.528 0.617 6.37 1.66

a Calculated with HP-RARE

Table 5 Genetic differentiation (FST) between pairs of sampling sites within a country (10,000 permutations)

Finland France

Centre Edge1 Sand1 Shore1 Shore2

Centre 0 Shore1 0

Edge1 -0.0007/-0.0034 Shore2 0.0142/0.0113 0

Sand1 0.0095/0.0033 0.0113/0.0025 Sea2 0.0007/-0.0021 0.0218/0.0257

Edge2 0.0036/0.0047 0.0012/0.0065 0.0110/0.0050

First value is with 8 loci, second values with dataset of 6 loci (loci Pe12 and Pe15 removed in Finland, Pe12 and Pe13 in France).

Italic values are statistically significant (P B 0.01)
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however, low but significant structure was seen

between the shore plot 2 and the plot furthest away

from the shore (Sea2). Sea2 also had slightly higher

allelic richness and private allele number (from HP-

RARE, no significance test) compared to the other

plots, but no difference in heterozygosity or gene

diversity was observed among the sampling plots in

France (Table 4). FST estimates calculated with the

original dataset as well as the dataset corrected with

ENA for null alleles were similar (data not shown).

Also,FST estimates calculated with the reduced dataset

(6 loci) and the original dataset (8 loci) were similar

(Table 5).

When data from the sampling plots within each

location were combined, we observed significant

genetic population structure between Finland and

France (FST = 0.078, P B 0.001, Dest = 0.138). FST

calculations with the ENA correction for null alleles

yielded a similar value (FST = 0.076). Removing the

three loci with HWE deviations did not affect the Dest

or FST results (data not shown). Comparing the

populations with Fstat revealed that the French

population had significantly higher allelic richness

(France: 7.44, Finland: 6.27, P = 0.029) and gene

diversity (France: 0.797, Finland: 0.645, P = 0.033)

than the Finnish population. Furthermore, when allelic

richness was estimated with HP-RARE, the French

population was also more variable than the Finnish

population (allelic richness 20.21 vs. 16.46) and

seemed to possess a larger number of private alleles

(private allele richness 6.44 vs. 2.69, both calculated

with minimum sample size of 110 genes). However,

observed heterozygosity (France: 0.590, Finland:

0.549) and FIS estimates (France: 0.260, Finland:

0.149) were not significantly different between the two

populations.

Discussion

We isolated new microsatellite loci and investigated

their performance in revealing fine scale genetic

structure in the opportunistic polychaete Pygospio

elegans from two populations differing in habitat

characteristics: a sheltered seagrass patch in a

brackish site and a disturbed mudflat in a marine

tidal environment. These different habitats reflect the

extremes of habitats where P. elegans is found. Life

history characteristics of opportunistic species, such

as early reproduction, high fecundity, strong dis-

persal ability and a short life span, have the potential

to affect population genetic structure, but the result-

ing patterns may be habitat-specific and difficult to

generalize. Indeed, opportunistic species are

expected to benefit from being more plastic, showing

population specific life history characteristics

according to local conditions (Zajac, 1991). The

developmental polymorphism of P. elegans is a

potentially plastic life history response which differs

between the two populations we studied, but devel-

opmental polymorphism within these populations has

not been observed.

In the relatively stable low density population of

Ängsö (Finland), no genetic structure among sampling

plots was found (Table 5), but there was slightly lower

diversity (allelic richness) in the sand plot compared to

the plots sampled from the seagrass patch (Table 4).

Here, worms were more abundant within the Z. marina

patch compared to the ambient bare sand, and no dense

tube mats were seen. At the small spatial scale of the

seagrass patch (12 mdiameter),movement of juveniles

and adults within the patch may act to reduce potential

genetic structuring. In polychaetes, adults and juveniles

can disperse, but time spent dispersing and distances

moved are expected to be shorter for adults than for

larvae (Levin, 1984). Adult P. elegans showing active

crawling behaviour have been reported previously,

either moving closer to conspecifics or avoiding other

species (Wilson, 1983) or possibly avoiding overex-

ploitation of resources in an area (Bolam& Fernandes,

2002). With larval brooding (the only developmental

mode observed at Ängsö), fewer offspring are pro-

duced, larvae lack a dispersive planktonic stage, and

larvae have a higher probability of settling within their

native population close to their parents. However, even

though we expect the brooded larvae to be poor

dispersers, the emerged juveniles and adults of P.

elegans may still enter the plankton through resuspen-

sion/physical disturbance, which has been observed in

sandy sites of the Finnish archipelago (Boström et al.,

2010; Valanko et al., 2010). If brooding is the

predominant developmental mode seen in the frag-

mented seagrass landscape of the Finnish archipelago,

population genetic structure patterns would be

expected on a larger spatial scale, e.g. among seagrass

patches within a site or between sites (10–50 km).

Mitochondrial DNA sequence data has indicated some

differentiation between Ängsö and other populations in
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the Finnish archipelago (Kesäniemi et al., 2012 in

press).

In contrast, the Bay of Somme (France) mudflat

experiences hydrodynamic and human mediated dis-

turbance and is optimal for opportunistic species

(Desprez et al., 1992). Here, our sampled plots were

more distant from each other than the plots in Finland

because the mudflat is broad and the population is not

restricted by a vegetation mosaic. Given the greater

potential for dispersal of planktonic larvae at this site,

our samples still represent a fine spatial scale relative

to the size of the mudflat. Significant FST observed

between two of our sampling plots: Shore2 and Sea2

(Table 5); indicate that population structure exists at

this spatial scale. Many different processes that can

lead to development of high density patches could also

lead to genetic structuring within P. elegans.Although

planktonic larvae have the potential for extensive

dispersal, Morgan (1997) speculated that gregarious

settlement of larval cohorts (siblings) caused by local

currents in the Bay of Somme estuary leads to the

formation of particularly dense tube mats. We

attempted to avoid this potential complication by not

sampling from different tube beds, but from an area of

uniformly high density. Nevertheless, gregarious

settlement is still possible even though no distinct

tube bed patches were visible. Dense tube beds can

stabilize the sediment on a small scale (Bolam &

Fernandes, 2003) and tube beds may resist effective

water flow, causing individuals not to be passively

transported away from the patch (Morgan, 1997).

Higher P. elegans juvenile survival within dense tube

beds (Morgan, 1997) and possible sweepstakes repro-

duction (a limited number of parents contributing to

the recruitment; Hedgecock, 1994) could facilitate the

formation of genetic clusters at a small spatial scale.

Sweepstakes reproduction is thought to be more

common in changing environments and when species

produce large numbers of offspring (Hedgecock,

1994), but may be more relevant for free-spawning

invertebrates, which is not the case for P. elegans.

Unfortunately, we have not sampled at smaller spatial

scales in Bay of Somme, so we cannot make any firm

conclusions about potential structure within the mud-

flat at distances\100 m.

Other studies have shown genetic structure in

marine organisms on a small spatial scale (e.g. Todd

et al., 1998; Tatarenkov et al., 2007; Dupont et al.,

2009), but the data are scarce. In the gastropod

Drupella cornus with planktonic larvae, differences

were seen in larval recruitment groups on a fine scale

of 80 m (Johnson et al., 1993). Also, in the brooded

coral Seriatopora hystrix, which has an opportunistic

life history strategy, significant population structure is

seen on an fine scale ([100 m) due to larval recruit-

ment to their natal reef (Underwood et al., 2007).

Porter et al. (2002) found significant genetic structure

within Alcyonidium bryozoan colonies, even in the

species with pelagic larvae. Population genetic studies

of species with planktonic larvae conducted at larger

spatial scales have shown unexpected population

structure contrary to an initial expectation of high

gene flow (e.g. Ayre & Hughes, 2000; Weber et al.,

2000; Hellberg et al., 2002; Taylor & Hellberg, 2003;

Whitaker, 2004). These findings may indicate that

genetic structure may be more prevalent at smaller

spatial scales in these species as well.

There was significant genetic differentiation

between the French and the Finnish study sites, as we

expected, andwe conclude that gene flow between seas

is more restricted than within sea regions. This result

was not surprising, given the considerable geographic

distance between the countries. The high density

French population was observed to be more diverse,

which suggest a larger effective population size (e.g.

Pechenik, 1999) in France compared to Finland. The

predominance of planktonic larvae in this population as

well as possible input of larvae from other populations

likely contributes to the high diversity we observed.

Asexual reproduction (Rasmussen, 1953; Wilson,

1983; Anger, 1984; Gudmundsson, 1985) could lower

diversity, and might explain the comparatively lower

diversity seen in Finland.

From these analyses, we can conclude that the

microsatellite loci that we isolated from P. elegans are

useful for estimating genetic diversity within and

genetic differentiation among populations at different

spatial scales. The loci are polymorphic, some with a

very large number of alleles, and they are in linkage

equilibrium. Some deviations from Hardy–Weinberg

expectations were observed, however, particularly in

loci Pe12, Pe13 and Pe15. These deviations could be

due to technical problems in allele detection, and tests

with Micro-Checker and FreeNA indicated a moderate

to high probability of null alleles. Nevertheless, since

all sampling plots did not show these deviations from

HWE, we should consider biological factors that could

be involved, in addition to technical problems. In some
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cases, the deviationmay be due to plot specific reasons.

For example, if the sample contains many related

individuals due to gregarious settlement of a cohort, it

would not be surprising to find a deviation fromHardy–

Weinberg proportions. Temporal population structure

within the populations or plots could also cause such

deviations. In the Bay of Somme population P. elegans

has at least two reproduction peaks per year (Morgan,

1997), and individuals fromdifferent generations could

be in our sample. The significant positive FIS estimates

seen in both France and Finland can represent defi-

ciency in heterozygosity and therefore also reflect the

deviation from HWE. However, potential asexual

reproduction in Ängsö could have increased the

possibility for inbreeding in this population. Likewise,

potential sweepstakes reproduction and reduced water

flow in tube beds could increase the possibility for

inbreeding in France. High, positive FIS values are not

uncommon in population genetic studies of marine

invertebrates (Addison & Hart, 2005).

Generalizations of expected population genetic

structure in P. elegans is difficult since genetic

structure can be affected not only by the differences

in opportunistic behaviour of the worms but also the

predominant developmental mode observed in popu-

lations and potential dispersal of both larvae and

adults. It is important to take different spatial scales

into account as the relevant spatial scale may differ

between populations. For opportunistic species and

other species with plastic life history characteristics,

understanding genetic structure may require more than

the traditional analyses of estimating F statistics and

gene flow from samples taken at a single time point.

Temporal analyses and a more complete understand-

ing of how the life history characteristics change with

changing environments may be needed.
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From the symposium ‘‘Poecilogony as a Window on Larval Evolution: Polymorphism of Developmental Mode within

Marine Invertebrate Species’’ presented at the annual meeting of the Society for Integrative and Comparative Biology,

January 3–7, 2012 at Charleston, South Carolina.

1E-mail: jenni.kesaniemi@jyu.fi

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;
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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
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at 5m depth (FIA and FIF) or by wading and shovel-

ing the sediment in51.5m deep water (FIH and all

Danish samples). The German sample was collected

from a depth of 18m 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), 1.5–2mM of MgCl2
(1.5mM for Pe15, 2mM for Pe18 and Pe17)

(Biotools), and 0.5U of Taq DNA polymerase

(Biotools). Thermocycling conditions were 948C for

5min, 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 10min. 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 1.5–3mM of MgCl2 (1.5mM for Pe13, 2mM for

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

Thermocycling conditions were: 948C for 5min, 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 10min 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).
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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

Poecilogony and population genetic structure 189

 at SIC
B

 Society A
ccess on July 9, 2012

http://icb.oxfordjournals.org/
D

ow
nloaded from

 



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.
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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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Stenseth NC. 2004. Transport of North Sea cod larvae

into the Skagerrak coastal populations. Proc R Soc Lond

B 271:1337–44.

Krug PJ. 2007. Poecilogony and larval ecology in the gastro-

pod genus Alderia. Am Malacol Bull 23:99–111.

Kyle CJ, Boulding EG. 2000. Comparative population genetic

structure of marine gastropods (Littorina spp.) with and

without pelagic larval dispersal. Mar Biol 137:835–45.

Larmuseau MHD, Vancampenhout K, Raeymaekers JAM, Van

Houdt JKJ, Volckaert FAM. 2010. Differential modes of

selection on the rhodopsin gene in coastal Baltic and

North Sea populations of the sand goby, Pomatoschistus

minutes. Mol Ecol 19:2256–68.

Lee HJ, Boulding EG. 2009. Spatial and temporal population

genetic structure of four northeastern Pacific littorinid gas-

tropods: the effect of mode of larval development on

194 J. E. Kesäniemi et al.

 at SIC
B

 Society A
ccess on July 9, 2012

http://icb.oxfordjournals.org/
D

ow
nloaded from

 



variation at one mitochondrial and two nuclear DNA mar-

kers. Mol Ecol 18:2165–84.

Levin LA. 1984. Life history and dispersal patterns in a dense

infaunal polychaete assemblage: community structure and

response to disturbance. Ecology 65:1185–200.

Levin LA. 1986. The influence of tides on larval availability in

shallow waters overlying a mudflat. B Mar Sci 39:224–33.

Levin LA. 2006. Recent progress in understanding larval dis-

persal: new directions and digressions. Integ Comp Biol

46:282–97.

Marko PB, Rogers-Bennett L, Dennis AB. 2007. MtDNA pop-

ulation structure and gene flow in lingcod (Ophiodon elon-

gatus): limited connectivity despite longlived pelagic larvae.

Mar Biol 150:1301–11.

Mattila J. 1997. The importance of shelter, disturbance and

prey interactions for predation rates of tube-building poly-

chaetes (Pygospio elegans (Claparede)) and free-living tubi-

ficid oligochaetes. J Exp Mar Biol Ecol 218:215–28.

Metaxas A. 2001. Behaviour in flow: perspectives on the dis-

tribution and dispersion of meroplanktonic larvae in the

water column. Can J Fish Aquat Sci 58:86–98.

Mileikovsky SA. 1971. Types of larval development in marine

bottom invertebrates, their distribution and ecological sig-

nificance: a re-evaluation. Mar Biol 10:193–213.

Miller KJ, Ayre DJ. 2008. Population structure is not a simple

function of reproductive mode and larval type: insights

from tropical corals. J Anim Ecol 77:713–24.

Morgan TS, Rogers AD, Paterson GLJ, Hawkins LE,

Sheader M. 1999. Evidence for poecilogony in Pygospio

elegans (Polychaeta: Spionidae). Mar Ecol Prog Ser

178:121–32.

Nielsen EE, Hansen MM, Ruzzante DE, Meldrup D,

Grønkjær P. 2003. Evidence of a hybrid-zone in Atlantic

cod (Gadus morhua) in the Baltic and the Danish Belt Sea,

revealed by individual admixture analysis. Mol Ecol

12:1497–508.

Nilsson J, Gross R, Asplund T, Dove O, Jansson H,

Kelloniemi J, Kohlmann K, Löytynoja A, Nielsen EE,
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