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ABSTRACT
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Variation in developmental mode and its effects on divergence and maintenance
of populations
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(Jyvaskyla 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
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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, ie. 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 (60-90um 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 pm) 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.

FIGURE1  An adult Pygospio elegans worm (female, approximately 10 mm long).



2 MATERIAL AND METHODS

2.1 Study species

Pygospio elegans (Claparede), 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. Bostrom & 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 (Soderstrom 1920, Hannerz 1956, Rasmussen 1973). The genuine
eggs (fertilized embryos) are approximately 100um in diameter with a distinct
nucleus, whereas the nurse eggs are visibly smaller (approx. 70um), 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.

FIGURE2  Pygospio elegans egg types and examples of two different larval modes. A.
True eggs with nuclei (100 um 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 Jyvdskyld 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)z, (TA)12, (CAG)11, (CATA)s. 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 3130x1 (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, 11, 111, 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 ul
reactions containing 1 ul of DNA, 3 mM MgCl, (Biotools), 200 uM of each dNTP
(Fermentas), 0.5 pM of each primer (TAG Copenhagen), 0.1 U of Tag
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 3130xI 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, Pel2, Pel3, Pel9) were amplified in 10 pl
PCR reactions as follows: 1 ul of DNA, 1X PCR buffer (Biotools), 200 uM of each
dNTP (Fermentas), 0.5 pM 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 MgCl and 0.5 U of Tag 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 (Pel5, Pel7 & Pel8) 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 10ul reactions with 1pl of DNA,
1X PCR buffer (Biotools), 200 uM 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 MgCl, (Biotools) and 0.5 U of Tag DNA polymerase
(Biotools). Thermocycling conditions were 94 °C for 5 min, then 30 cycles of 94
°Cfor 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 3130x] and
genotyped using GeneMapper v.3.7 software (Applied Biosystems) (I, 111, 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 R> (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,
IIL 1V, 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 Fsr 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 (I1I, 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 Fsr-based method
(IIT) 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, ® = 4Nep, where p 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 Fsr 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 Angsb, 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 Pel2, 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 Fsr 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 Fsr 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 Estimated
mode* density
Baltic Sea Finland Angso B (A) Low
Faro (A) Low
Hanko (A) Low
Germany Germany
Denmark Vellerup L,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, 1

* 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, Ostergaard et al. 2003, Lee & Boulding 2007) and in some
cases (Planes & Lenfant 2002, Robainas-Barcia et al. 2005, Florin & Hoglund
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 Fsr 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, Bostréom & Bonsdorf 1997, 2000), which could also lead to lower N. 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 (Bostrom &
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
(V).

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
(I). 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, 1I, IlI). 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, 1I, 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 (RESUME IN FINNISH)

Kehitysmuotojen variaatio ja sen populaatiogeneettiset seuraukset

Meressi eldvilld lajeilla tavataan erityisen paljon erilaisia lisddntymisstrategioi-
ta. Esimerkiksi monilla selkdrangattomilla pohjaeldinlajeilla aikuinen kehittyy
useiden erilaisten toukkavaiheiden kautta, ja n4illd lajeilla toukkien kehitys-
muoto onkin tiarked mm. lajin lisddntymismenestykseen, yksilonkehitysaikaan
ja levittaytymispotentiaaliin vaikuttava elinkiertopiirre. Meressd elédvilld selka-
rangattomilla yleisin lisddntymisstrategia on luultavasti gameettien vapautta-
minen veteen ja sitd seuraava ulkoinen hedelmditys ja planktinen vedessi va-
paasti eldvd ja ravintoa etsivd toukka. Jos toukalla ei ole vapaasti uivaa vaihetta,
se voi eldd meren pohjalla joko vapaana tai suojattuna (ei-planktinen toukka).
Ei-planktiset toukat kehittyvét usein ravinteikkaista suurista munasoluista, jol-
loin toukan ravinnontarve on vdhdinen. Toukka voi my6s kasvaa naaraan te-
kemdssd suojatussa rakenteessa (kapseli tai suojaava massa), jolloin naaras voi
antaa toukalle ulkoista ravintoa (ravintomunia). Téllaista strategiaa on tavattu
mm. joillakin madoilla ja nilvidisilld. Meriselkdrangattomat voivat myos kehit-
tyd kokonaan ilman toukkamuotoa, ja myds suvuton lisddntyminen on yleista.
Toukkamuotojen monimuotoisuuden tunteminen on keskeinen asia kehitys-
muotojen synnyn evolutiivisen taustan ymmaértdmisessd. Monilla meressad eld-
villd ldheistd sukua olevilla lajeilla on erilaisia toukkamuotoja, mistd voidaan
pédtelld ettd siirtymid eri toukkamuotojen vililld on tapahtunut useasti ja suh-
teellisen lyhyessd ajassa. Toukkamuotojen evoluutioon on usein ajateltu liitty-
vdn energeettisid kompromisseja jdlkeldisten mé&drdan, munasolun koon ja kehi-
tysajan suhteen. Myds monet ekologiset tekijdt, kuten elinympériston laatu,
predaatioriski, ravinnon saatavuus ja kilpailu, ovat todenndkdoisesti vaikutta-
neet eri toukkamuotojen syntyyn ja niiden nykyiseen esiintymiseen.

Erilaisia toukkamuotoja on havaittu myos samalla lajilla (poecilogonia).
Tamankaltainen monimuotoisuus on harvinaista, ja sitd tavataan vain joillakin
kotiloilla (Sacoglossa-kotilot), sekd Spionidae-heimon monisukasmadoilla.
Toukkamuotojen polymorfismi voi olla esimerkiksi geneettistd tai ymparisto-
olojen sddtelemadd. Tutkimuslajini Pygospio elegans (hiekkaputkimato) on raken-
tamassaan hiekkaputkessa meren pohjassa eldvd monisukasmato (Spionidae),
joka pystyy lisddntymaéédn erilaisten toukkamuotojen kautta. Sisdisen hedelmoi-
tyksen jédlkeen P. elegans naaras munii alkiot ja ravintomunia kapseleihin hiek-
kaputkensa sisélle. Jos alkioita on paljon, naaras vapauttaa toukat aikaisessa
vaiheessa planktoniin (planktinen toukka). Jos taas alkioita on vain muutama,
ne eldvit kapseleissa suojattuna ja syovéat ravintomunia. Kun ndmaé toukat va-
pautuvat kapseleistaan, niilld ei ole planktista kehitysvaihetta, vaan ne ovat
valmiita muodonvaihdokseen toukasta juveniileiksi (ei-planktinen muoto). La-
jilla tavataan my®os vidlimuotoisia toukkia, joilla on Iyhyt planktinen vaihe.
Toukkamuodot voivat siis erota toisistaan lukumaddrdltddan ja morfologialtaan
sekd ravinnon tarpeen ja planktisen vaiheen pituuden suhteen. Toukkamuoto-
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jen on havaittu muuntelevan sekd populaatioiden sisdlld ettd niiden vaililld,
mutta on epdvarmaa pystyyko yksi naaras tuottamaan eri toukkamuotoja.

Viitoskirjatutkimukseni tavoitteena oli selvittdd kuinka lajinsisdinen vari-
aatio toukkien kehitysmuodoissa vaikuttaa P. elegansin populaatiogeneettiseen
rakenteeseen, siind tapahtuviin muutoksiin ja populaatioiden viliseen migraa-
tioon. Eri toukkamuotoja tuottavien P. elegans -populaatioiden on aikaisemmin
péételty kuuluvan eri lajeihin, ja koska lajinsisdinen polymorfia kehitysmuo-
doissa on harvinaista, selvitin véitoskirjatydssani myos P. elegansin lajistatusta
molekyyligeneettisin menetelmin. Sekvenssiaineisto ja fylogeneettiset analyysit
osoittivat, ettd laajalta maantieteelliseltd alueelta erilaisista ympéristooloista
keridtyt nédytteet kuuluvat hyvin todennékdoisesti samaan lajiin, koska ne eivét
ryhmittyneet fylogeneettisissd puissa toukkamuodon tai populaation mukaan,
ja my0s sekvenssien divergenssi oli alhainen. Saman DNA-alueen sekvensointia
on kadytetty myos tutkittaessa muita kehitysmuotopolymorfiaa omaavia lajeja
(Streblospio benedicti, Alderia willowi).

Seuraavaksi P. elegansin genomista eristettiin kahdeksan uutta polymorfis-
ta mikrosatelliittimarkkeria populaatiogeneettisid tutkimuksia varten. Polymor-
fisen lajin populaatiogenetiikka on mielenkiintoista, silld erilaisilla toukkamuo-
doilla on meriymparistossd hyvin erilaiset kohtalot ja ne eroavat mm. kuollei-
suuden ja levittdytymispotentiaalin suhteen. Hypoteesin mukaan pohjaeldinla-
jeilla, joilla on dispersoiva planktinen toukkavaihe, populaatioiden vilinen
migraatio ja geenivirta johtavat geneettisesti samankaltaisiin monimuotoisiin
populaatioihin. Jos lajilla ei ole dispersoivaa toukkavaihetta, populaatioiden
vilinen migraatio on rajattua ja ne eriytyvit geneettisesti. Nditd hypoteeseja on
tutkittu vertaamalla keskenddn kehitysmuodoiltaan erilaisia lahisukuisia lajeja,
mutta kehitysmuodoiltaan polymorfisen lajin kdyttaminen téllaisissa tutkimuk-
sissa on uutta. P. elegans onkin hyva mallilaji tutkittaessa toukkamuodon, levit-
taytymiskyvyn ja populaatiogeneettisen rakenteen vélisid suhteita, koska yhta
polymorfista lajia tutkittaessa ei tarvitse ottaa huomioon lajiutumiseen liittyvia
adaptiivisia eroja. Koska P. elegans -lajin aikuiset eldvit tekemissddn hiekka-
putkessa, ne ovat suhteellisen paikallaan pysyvid, ja levittdytymisen oletetaan
tapahtuvan pddasiassa toukkavaiheen aikana.

Tutkimusta varten néytteitd kerdttiin P. elegans -lajista useista populaati-
oista Euroopasta. Planktisia toukkia tuottavien populaatioiden havaittiin olevan
geneettisesti monimuotoisempia verrattuna populaatioihin, joissa oli myos ei-
planktisia toukkia. Maantieteellinen sijainti saattaa vaikuttaa toukkamuodon
esiintymiseen t&lld lajilla, silld Pohjanmeren alueella havaittiin yleisesti plankti-
sia toukkia, kun taas Itdmeressd ei-planktisten toukkien ja valimuotojen osuus
oli suurempi. Suomen saaristossa P. elegans esiintyy péddasiassa meriajokasnii-
tyilla (Zostera marina), ja koska saariston niityt ovat fragmentoituneita, tama
vaikuttaa myos P. elegansin esiintymiseen. Tutkimuksessa havaittiinkin Itdme-
ressd lahekkdin olevien populaatioiden olevan geneettisesti eriytyneitd. Geneet-
tisesti eriytyneitd populaatioita havaittiin myos Pohjanmeren alueella, jossa
planktinen toukkamuoto on yleisin. Lajin populaatiorakenne néyttda riippuvan
populaatioiden vilisistd maantieteellisistd etdisyyksistd, jolloin geneettinen
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eriytyminen kasvaa etdisyyden kasvaessa, riippumatta toukkakehitysmuodos-
ta. Kun populaatioiden vilistd migraation voimakkuutta analysoitiin, havaittiin
paikallisista populaatioista ulospdin suuntautuvan migraation olevan véhdista
toukkamuodosta riippumatta. Nama tulokset viittaavat siihen, ettd erilaisilla P.
elegansin toukkamuodoilla ei ole suurta eroa levittdytymiskyvyssd, eikd plank-
tinen toukkamuoto vilttdmattd johda voimakkaampaan geenivirtaan ja popu-
laatioiden geneettiseen samankaltaisuuteen. Muita populaatiogeneettiseen ra-
kenteeseen vaikuttavia tekijoitd voivat olla mm. lajin historiaan ja levidmiseen
liittyvat tekijat, kdyttdytyminen tai esimerkiksi habitaatti ja merivirrat. Tut-
kimme ympadristotekijoiden vaikutusta populaatiogeneettisen rakenteeseen
pienelld mittakaavalla Tanskan Sjdllantin saaren vuonojen heterogeenisessa
elinympaéristossd, mutta tutkimuksessa ei havaittu minkéédn yksittdisen tekijan
(esimerkiksi sedimenttityypin tai veden suolapitoisuuden) vaikuttavan popu-
laatioiden eriytymiseen.

Toukan kehitysmuoto voi vaikuttaa myos 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 epitasaiseen lisddntymismenestykseen naaraiden
vdlilld, ja geneettisesti eriytyneisiin ikdluokkiin. Vastoin odotuksia Itameren
populaatioista eri vuosina keréttyjen P. elegans -lajin ndytteiden havaittiin ole-
van geneettisesti erilaisia, vaikka ei-planktiset ja valimuotoiset toukat ovat néis-
sd populaatioissa yleisid, kun taas vain planktisia toukkia tuottava Pohjanmeren
populaatio oli ajallisesti muuttumaton. Toukkamuoto vaikutti mahdollisesti
myos efektiiviseen populaatiokokoon, koska se estimoitiin huomattavasti pie-
nemmadksi populaatioissa joissa oli ei-planktisia toukkia. Pieni (efektiivinen)
populaatiokoko ja alhainen migraationopeus populaatioiden vililld viittaavat
sithen, ettd ajalliset muutokset populaatiogeneettisessd rakenteessa johtuvat
tallad lajilla geneettisestd satunnaisajautumisesta.

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

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 ¢ 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.

ample, development time, mortality, and dispersal potential
(Levin and Bridges 1995). Understanding the consequences

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-

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 etal. 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
Claparede, 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 (Soderstrom 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-

© 2012 The Authors. Published by Blackwell Publishing Ltd.
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Figure 1. Brooded Pygospio elegans larvae in capsules (from Angso,
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 Kesaniemi.

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 ¢ 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 (Angsd and Féro) 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
etal. 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
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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
¢ 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 uL reactions containing 1 uL of the DNA ex-
tract, 3 mM MgCl, (Biotools, Spain), 200 M of each ANTP
(Fermentas, Germany), 0.5 M 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 3130x] 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

© 2012 The Authors. Published by Blackwell Publishing Ltd.
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ICE

Figure 2. European sampling sites labeled according to their abbreviations in Table 1. Sites FIA (Angsé) and FIF (Fare) 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-

© 2012 The Authors. Published by Blackwell Publishing Ltd.

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 = = 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 T Observed larval mode
‘Europe
Northern Baltic Sea Angso, Finland FIA 22 4 0.260 0.0017 Brooded
Faro, Finland FIF 21 10 0.890 0.0129 Not known
Hanko, Finland FIH 19 6 0.778 0.0128 Not known
outhern 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
)Atlamic 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 (®gr) 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,
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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 R, (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 R, 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

© 2012 The Authors. Published by Blackwell Publishing Ltd.
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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 Angso, 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 EUNAL10, the
haplotype that is shared with the European samples). Mean
sequence divergence within the total North American dataset

© 2012 The Authors. Published by Blackwell Publishing Ltd.
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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
Angsé 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-
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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 Angsé 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

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

© 2012 The Authors. Published by Blackwell Publishing Ltd. 1001
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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, EC'

Atlantic Ocean  White Sea

Cluster 1 27  FIA, FIF (DKR, GER) 25
Cluster 2 19 FIH (GER, UKD, UKP, FIA) "
Cluster 3 57  NET, FIF, DKV, DKR, FIH (DKH, RUS, SWE, UKD) 18
Cluster 4 43 UKD, FRA, DKH, UKP, NET (GER, FIH, FIF) 2
Cluster 5 22 GER, DKV (DKH, DKR, FIF) 1
Cluster 6 52 FRA, UKP, UKD, NET, DKH, SWE (GER, FIF, FIH, DKV) 5
Cluster 7 59  ICE, SWE, DKR, UKP, DKV (DKH)

2

3 5

21 15 3
" 30

21

14 33

32 7 20

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

may have occurred (see, e.g., Fig. S1). Lower R, 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 Angso 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 Angsé 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-
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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 R,.

Population  Fu’s Fs FuandLisF Tajima'sD rg R,

FIA 0.093 —3.716" —2.314* 0369 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.

© 2012 The Authors. Published by Blackwell Publishing Ltd.
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Several studies have investigated the level of sequence diver-
gence in COIamong 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

© 2012 The Authors. Published by Blackwell Publishing Ltd.
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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 ®sr 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
Angso (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: Angsd, 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
Angso 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
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COT 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 (N) 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 Angsd, 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 Angsd 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
Fuand Li’s test suggests that the populations may have under-
gone recent expansion and have high N, 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
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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

© 2012 The Authors. Published by Blackwell Publishing Ltd.
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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,
orifitis, 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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Supplement 1. Examples of mismatch distribution curves (analyses for growth-decline scenario): observed pairwise nucleotide site differences and
the expected curves for growing or declining population (Rogers and Harpending 1992).
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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
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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. The microsatellite 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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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 (Bostrom & Bonsdorff,
1997), rock crevices (Gudmundsson, 1985) and sub-
tidal areas (Kube & Powilleit, 1997; Fleischer &

f Springer

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; Kesiniemi 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
etal., 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; Bostrom &
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 (Bostrom & 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. m? in seagrass
patches in the northern Baltic Sea (Bostrom &
Bonsdorff, 1997, 2000), to as high as 400,000 ind.
m? 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)a, (TA)12, (CAG);;, (CATA)g. 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
3130x] 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 Angsd
(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. m>
(Bostrom et al., 2006), but densities up to 10,000 ind.
m? have also been recorded in the northern Baltic Sea
(Bostrom & 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
Bostrom 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, Edgel), (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. m* 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
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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
(Shorel 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 (Pel5, Pel7 and
Pel8) 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 pl reactions with 1 pl of
DNA, 1x PCR buffer (Biotools), 200 uM 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
MgCl, (Biotools) and 0.5 U of Tag 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, Pel2, Pel3 and Pel9) were amplified
using two sequence-specific primers, forward primer
being labelled. Amplifications were also performed in
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10 pl reactions as described above, except using
0.5 uM of both primers (1/8 of the forward primer
was labelled, Applied Biosystems) and 1.5-3 mM of
MgCl,. Thermocycling conditions were as follows:
94 °Cfor 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 3130x1 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 Fgr and genetic distance, Chapuis & Estoup, 2007),
Fgr analyses were calculated with both the original
dataset (8 loci) and a reduced dataset of six loci
(removing Pel2 and Pel5 or Pel3 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 Fgr (calculated in
Arlequin) and D (calculated in SMOGD; Crawford,
2010). Fst was also calculated with FreeNA, which
uses the ENA method (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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Table 1 Primer sequences and PCR conditions for the 8 microsatellite loci

Locus Repeat Primer sequence 5'-3' T, (°C) MgCl, Product GenBank

name (mM)  size (bp) accession no.

Pe6 (CA)qs F: ACTACGGAAACTGCCTGCAC 54 2 250 GU321899
R: ATATGGCCACCGAAACCTCT

Pe7 (CATA) 3 F: CTCACCCTTTACACCCAAGG 54 3 152 GU321900
R: AGCGTCTGTTATGGGGTACAG

Pel2  (CT)sg F: ACTCGGTGTTTTCCCTAACG 55 3 212 GU321901
R: CGACGTGATCAGTTCTGCTG

Pel3  (GA)xs F: CCGGCGTCTCTACACAATAC 58 1.5 176 GU321902
R: TTCCATTGTGCACGTTCTTT

Pel5  (GT)1o(GA)xs F: M13(—21) + TAGTGATCACCCCACATCCA 57 1.5 202 GU321903
R: AACACACCTTCCCTCACACC

Pel7  (TG)4N5(TG)g F: M13(21) + CAAATGAGTTGTGGACTAGTAGGG 57 2 172 GU321904
R: CCCCCTGTGGGCTAGATAG

Pel8  (CAA)N(CAA), F: M13(-21) + TGGATACGGTCTCAACCTTTG 57 2 200 GU321905
R: AGCCATTGCCCAATGATAAC

Pel9  (GCAA), F: TATCCAACGCACACCTACCA 54 2 241 GU321906

(GCAGCAA), R: TTGAGTGATGGTGCGAGGTA

M13(—21) sequence: 5-TGT AAA ACG ACG GCC AGT-3' (18 bp), T, PCR annealing temperature, product size base pairs

between the primers in the cloned allele

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 (Pel2 and Pel5 in
Centre, Edgel and Edge2, also Pe13 in Edge2), but not
all of the sampling plots. In France, the loci Pe13 and

Table 2 Number of alleles

and gene diversity per locus Locus NaarL xnfsg,ol:mland ]lzlaz 06f750mmc, France
in both countries — —
N, Gene diversity N, Gene diversity
Pe6 9 4 0.201 8 0.372
Pe7 34 32 0.941 27 0.941
Pel2 35 29 0.960 30 0.964
Pel3 28 26 0.954 28 0.962
Nyary, number of alleles Pel5 34 27 0.948 33 0.970
across both populations, N, Pel7 20 11 0.263 18 0.858
number of alleles, Pel8 12 5 0.523 9 0.610
N number of individuals Pel9 17 8 0.368 13 0.730

genotyped
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Table 3 Observed heterozygosity (H,) of each locus across all sampling plots

Locus Finland H, Locus France H,

Centre Edgel Sand1 Edge2 Shorel Shore2 Sea2

(N =29 (N = 23) (N=9) (N = 26) (N =18) (N=17) (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
Pel2 0.913 0.588 0.857 0.826 Pel2 0.667 0.563 0.444
Pel3 0.852 0.750 0.750 0.739 Pel3 0.600 0.563 0.767
Pel5 0.553 0.565 0.444 0.680 Pel5 0.813 0.750 0.633
Pel7 0.310 0.261 0.111 0.231 Pel7 0.750 0.529 0.581
Pel8 0.464 0.565 0.778 0.520 Pel8 0.412 0.333 0.304
Pel9 0.444 0.429 0.222 0.308 Pel9 0.625 0.588 0.645

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

Pe12 were problematic, and the plot Sea2 plot showed
deviations in three additional loci (Pe 15, Pel7 and
Pel8). 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 (Pel2, Pel7 and Pel8 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 Fsr comparisons among the sampling plots
indicated no genetic structure (Table 5). In France,

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

sampling sites within location

Finland France
N H, H, Allelic richness®  Private allelic® N H, H, Allelic richness”  Private allelic*
(14 genes) richness (30 genes) richness
Sandl 9 0506 0.605 5.66 1.23 Shorel 18 0.621 0.757 10.62 2.39
Edgel 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
# Calculated with HP-RARE
Table 5 Genetic differentiation (Fgr) between pairs of sampling sites within a country (10,000 permutations)
Finland France
Centre Edgel Sand1 Shorel Shore2
Centre 0 Shorel 0
Edgel —0.0007/-0.0034 Shore2 0.0142/0.0113 0
Sandl 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 Pel2 and Pel5 removed in Finland, Pe12 and Pel3 in France).

Italic values are statistically significant (P < 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, Fgr 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 < 0.001, Doy = 0.138). Fst
calculations with the ENA correction for null alleles
yielded a similar value (Fsy = 0.076). Removing the
three loci with HWE deviations did not affect the D,
or Fgr 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
Angsd (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 m diameter), 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 Angso), 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 (Bostrom 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 Angso and other populations in
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the Finnish archipelago (Kesidniemi 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 Fg 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
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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, and we 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 Pel2, Pel3 and Pel5. 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 deviation may 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 from Hardy—
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 from different generations could
be in our sample. The significant positive Fig 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 Angsé 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 Fig 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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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 Fsp 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.

Marko 2010). As a result, species with planktonic,
dispersive larvae are expected to have effective gene
Marine invertebrates are known for their diverse flow over a broader geographic area and large pan-
life-history characteristics and developmental modes  mictic populations. Direct-developing or benthic
(e.g., Mileikovsky 1971; Wilson 19915 Blake and Jarvae are expected to have less ability to disperse,
Arnofsky 1999; Ellingson and Krug 2006; Raff and  and species with these types of larvae are expected
Byrne 2006). Developmental mode includes the dis-  have low gene flow and genetically differentiated
persal potential of larvae, whether larvae are plank-  populations (Palumbi 1994; Bohonak 1999).

Introduction

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

Advanced Access publication May 10, 2012

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,

). E. Kesdniemi et al.

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
(>30psu) through the Kattegat (20 psu), Belt Sea
(15-18 psu), and Baltic proper (8-10psu) 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
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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, ~20km 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; Harkonen 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 (Soderstrom 1920; Hannerz
1956; Rasmussen 1973; Blake and Arnofsky 1999;
J. E. Kesiniemi, personal observation). Planktonic
larvae emerge from egg capsules containing a large
number of embryos (>20/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. Kesdniemi and K. E. Knott, personal
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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.
Kesiniemi 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.
Keséniemi, 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 ¢ oxidase I gene (Kesiniemi 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

Z10T ‘6 AN 10 $s000y £101008 gO]S 18 /310°s[eunolpiogxo-qor//:dyy woiy popeoumo



184

). E. Kesdniemi et al.

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

density of Pygospio elegans (qualitative observations only)

Estimated
Region Country Location Lat Long Population code n Developmental mode®  density
Baltic Sea Finland Angsd 60.107 21.709  FIA 42 B (A Low
Fard 59.925 21772 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 P (A Medium
Sweden Gullmar fjord 58.261 11464 SWE 42 Low
North Sea Netherlands ~ Schiermonnikoog ~ 53.472 6177  NLS 46 B, I, P Medium/high
Harlingen 53.167 5415  NLH 43 P High
Breskens 51.386 3.604 NLB 45 P Medium/high
France Canche Bay 50.547 1598 FRC 43 P Very high
Somme Bay 50.227 1.606  FRS 62 P Very high
UK Drum sands 55.994 —3336 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 63978 —22395 ICE 42 B I
“Observed larval developmental mode: B =benthic, | =intermediate, P = planktonic, (A) =asexual reproduction.

at 5m depth (FIA and FIF) or by wading and shovel-
ing the sediment in <1.5m deep water (FIH and all
Danish samples). The German sample was collected
from a depth of 18 m using a sediment grab operated
from a boat. In the Netherlands, France, and UK,
partially exposed sediment was sampled in the inter-
tidal zone during low tides. All of the samples from
the Netherlands, UK, and France are called “NS sam-
ples,” whereas those from Sweden, Denmark,
Germany, and Finland are called “BS samples”
(Table 1).

Collected sediment was immediately and quickly
sieved on location, and sand tubes of P. elegans were
removed. Pygospio elegans emerge from their tubes
after disturbance (J. E. Kesiniemi and K. E. Knott,
personal observation) and collected tubes were left in
seawater in trays without sediment for up to 24h 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 <lcm 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 (Kesiniemi et al. 2012a).
Three of these loci (Pel5, Pel7, and Pel8) 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 ul reactions with 1l of DNA, 1x PCR buffer
(Biotools), 200uM of each dNTP (Fermentas),
8pmol of reverse primer (TAG Copenhagen),
8pmol of labeled MI13(—21) primer (Applied
Biosystems), 2 pmol of the M13(—21) tailed forward
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primer (TAG Copenhagen), 1.5-2mM of MgCl,
(I.5mM for Pel5, 2mM for Pel8 and Pel7)
(Biotools), and 0.5U of Taq DNA polymerase
(Biotools). Thermocycling conditions were 94°C for
5min, then 30 cycles of 94°C for 30s, T, for 30s
(57°), 72°C for 305, followed by eight cycles of 94°C
for 30s, 53°C for 45s, 72°C for 45s, ending with a
final extension of 72°C for 10 min. The other loci
(Pe6, Pe7, Pel2, Pel3, and Pel9) were amplified
using two  sequence-specific primers, forward
primer being labeled. The 10l PCR reactions were
as above, but 0.5 uM of both primers (one-eighth of
the forward primer was labeled, Applied Biosystems)
and 1.5-3 mM of MgCl, (1.5mM for Pel3, 2mM for
Pe6 and Pel9, 3mM for Pe7 and Pel2) were used.
Thermocycling conditions were: 94°C for 5 min, then
35 cycles of at 94°C for 30s, T, for 30s (54° for Pe6,
Pe7, Pel9; 55° for Pel2; 58° for Pel3), 72°C for 30s,
followed by a final extension of 10min at 72°C.
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.

185

Population genetic differentiation was analyzed
using population pair-wise Fsr calculations using
Arlequin (10,000 permutations) and Jost’s (2008)
pair-wise mean D,y 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: Pel2 and Pel5 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 (r>1). 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
populations + GER + SWE). Additionally we tested
the correlation between linearized population pair-
wise Fgr 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 (Fsr) 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 Fsr values between them:
UKR and UKP (Fs;=0.0243); FRC and FRS
(Fsr=0.0041); and NLB and NLH (Fsp=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
1x10° iterations of MCMC sampling were run
after an initial burnin (1 x 10’=5 x 107). Using
BIMr, the Finnish data set had 5 x 10° samples and
1 x 10° burnin, and the other data sets were run with
1 x 10° samples and burnin of 1 x 10°. 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 Hg ranging from 0.586 to 0.816
and mean Hy ranging from 0.523 to 0.721).
Significant deviations from HWE were observed in
six loci in some of the populations and all deviations

J. E. Kesdniemi et al.

were caused by heterozygote deficiency. Loci Pel5
and Pel2 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 Pel2, 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 Fgr for both the corrected
data and original data. Since Fgr estimates were sim-
ilar either with or without the ENA correction
(Fsy=0.0408 and Fspegna)=0.0377), we assumed
that possible null alleles cause no bias to our Fsr
estimates. Linkage disequilibrium was observed be-
tween some pairs of loci (1.8% of all comparisons)
in three of the study populations: Sweden
(Pe7 x Pel7, Pel5 x Pel7, Pe7 x Pel8, Pel7 x Pel8,
Pe7 x Pel3, Pel3 x Pel7), Iceland (Pe7 x Pel3,
Pel2 x Pel3), and DKR (Pel5 x 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 NS=14.87, BS=12.35, N=16, U=62.00,
P=0.002) and expected heterozygosity (Md
NS=0.801, BS=0.717, N=17, U=62, P=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-
tonic=15.19, Md benthic=12.4, U=36, N=12,
P=0.004), expected heterozygosity (Md plank-
tonic =0.801, Md benthic=0.717, N=12, U=36,
P=0.004) and gene diversity (Md plank-
tonic =0.740, Md benthic=0.661, P=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 Fsp values
among populations) was present among the
European P. elegans populations, even on a small
geographic scale. Overall, pair-wise Fgr estimates
ranged from 0.001 to 0.170. The geographically
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Table 2 Genetic variation in 18 Pygospio elegans populations
Population

Locuss UKP UKR FRS FRC NLB NLH NLS UKA UKD SWE DKR DKV DKH GER FIH FIF FIA ICE
Pe6

N, 6 2 8 10 7 10 4 10 7 6 3 4 5 8 4 3 3 4

He 0370 0.143 0.394 0.489 0.248 0354 0.108 0.446 0377 0222 0267 0274 0201 0332 0.074 0.169 0301 0239

Ho 0.424 0.143 0.387 0.581 0.266 0372 0.111 0478 0.408 0.238 0307 0.309 0.190 0.333 0.075 0.179 0.341 0.238
Pe7

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

He 0.944 0923 0.943 0.924 0945 0943 0.953 0.941 0.942 0927 0917 0931 0946 0.964 0.956 0954 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

N, 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 0934 0.953 0.944 0.950 0.957 0924 0.954 0.900

Ho 0740 0.500 0593 0.882 0694 0.639 0818 0.594 0800 0.538 0700 0.777 0616 0.600 0919 0766 0.838 0.684
Pe13

N, 24 " 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 0955 0.948 0.969 0.966 0.944 0963 0.961 0.862

Ho 0848 0714 0688 0791 0755 0.721 0891 0791 0755 0.809 0976 0.974 0881 0700 0825 0.816 0.809 0.857
Pe15

N, 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 0945 0.955 0.884

Ho 0697 0571 0737 0750 0822 0.721 0666 0.696 0829 0.571 0650 0.881 0667 0.800 0692 0.622 0756 0.619
Pe17

N, 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 0271 0416 0.708

Ho 0742 0571 0508 0.714 0666 0.558 0565 0435 0612 0.619 0447 0561 0316 0.643 0150 0243 0500 0536
Pe18

N, 8 2 " " 7 13 9 " 9 4 5 5 8 6 3 6 6 3

He 0.549 0264 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 0576 0.663 0.390

Ho 0290 0.000 0339 0447 0429 0.558 0659 0.533 0396 0293 0589 0744 0658 0348 0474 0553 0714 0429
Pe19

N, 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 0257 0420 0466 0518 0.189 0437 0.516 0312

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 0533 0.150 0.487 0.667 0.333
Na 44y 13.76 - 1542 1460 15.00 15.65 13.67 14.73 1538 1136 1186 1216 12.65 1439 1165 1254 1332 8.66
Nepaaay 021 - 068 022 037 024 077 036 035 024 021 118 040 042 028 022 020 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 Hg 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
FsBloci  0.185 0280 0259 0106 0.172 0206 0131 0217 0165 0228 0120 0.056 0216 0240 0109 0.136 0033 0.125
Fiséloci 0.156 0228 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

N, =number of alleles, He = expected heterozygosity, Ho = observed heterozygosity (values with significant departures from HWE are

underlined), Na =allelic richness (based on 44 samples), calculated with HP-Rare. Nap = private allelic richness, based on 44 samples,
GD = gene diversity, fis = 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 Fsr values
(Table 3). On a small scale (within Finland), the
pair-wise Fgr values were low (0.008-0.028) but sig-
nificant, indicating genetic structure between the lo-
cations. Among the three Danish populations, the
Fsr 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 Fsr values, Table 3). The
mean D, estimations were similar to the results of
the pair-wise Fsr analysis (data not shown). Most of
the nonsignificant D, values were between popula-
tions within the NS (Table 3). Unlike the Fgy results,
the UKR population showed more nonsignificant
pair-wise D 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

). E. Kesdniemi et al.

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 FRC+ NLB 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 0041 0016 0

FRC 0035 0017 0.004 0

NLB 0034 0017 0.005 0009 0

NLH 0046 0014 0.002 0008 0.005 O

NLS 0026 0035 0047 0039 0.047 0048 0

UKA 0066 0026 0024 0023 0029 0021 0054 0
UKD 0058 0027 0029 0029 0034 0023 0050 =0.001
SWE 0050 0024 0037 0059 0031 0036 0033 0050
DKR 0045 0035 0052 0038 0054 0058 0019 0058
DKV 0043 0033 0042 0034 0046 0046 0016 0.049
DKH 0035 0031 0039 0032 0.043 0.046 0011 0.041
GER 0058 0013 0016 0022 0016 0013 0044 0016
FIH 0071 0098 0109 0098 0.107 0.121 0048 0.113
FIF 0039 0061 0068 0061 0.067 0079 0025 0076
FIA 0029 0048 0060 0046 0.063 0.069 0018 0.063
ICE 0106 0055 0082 0091 0.074 0077 0.102 0.09%

0

0.050 0

0.055 0.033 0

0.046 0.027 0.010 0

0.040 0.031 0.009 0.006 ©

0.024 0.021 0.042 0.033 0031 0

0.109 0.083 0.034 0.056 0.042 0.105 O

0.074 0.053 0.023 0.025 0.017 0.066 0.016 0

0.061 0.047 0.019 0.020 0.009 0.055 0.028 0.008 0
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 Deg. values are on a gray background (De 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%, P<0.001). Low, but
significant, genetic differentiation was seen between
BS and NS groups (3.34%, P<0.001), suggesting
the presence of variation also on a larger scale.
Fsr among the NS populations (0.020) was some-
what lower than among the BS populations
(Fs7=0.028), but AMOVA indicated significant
within-group structure as well (2.35%, P<0.001).
A plot of linearized population pair-wise Fsr against
geographic distance (Fig. 2) indicates that population
genetic structure can be explained by a pattern of
IBD (r=0.687, P<0.001). 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
P<0.01); 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

189

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
(NLB+NLH), 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 ¢ oxidase
subunit I (Kesidniemi 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 (N,) in these popula-
tions. Although we do not have estimates of N,, all
of the populations with predominantly planktonic
larvae also appeared to have a high density of
worms. Higher N, could also explain the higher
number of private alleles we observed in most of
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Fig. 2 Scatterplot showing the isolation-by-distance pattern between pair-wise genetic distance (linearized Fst: Fst/(1 —Fs1)) and

geographic distance (km).
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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.

the NS populations (although these were not signif-
icantly higher). These observations are only qualita-
tive, so a relationship between high density/high N,
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. Kesiniemi 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 Fjq 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,
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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
FIA 0.68/0.53 (0.01/0.13) 0.17/0.37 (0.07/0.14)
FIF 0.03/0.15 (0.02/0.12) 0.90/0.79 (0.06/0.12)
FIH 0.01/0.06 (0.01/0.08) 0.11/0.19 (0.05/0.13)
Southern Baltic Sea
DKV DKH
DKV 0.68/0.51(0.01/0.08) 0.01/0.18 (0.01/0.08)
DKH 0.02/0.00 (0.02/—) 0.70/1.00 (0.02/—)
DKR 0.02/0.00 (0.01/—) 0.02/0.00 (0.01/—)
SWE 0.11/0.00 (0.03/—) 0.01/0.00 (0.01/—)
North Sea
FRC 4+ FRS NLB + NLH
FRC +FRS 0.96/0.75 (0.02/0.06) 0.00/0.15 (—/0.06)
NLB + NLH 0.30/0.14 (0.01/0.06) 0.67/0.73 (—/0.06)
NLS 0.04/0.00 (0.02/—) 0.01/0.00 (0.01/—)
UKA 4+ UKD 0.11/0.00 (0.03/—) 0.00/0.00 (—/—)
UKP +UKR 0.22/0.00 (0.05/—) 0.01/0.00 (—/—)

FIH
0.15/0.10 (0.07/0.07)
0.07/0.06 (0.06/0.05)
0.88/0.75 (0.05/0.01)

DKR

0.29/0.22 (0.02/0.08)
0.27/0.00 (0.03/—)
0.86/1.00 (0.03/—)
0.02/0.00 (0.02/—)

NLS
0.01/0.01 (0.01/0.01)
0.01/0.02 (0.01/0.01)
0.93/1.00 (0.02/-)
0.01/0.00 (0.01/—)
0.06/0.00 (0.03/—)

SWE

0.02/0.09 (0.02/0.05)
0.01/0.00 (0.01/—)
0.10/0.00 (0.03/—)
0.86/1.00 (0.03/—)
UKA + UKD
0.03/0.05 (0.02/0.03)
0.02/0.03 (0.01/0.02)
0.01/0.00 (0.01/—)
0.87/1.00 (0.03/—)

(
(
(
0.04/0.00 (0.03/—)

UKP +UKR
0.00/0.04 (—/0.03)
0.00/0.01 (—/0.05)
0.01/0.00 (0.01/—)
0.00/0.00 (0.00/—)
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 <0.00 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).

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;
Sdisd 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 Fgp and
D,y 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 (20-100km). 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 (Bostrém
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,
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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 Fsr
and D,y 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

J. E. Kesdniemi et al.

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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on cellular autophagy. Structure of limiting
membranes and route of enzyme delivery.

77 p. Yhteenveto 2 p. 1993.

Hamvi, Jari, Effects of earthworms on soil
processes in coniferous forest soil. 35 p.
Yhteenveto 2 p.1993.

Z1HA0, GUOCHANG, Ultraviolet radiation induced
oxidative stress in cultured human skin
fibroblasts and antioxidant protection. 86 p.
Yhteenveto 1 p. 1993.

RATTI, OsMo, Polyterritorial polygyny in the
pied flycatcher. 31 p. Yhteenveto 2 p. 1993.
MarjomAKl, VArPU, Endosomes and lysosomes
in cardiomyocytes. A study on morphology
and function. 64 p. Yhteenveto 1 p. 1993.
KiHLsTROM, MARKKU, Myocardial antioxidant
enzyme systems in physical exercise and
tissue damage. 99 p. Yhteenveto 2 p. 1994.
Muortka, Tivo, Patterns in northern stream
guilds and communities. 24 p. Yhteenveto

2 p. 1994.
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p- 1994.

KERVINEN, Jukka, Occurrence, catalytic
properties, intracellular localization and
structure of barley aspartic proteinase.

65 p. Yhteenveto 1 p.1994.

MaPPES, JOHANNA, Maternal care and
reproductive tactics in shield bugs. 30 p.
Yhteenveto 3 p. 1994.

SnkAMAKI, PIRKKO, Determinants of clutch-size
and reproductive success in the pied
flycatcher. 35 p. Yhteenveto 2 p. 1995.
Marres, Tario, Breeding tactics and
reproductive success in the bank vole. 28 p.
Yhteenveto 3 p. 1995.

LAITINEN, MARKKU, Biomonitoring of
theresponses of fish to environmental stress.
39 p. Yhteenveto 2 p. 1995.

LappALAINEN, PEKKA, The dinuclear Cu centre of
cytochrome oxidase. 52 p. Yhteenveto 1 p.
1995.

RiNTAMAKI, PEKKA, Male mating success and
female choice in the lekking black grouse. 23 p.
Yhteenveto 2 p. 1995.

SuuroNEeN, TiNa, The relationship of oxidative
and glycolytic capacity of longissimus dorsi
muscle to meat quality when different pig
breeds and crossbreeds are compared. 112 p.
Yhteenveto 2 p. 1995.

Koskenniemr, Esa, The ecological succession
and characteristics in small Finnish
polyhumic reservoirs. 36 p. Yhteenveto 1 p.
1995.

Hovi, MarTi, The lek mating system in the
black grouse: the role of sexual selection. 30 p.
Yhteenveto 1 p. 1995.
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MARTTILA, SALLA, Differential expression of
aspartic and cycteine proteinases, glutamine
synthetase, and a stress protein, HVAI, in
germinating barley. 54 p. Yhteenveto 1 p. 1996
Hunra, Esa, Effects of forest fragmentation on
reproductive success of birds in boreal forests.
26 p. Yhteenveto 2 p. 1996.

OjALA, JoHANNA, Muscle cell differentiation in
vitro and effects of antisense oligode-
oxyribonucleotides on gene expression of
contractile proteins. 157 p. Yhteenveto 2
p-1996.

PaLomAki, Risto, Biomass and diversity of
macrozoobenthos in the lake littoral in
relation to environmental characteristics. 27 p.
Yhteenveto 2 p. 1996.

Pusentus, Jyrki, Intraspecific interactions, space
use and reproductive success in the field vole.
28 p. Yhteenveto 2 p. 1996.

SALMINEN, JANNE, Effects of harmful chemicals
on soil animal communities and
decomposition. 28 p. Yhteenveto 2 p. 1996.
KortiaHo, JANNE, Sexual selection and costs of
sexual signalling in a wolf spider. 25 p. (96 p.).
Yhteenveto 2 p. 1997.

KoskELA, JuHa, Feed intake and growth
variability in Salmonids. 27p. (108 p.).
Yhteenveto 2 p. 1997.

NAARALA, JONNE, Studies in the mechanisms of
lead neurotoxicity and oxidative stress in
human neuroblastoma cells. 68 p. (126 p.).
Yhteenveto 1 p.1997.

Ano, Teya, Determinants of breeding
performance of the Eurasian treecreeper. 27 p.
(130 p.). Yhteenveto 2 p. 1997.

HaararanTa, Anri, Cell and tissue changes in
perch (Perca fluviatilis) and roach (Rutilus
rutilus) in relation to water quality. 43 p.

(112 p.). Yhteenveto 3 p. 1997.

Somasuo, Markus, The effects of pulp and
paper mill effluents on fish: a biomarker
approach. 59 p. (158 p.). Yhteenveto 2 p. 1997.
MikoLa, Juna, Trophic-level dynamics in
microbial-based soil food webs. 31 p. (110 p.).
Yhteenveto 1 p.1997.

RAHKONEN, RuTTA, Interactions between a gull
tapeworm Diphyllobothrium dendriticum
(Cestoda) and trout (Salmo trutta L). 43 p.

(69 p.). Yhteenveto 3 p. 1998.

KoskeLa, Esa, Reproductive trade-offs in the
bank vole. 29 p. (94 p.). Yhteenveto 2 p. 1998.
Horng, Tana, Evolution of female choice in the
bank vole. 22 p. (78 p.). Yhteenveto 2 p. 1998.
PIRHONEN, JUHANI, Some effects of cultivation on
the smolting of two forms of brown trout
(Salmo trutta). 37 p. (97 p.). Yhteenveto 2 p.
1998.

Laakso, Joun, Sensitivity of ecosystem
functioning to changes in the structure of soil
food webs. 28 p. (151 p.). Yhteenveto 1 p. 1998.
NikuLa, Tuomo, Development of radiolabeled
monoclonal antibody constructs: capable of
transporting high radiation dose into cancer
cells. 45 p. (109 p.). Yhteenveto 1 p. 1998.
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AIRENNE, KR, Production of recombinant
avidins in Escherichia coli and insect cells.

96 p. (136 p.). Yhteenveto 2 p. 1998.
LyyTIKAINEN, TAPANI, Thermal biology of
underyearling Lake Inari Arctic Charr
Salvelinus alpinus. 34 p. (92 p.).

Yhteenveto 1 p. 1998.

VIHINEN-RANTA, MAyA, Canine parvovirus.
Endocytic entry and nuclear import. 74 p.

(96 p.). Yhteenveto 1 p. 1998.

MARTIKAINEN, Esko, Environmental factors
influencing effects of chemicals on soil animals.
Studies at population and community levels. 44
p- (137 p.). Yhteenveto 1 p. 1998.

AnLRrOTH, PETRI, Dispersal and life-history
differences between waterstrider (Aquarius
najas) populations. 36 p. (98 p.).

Yhteenveto 1 p. 1999.

VIROLAINEN, KAIja, Selection of nature reserve
networks. - Luonnonsuojelualueiden valinta.
28 p. (87 p.). Yhteenveto 1 p. 1999.

SELIN, PIRKKO, Turvevarojen teollinen kdytto ja
suopohjan hyodyntaminen Suomessa. -
Industrial use of peatlands and the re-use of
cut-away areas in Finland. 262 p. Foreword 3
p- Executive summary 9 p. 1999.

LerPPANEN, HARRI, The fate of resin acids and
resin acid-derived compounds in aquatic
environment contaminated by chemical wood
industry. - Hartsihappojen ja hartsihappope-
rédisten yhdisteiden ymparistokohtalo kemial-
lisen puunjalostusteollisuuden likaamissa
vesistoissd. 45 p. (149 p.).

Yhteenveto 2 p.1999.

LinpsTrROM, LEENA, Evolution of conspicuous
warning signals. - Nikyvien varoitussignaa-
lien evoluutio. 44 p. (96 p.). Yhteenveto 3 p.
2000.

MarriLa, ELisa, Factors limiting reproductive
success in terrestrial orchids. - Kimmekoiden
lisdantymismenestysta rajoittavat tekijit. 29 p.
(95 p.). Yhteenveto 2 p. 2000.

KareLs, AarNo, Ecotoxicity of pulp and paper
mill effluents in fish. Responses at biochemical,
individual, populationand community levels.
-Sellu-ja paperiteollisuuden jitevesien
ekotoksisuus kaloille. Tutkimus kalojen
biokemiallisista, fysiologisista seka
populaatio-ja yhteisovasteista. 68 p. (177 p.).
Yhteenveto 1 p. Samenvatting 1 p. 2000.
AALTONEN, TuuLA, Effects of pulp and paper
mill effluents on fish immune defence. - Met-
séteollisuuden jitevesien aiheuttamat
immunologiset muutokset kaloissa. 62 p. (125
p.)- 2000.

HEeLENIUs, MERJA, Aging-associated changes in
NF-kappa B signaling. - Ikdéntymisen vaiku-
tus NF-kappa B:n signalointiin. 75 p. (143 p.).
Yhteenveto 2 p. 2000.
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SirroNEN, MaTTi, The Finnish inland fisheries
system. The outcomes of private ownership of
fishing rights and of changes in administrative
practices. 81 p. (188 p.). Yhteenveto 2 p. 1999.
Lammi, AntTi, Reproductive success, local
adaptation and genetic diversity in small plant
populations. 36 p. (107 p.). Yhteenveto 4 p. 1999.
Niva, Teuvo, Ecology of stocked brown trout in
boreal lakes. 26 p. (102 p.). Yhteenveto 1 p. 1999.
PuULKKINEN, KATjA, Transmission of
Triaenophorus crassus from copepod first to
coregonid second intermediate hosts and
effects on intermediate hosts. 45 p. (123 p.).
Yhteenveto 3 p. 1999.

PARRI, SiLja, Female choice for male drumming
characteristics in the wolf spider Hygrolycosa
rubrofasciata. 34 p. (108 p.).

Yhteenveto 2 p. 1999.
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HuoviNeN, Pirjo, Ultraviolet radiation in
aquatic environments. Underwater UV
penetration and responses in algae and
zooplankton. - Ultraviolettisdteilyn vedenalai-
nen tunkeutuminen ja sen vaikutukset leviin
ja eldainplanktoniin. 52 p. (145 p.). Yhteenveto
2 p. 2000.

PAAKKONEN, JARI-PEKKA, Feeding biology of
burbot, Lota lota (L.): Adaptation to profundal
lifestyle? - Mateen, Lota lota (L), ravinnon-
kdyton erityispiirteet: sopeumia pohja-
eldmdan? 33 p. (79 p.). Yhteenveto 2 p. 2000.
LaasoNEN, Pekka, The effects of stream habit
restoration on benthic communities in boreal
headwater streams. - Koskikunnostuksen
vaikutus jokien pohjaeldimistoon. 32 p. (101
p-)- Yhteenveto 2 p. 2000.

PasoNEN, HANNA-LEENA, Pollen competition in
silver birch (Betula pendula Roth). An
evolutionary perspective and implications for
commercial seed production. -
Siitepolykilpailu koivulla. 41 p. (115 p.).
Yhteenveto 2 p. 2000.

SALMINEN, Esa, Anaerobic digestion of solid
poultry slaughterhouse by-products and
wastes. - Siipikarjateurastuksen sivutuottei-
den jajétteiden anaerobinen késittely. 60 p.
(166 p.). Yhteenveto 2 p. 2000.

SaLo, HARRi, Effects of ultraviolet radiation on
the immune system of fish. - Ultravioletti-
sdteilyn vaikutus kalan immunologiseen
puolustusjérjestelméan. 61 p. (109 p.).
Yhteenveto 2 p. 2000.

MustajArvl, Karsa, Genetic and ecological
consequences of small population size in
Lychnis viscaria. - Geneettisten ja ekologisten
tekijoiden vaikutus pienten makitervakko-
populaatioiden elinkykyyn. 33 p. (124 p.).
Yhteenveto 3 p. 2000.
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Tikka, PAivi, Threatened flora of semi-natural
grasslands: preservation and restoration. -
Niittykasvillisuuden sdilyttaminen ja
ennallistaminen. 35 p. (105 p.). Yhteenveto 2 p.
2001.

Sutari, HeL, Ultraviolet sensitivity in birds:
consequences on foraging and mate choice. -
Lintujen ultraviolettindon ekologinen mer-
Kkitys ravinnon- ja puolisonvalinnassa. 31 p.
(90 p.). Yhteenveto 2 p. 2001.

VERTAINEN, LAURA, Variation in life-history
traits and behaviour among wolf spider
(Hygrolycosa rubrofasciata) populations. -
Populaatioiden viliset erot rummuttavan
haméahakin Hygrolycosa rubrofasciata) kasvus-
saja kdyttaytymisessd. 37 p. (117 p.)
Yhteenveto 2 p. 2001.

HaapaLa, ANTTI, The importance of particulate
organic matter to invertebrate communities of
boreal woodland streams. Implications for
stream restoration. - Hiukkasmaisen orgaanisen
aineksen merkitys pohjoisten metsdjokien pohja-
eldginyhteisdille - huomioita virtavesien
kunnostushankkeisiin. 35 p. (127 p.) Yhteenveto 2
p- 2001.

NissINEN, Liisa, The collagen receptor integrins
- differential regulation of their expression and
signaling functions. - Kollageeniin sitoutuvat
integriinit - niiden toisistaan eroava séétely ja
signalointi. 67 p. (125 p.) Yhteenveto 1 p. 2001.
AHLROTH, MERVI, The chicken avidin gene
family. Organization, evolution and frequent
recombination. - Kanan avidiini-geeniperhe.
Organisaatio, evoluutio ja tihea
rekombinaatio. 73 p. (120 p.) Yhteenveto 2 p.
2001.

HyYOTYLAINEN, TARJA, Assessment of
ecotoxicological effects of creosote-
contaminated lake sediment and its
remediation. - Kreosootilla saastuneen
jarvisedimentin ekotoksikologisen riskin

ja kunnostuksen arviointi. 59 p. (132 p.)
Yhteenveto 2 p. 2001.

SuLkava, PEkka, Interactions between faunal
community and decomposition processes in
relation to microclimate and heterogeneity in
boreal forest soil. - Maaperin elioyhteison ja
hajotusprosessien viliset vuorovaiku-tukset
suhteessa mikroilmastoon ja laikut-taisuuteen.
36 p. (94 p.) Yhteenveto 2 p. 2001.

LarriNeN, OLLl, Engineering of
physicochemical properties and quaternary
structure assemblies of avidin and
streptavidin, and characterization of avidin
related proteins. - Avidiinin ja streptavi-diinin
kvaternddrirakenteen ja fysioke-miallisten
ominaisuuksien muokkaus seka avidiinin
kaltaisten proteiinien karakteri-sointi. 81 p.
(126 p.) Yhteenveto 2 p.2001.

LYYTINEN, ANNE, Insect coloration as a defence
mechanism against visually hunting

103

104

105

106

107

108

109

110

111

predators. - Hyonteisten véritys puolustukses-
sa vihollisia vastaan. 44 p. (92 p.) Yhteenveto
3 p. 2001.

NIKKILA, ANN4, Effects of organic material on
the bioavailability, toxicokinetics and toxicity
of xenobiotics in freshwater organisms. -
Orgaanisen aineksen vaikutus vierasaineiden
biosaatavuuteen, toksikokinetiikkaan ja
toksisuuteen vesielivilla. 49 p. (102 p.)
Yhteenveto 3 p. 2001.

Luri, Mira, Complexity of soil faunal
communities in relation to ecosystem
functioning in coniferous forrest soil. A
disturbance oriented study. - Maaperan
hajottajaelidston monimuotoisuuden merkitys
metsdekosysteemin toiminnassa ja héirion-
siedossa. 36 p. (121 p.) Yhteenveto 2 p. 2001.
KoskeLa, TaNaA, Potential for coevolution in a
host plant - holoparasitic plant interaction. -
Isantdkasvin ja tdysloiskasvin valinen vuoro-
vaikutus: edellytyksid koevoluutiolle? 44 p.
(122 p.) Yhteenveto 3 p. 2001.

LAPPIVAARA, JARMO, Modifications of acute
physiological stress response in whitefish
after prolonged exposures to water of
anthropogenically impaired quality. -
Ihmistoiminnan aiheuttaman veden laadun
heikentymisen vaikutukset planktonsiian
fysiologisessa stressivasteessa. 46 p. (108 p.)
Yhteenveto 3 p. 2001.

Eccarp, JaNa, Effects of competition and
seasonality on life history traits of bank voles.
- Kilpailun ja vuodenaikaisvaihtelun vaikutus
metsdmyyran elinkiertopiirteisiin.

29 p. (115 p.) Yhteenveto 2 p. 2002.

NIEMINEN, Jount, Modelling the functioning of
experimental soil food webs. - Kokeellisten
maaperaravintoverkkojen toiminnan
mallintaminen. 31 p. (111 p.) Yhteenveto

2 p. 2002.

NYKANEN, MARKO, Protein secretion in
Trichoderma reesei. Expression, secretion and
maturation of cellobiohydrolase I, barley
cysteine proteinase and calf chymosin in Rut-
C30. - Proteiinien erittyminen Trichoderma
reeseissd. Sellobiohydrolaasi I:n, ohran
kysteiiniproteinaasin sekéd vasikan
kymosiinin ilmeneminen, erittyminen ja
kypsyminen Rut-C30-mutanttikannassa. 107
p- (173 p.) Yhteenveto 2 p. 2002.

TuroLa, MaRrja, Phylogenetic analysis of
bacterial diversity using ribosomal RNA

gene sequences. - Ribosomaalisen RNA-
geenin sekvenssien kiyttd bakteeridiver-
siteetin fylogeneettisessd analyysissd. 75 p.
(139 p.) Yhteenveto 2 p. 2002.

HonkAavAARa, JoHAaNNA, Ultraviolet cues in fruit-
frugivore interactions. - Ultraviolettindon
ekologinen merkitys hedelmi& syévien eldin-
ten ja hedelmékasvien viélisissd vuoro-
vaikutussuhteissa. 27 p. (95 p.) Yhteenveto

2 p. 2002.
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MAaRTTILA, ARI, Engineering of charge, biotin-
binding and oligomerization of avidin: new
tools for avidin-biotin technology. - Avidiinin
varauksen, biotiininsitomisen seki
oligomerisaation muokkaus: uusia tydkaluja
avidiini-biotiiniteknologiaan. 68 p. (130 p.)
Yhteenveto 2 p. 2002.

JokEeLA, JaRy, Landfill operation and waste
management procedures in the reduction of
methane and leachate pollutant emissions
from municipal solid waste landfills. - Kaato-
paikan operoinnin ja jitteen esikisittelyn
vaikutus yhdyskuntajéitteen biohajoamiseen ja
typpipéadstojen hallintaan. 62 p. (173 p.)
Yhteenveto 3 p. 2002.

RANTALA, MARKUS ]., Immunocompetence and
sexual selection in insects. - Immunokom-
petenssi ja seksuaalivalinta hyonteisilla. 23 p.
(108 p.) Yhteenveto 1 p. 2002.

OkxsaNEeN, TuuLa, Cost of reproduction and
offspring quality in the evolution of
reproductive effort. - Lisddantymisen kustan-
nukset ja poikasten laatu lisdéntymispanos-
tuksen evoluutiossa. 33 p. (95 p.) Yhteenveto
2 p. 2002.

HENoO, JaNI, Spatial variation of benthic
macroinvertebrate biodiversity in boreal
streams. Biogeographic context and
conservation implications. - Pohjaeldinyh-
teisdjen monimuotoisuuden spatiaalinen
vaihtelu pohjoisissa virtavesissa - eliomaan-
tieteellinen yhteys seka merkitys jokivesien
suojelulle. 43 p. (169 p.) Yhteenveto 3 p. 2002.
SHRA-PIETIKAINEN, ANNE, Decomposer
community in boreal coniferous forest soil
after forest harvesting: mechanisms behind
responses. - Pohjoisen havumetsdmaan
hajottajayhteiso hakkuiden jalkeen: muutok-
siin johtavat mekanismit. 46 p. (142 p.) Yh-
teenveto 3 p. 2002.

KorteT, RAINE, Parasitism, reproduction and
sexual selection of roach, Rutilus rutilus L. -
Loisten ja taudinaiheuttajien merkitys kalan
lisdéntymisessd ja seksuaalivalinnassa. 37 p.
(111 p.) Yhteenveto 2 p. 2003.

SuviLampl, JuHANI, Aerobic wastewater
treatment under high and varying
temperatures - thermophilic process
performance and effluent quality. - Jatevesien
kasittely korkeissa ja vaihtelevissa lampoti-
loissa. 59 p. (156 p.) Yhteenveto 2 p. 2003.
PAvINEN, Jussi, Distribution, abundance and
species richness of butterflies and
myrmecophilous beetles. - Perhosten ja
muurahaispesissd eldvien kovakuoriaisten
levinneisyys, runsaus ja lajistollinen moni-
muotoisuus 44 p. (155 p.) Yhteenveto 2 p.
2003.

Paavora, Riku, Community structure of
macroinvertebrates, bryophytes and fish in
boreal streams. Patterns from local to regional
scales, with conservation implications. -
Selkdrangattomien, vesisammalten ja kalojen

122
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124

125

126

127

128

129

130

131

yhteistrakenne pohjoisissa virtavesissa -
sdannonmukaisuudet paikallisesta mittakaa-
vasta alueelliseen ja luonnonsuojelullinen
merkitys. 36 p. (121 p.) Yhteenveto 3 p. 2003.
SUIKKANEN, SANNA, Cell biology of canine
parvovirus entry. - Koiran parvovirusinfektion
alkuvaiheiden solubiologia. 88 p. (135 p.)
Yhteenveto 3 p. 2003.

AHTIAINEN, JARI JuHANI, Condition-dependence
of male sexual signalling in the drumming
wolf spider Hygrolycosa rubrofasciata. -
Koiraan seksuaalisen signaloinnin kunto-
riippuvuus rummuttavalla susihdmahékilla
Hygrolycosa rubrofasciata. 31 p. (121 p.) Yhteen-
veto 2 p. 2003.

Kararaju, Prasap, Enhancing methane
production in a farm-scale biogas production
system. - Metaanintuoton tehostaminen
tilakohtaisessa biokaasuntuotanto-
jarjestelméssa. 84 p. (224 p.) Yhteenveto 2 p.
2003.

HAKKINEN, JaNi, Comparative sensitivity of
boreal fishes to UV-B and UV-induced
phototoxicity of retene. - Kalojen varhais-
vaiheiden herkkyys UV-B siteilylle ja reteenin
UV-valoindusoituvalle toksisuudelle. 58 p.
(134 p.) Yhteenveto 2 p. 2003.

NorpLuND, HENRI, Avidin engineering;
modification of function, oligomerization,
stability and structure topology. - Avidiinin
toiminnan, oligomerisaation, kestavyyden ja
rakennetopologian muokkaaminen. 64 p.

(104 p.) Yhteenveto 2 p. 2003.

MarjomAk, TiMO J., Recruitment variability in
vendace, Coregonus albula (L.), and its
consequences for vendace harvesting. -
Muikun, Coregonus albula (L.), vuosiluokkien
runsauden vaihtelu ja sen vaikutukset kalas-
tukseen. 66 p. (155 p.) Yhteenveto 2 p. 2003.
KiLriMAaA, JANNE, Male ornamentation and
immune function in two species of passerines.
- Koiraan ornamentit ja immuunipuolustus
varpuslinnuilla. 34 p. (104 p.) Yhteenveto 1 p.
2004.

Ponni, Tia, Analyzing the function of
nuclear receptor Nor-1 in mice. - Hiiren
tumareseptori Nor-1:n toiminnan tutkiminen.
65 p. (119 p.) Yhteenveto 2 p. 2004.

WaNG, Hong, Function and structure,
subcellular localization and evolution of the
encoding gene of pentachlorophenol 4-
monooxygenase in sphingomonads. 56 p.

(90 p.) 2004.

YLONEN, OLLl, Effects of enhancing UV-B
irradiance on the behaviour, survival and
metabolism of coregonid larvae. - Lisdantyvan
UV-B siteilyn vaikutukset siikakalojen
poikasten kayttdytymiseen, kuolleisuuteen ja
metaboliaan. 42 p. (95 p.) Yhteenveto 2 p.
2004.
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KumpuLAINEN, Tomi, The evolution and
maintenance of reproductive strategies in bag
worm moths (Lepidoptera: Psychidae).

- Lisdantymisstrategioiden evoluutio ja sdily-
minen pussikehraéjilld (Lepidoptera:
Psychidae). 42 p. (161 p.) Yhteenveto 3 p.
2004.

OjaLa, Kirst, Development and applications of
baculoviral display techniques. - Bakulo-
virus display -tekniikoiden kehittiminen ja
sovellukset. 90 p. (141 p.) Yhteenveto 3 p.
2004.

RANTALAINEN, MINNA-Lisa, Sensitivity of soil
decomposer communities to habitat
fragmentation - an experimental approach. -
Metsdmaaperin hajottajayhteison vasteet
elinympariston pirstaloitumiseen. 38 p.

(130 p.) Yhteenveto 2 p. 2004.

SAARINEN, MR, Factors contributing to the
abundance of the ergasilid copepod,
Paraergasilus rylovi, in its freshwater
molluscan host, Anodonta piscinalis. -
Paraergasilus rylovi -loisdyridisen esiintymi-
seen ja runsauteen vaikuttavat tekijit
Anodonta piscinalis -pikkujarvisimpukassa.
47 p. (133 p.) Yhteenveto 4 p. 2004.

LiLja, Juna, Assessment of fish migration in
rivers by horizontal echo sounding: Problems
concerning side-aspect target strength.

- Jokeen vaeltavien kalojen laskeminen sivut-
taissuuntaisella kaikuluotauksella: sivu-
aspektikohdevoimakkuuteen liittyvid ongel-

mia. 40 p. (82 p.) Yhteenveto 2 p. 2004.
Nykvist, PETRI, Integrins as cellular receptors

for fibril-forming and transmembrane
collagens. - Integriinit reseptoreina fibril-
laarisille ja transmembraanisille kolla-
geeneille. 127 p. (161 p.) Yhteenveto 3 p. 2004.
Korvura, Nina, Temporal perspective of
humification of organic matter. - Orgaanisen
aineen humuistuminen tarkasteltuna ajan
funktiona. 62 p. (164 p.) Yhteenveto 2 p. 2004.
KARVONEN, Anssl, Transmission of Diplostomum
spathaceum between intermediate hosts.

- Diplostomum spathaceum -loisen siirtyminen
kotilo- ja kalaisannan vililla. 40 p. (90 p.)
Yhteenveto 2 p. 2004.

NYKANEN, MARi, Habitat selection by riverine
grayling, Thymallus thymallus L. - Harjuksen
(Thymallus thymallus L.) habitaatinvalinta

virtavesissd. 40 p. (102 p.) Yhteenveto 3 p. 2004.
HYNYNEN, JuHANI, Anthropogenic changes in

Finnish lakes during the past 150 years
inferred from benthic invertebrates and their
sedimentary remains. - Ihmistoiminnan
aiheuttamat kuormitusmuutokset suomalaisis-
sa jarvissa viimeksi kuluneiden 150 vuoden
aikana tarkasteltuina pohjaeldinyhteissjen
avulla. 45 p. (221 p.) Yhteenveto 3 p. 2004.
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PyLkko, PArvi, Atypical Aeromonas salmonicida
-infection as a threat to farming of arctic charr
(Salvelinus alpinus L.) and european grayling
(Thymallus thymallus L.) and putative means to
prevent the infection. - Epatyyppinen Aero-
monas salmonicida -bakteeritartunta uhkana
harjukselle (Thymallus thymallus L.) ja nieridlle
(Salvelinus alpinus L.) laitoskasvatuksessa ja
mahdollisia keinoja tartunnan ennalta-
ehkdisyyn. 46 p. (107 p.) Yhteenveto 2 p. 2004.
PUURTINEN, MIKAEL, Evolution of hermaphro-
ditic mating systems in animals. - Kaksi-
neuvoisten lisddntymisstrategioiden evoluu-
tio eldimilla. 28 p. (110 p.) Yhteenveto 3 p.
2004.

TorvaNeN, Ourtl, Effects of waste treatment
technique and quality of waste on bioaerosols
in Finnish waste treatment plants. - Jatteen-
kasittelytekniikan ja jatelaadun vaikutus
bioaerosolipitoisuuksiin suomalaisilla jatteen-
kasittelylaitoksilla. 78 p. (174 p.) Yhteenveto

4 p. 2004.

Boapi, Kwast Owusu, Environment and health
in the Accra metropolitan area, Ghana. -
Accran (Ghana) suurkaupunkialueen ympa-
ristd ja terveys. 33 p. (123 p.) Yhteenveto 2 p.
2004.

Lukkari, Tuomas, Earthworm responses to
metal contamination: Tools for soil quality
assessment. - Lierojen vasteet
metallialtistukseen: kdyttomahdollisuudet
maaperan tilan arvioinnissa. 64 p. (150 p.)
Yhteenveto 3 p. 2004.

MARTTINEN, SANNA, Potential of municipal
sewage treatment plants to remove bis(2-
ethylhexyl) phthalate. - Bis-(2-etyyli-
heksyyli)ftalaatin poistaminen jitevesista
yhdyskuntajdtevedenpuhdistamoilla. 51 p.
(100 p.) Yhteenveto 2 p. 2004.

KarisoLa, Piia, Immunological characteri-
zation and engineering of the major latex
allergen, hevein (Hev b 6.02). - Luonnon-
kumiallergian pédéallergeenin, heveiinin
(Hev b 6.02), immunologisten ominaisuuksien
karakterisointi ja muokkaus. 91 p. (113 p.)
Yhteenveto 2 p. 2004.

BAGGE, ANNA MARI4, Factors affecting the
development and structure of monogenean
communities on cyprinid fish. - Kidus-
loisyhteistjen rakenteeseen ja kehitykseen
vaikuttavat tekijat sisavesikaloilla. 25 p.
(76 p.) Yhteenveto 1 p. 2005.

JANTTI, AR, Effects of interspecific relation-
ships in forested landscapes on breeding
success in Eurasian treecreeper. - Lajien-
vilisten suhteiden vaikutus puukiipijan
pesintimenestykseen metsdymparistossa.
39 p. (104 p.) Yhteenveto 2 p. 2005.
TYNKKYNEN, KATJA, Interspecific interactions
and selection on secondary sexual characters
in damselflies. - Lajienviliset vuorovaikutuk-
set ja seksuaaliominaisuuksiin kohdistuva
valinta sudenkorennoilla. 26 p. (86 p.) Yh-
teenveto 2 p. 2005.
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HaxaLaHTI, TEA, Studies of the life history of a
parasite: a basis for effective population
management. - Loisen elinkiertopiirteet:
perusta tehokkaalle torjunnalle. 41 p. (90 p.)
Yhteenveto 3 p. 2005.

HYTONEN, VEsa, The avidin protein family:
properties of family members and engineering
of novel biotin-binding protein tools. - Avidiini-
proteiiniperhe: perheen jasenten ominaisuuk-
sia ja uusia biotiinia sitovia proteiiniydkaluja.
94 p. (124 p.) Yhteenveto 2 p. 2005.

GiLBERT, LEONA , Development of biotechnological
tools for studying infectious pathways of
canine and human parvoviruses. 104 p.

(156 p.) 2005.

SUOMALAINEN, LoTTA-RIINA, Flavobacterium
columnare in Finnish fish farming;:
characterisation and putative disease
management strategies. - Flavobacterium
columnare Suomen kalanviljelyssa:
karakterisointi ja mahdolliset torjunta-
menetelmit. 52 p. (110 p.) Yhteenveto 1 p.
2005.

VEHNIAINEN, EEVA-R1IKKA, Boreal fishes and
ultraviolet radiation: actions of UVR at
molecular and individual levels. - Pohjoisen
kalatja ultraviolettisateily: UV-sateilyn
vaikutukset molekyyli- ja yksilotasolla. 52 p.
(131 p.) 2005.

VaINIKKA, ANssl, Mechanisms of honest sexual
signalling and life history trade-offs in three
cyprinid fishes. - Rehellisen seksuaalisen
signaloinnin ja elinkiertojen evoluution
mekanismit kolmella sérkikalalla. 53 p.

(123 p.) Yhteenveto 2 p. 2005.

LUOSTARINEN, SARI, Anaerobic on-site
wastewater treatment at low temperatures.
Jatevesien kiinteist6- ja kyldkohtainen
anaerobinen kisittely alhaisissa lampétilois-
sa. 83 p. (168 p.) Yhteenveto 3 p. 2005.
SepPALA, OTTO, Host manipulation by
parasites: adaptation to enhance
transmission? Loisten kyky manipuloida
isdntiddn: sopeuma transmission tehostami-
seen? 27 p. (67 p.) Yhteenveto 2 p. 2005.
SuuriNtEMI, Mi11A, Genetics of children’s

bone growth. - Lasten luuston kasvun gene-
tiikka. 74 p. (135 p.) Yhteenveto 3 p. 2006.
TorvoLa, Jount, Characterization of viral
nanoparticles and virus-like structures by
using fluorescence correlation spectroscopy
(FCS) . - Virus-nanopartikkelien seké virusten
kaltaisten rakenteiden tarkastelu fluoresenssi
korrelaatio spektroskopialla. 74 p. (132 p.)
Yhteenveto 2 p. 2006.

KLEMME, INEs, Polyandry and its effect on male
and female fitness. - Polyandria ja sen vaiku-
tukset koiraan ja naaraan kelpoisuuteen 28 p.
(92 p.) Yhteenveto 2 p. 2006.

LEHTOMAKI, ANNIMARI, Biogas production from
energy crops and crop residues. - Energia-
kasvien ja kasvijitteiden hyodyntaminen
biokaasun tuotannossa. 91 p. (186 p.) Yhteen-
veto 3 p. 2006.
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ILMARINEN, KATJA, Defoliation and plant-soil
interactions in grasslands. - Defoliaatio ja
kasvien ja maaperan véliset vuorovaikutukset
niittyekosysteemeissd. 32 p. (111 p.) Yhteenve-
to 2 p. 2006.

LOEHR, JonN, Thinhorn sheep evolution and
behaviour. - Ohutsarvilampaiden evoluutio ja
kayttaytyminen. 27 p. (89 p.) Yhteenveto 2 p.
2006.

Paukku, Satu, Cost of reproduction in a seed
beetle: a quantitative genetic perspective. -
Lisdantymisen kustannukset jyvékuoriaisella:
kvantitatiivisen genetiikan ndkokulma. 27 p.
(84 p.) Yhteenveto 1 p. 2006.

OjaLa, KaTja, Variation in defence and its
fitness consequences in aposematic animals:
interactions among diet, parasites and
predators. - Puolustuskyvyn vaihtelu ja sen
merkitys aposemaattisten eldinten kelpoisuu-
teen: ravinnon, loisten ja saalistajien vuoro-
vaikutus. 39 p. (121 p.) Yhteenveto 2 p. 2006.
MariLAINEN, HELL Development of baculovirus
display strategies towards targeting to tumor
vasculature. - Sy6vén suonitukseen
kohdentuvien bakulovirus display-vektorien
kehittdminen. 115 p. (167 p.) Yhteenveto 2 p.
2006.

KatLio, Eva R, Experimental ecology on the
interaction between the Puumala hantavirus
and its host, the bank vole. - Kokeellista
ekologiaa Puumala-viruksen ja metsimyyran
vilisestd vuorovaikutussuhteesta. 30 p. (75 p.)
Yhteenveto 2 p. 2006.

PirLaja, Marjo, Maternal effects in the magpie.
- Harakan ditivaikutukset. 39 p. (126p.)
Yhteenveto 1 p. 2006.

IHALAINEN, EIRA, Experiments on defensive
mimicry: linkages between predator behaviour
and qualities of the prey. - Varoitussignaalien
saalis-suhteista. 37 p. (111 p.) Yhteenveto 2 p.
2006.

LOPEZ-SEPULCRE, ANDRES, The evolutionary
ecology of space use and its conservation
consequences. - Elintilan kdyton ja reviiri-
kayttaytymisen evoluutioekologia
luonnonsuojelullisine seuraamuksineen. 32 p.
(119 p.) Yhteenveto 2 p. 2007.

TuLLa, Mira, Collagen receptor integrins:
evolution, ligand binding selectivity and the
effect of activation. - Kollageenireseptori-
integriiniien evoluutio, ligandin sitomis-
valikoivuus ja aktivaation vaikutus. 67 p. (129
p-) Yhteenveto 2 p. 2007.

SinisaLo, TuuLa, Diet and foraging of ringed
seals in relation to helminth parasite
assemblages. - Peraimeren ja Saimaan norpan
suolistoloisyhteisot ja niiden hyodyntdminen
hylkeen yksilollisen ravintoekologian selvitta-
misessd. 38 p. (84 p.) Yhteenveto 2 p. 2007.
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TorvaneN, Tero, Short-term effects of forest
restoration on beetle diversity. - Metsien
ennallistamisen merkitys kovakuoriaislajiston
monimuotoisuudelle. 33 p. (112 p.) Yhteenveto
2 p. 2007.

Lupwig, GILBERT, Mechanisms of population
declines in boreal forest grouse. - Kanalintu-
kantojen laskuun vaikuttavat tekijit. 48 p. (138
p-) Yhteenveto 2 p. 2007.

KEeToLa, Tarmo, Genetics of condition and
sexual selection. - Kunnon ja seksuaalivalin-
nan genetiikka. 29 p. (121 p.) Yhteenveto 2 p.
2007.

SEPPANEN, JANNE-TUOMAS, Interspecific social
information in habitat choice. - Lajienvilinen
sosiaalinen informaatio habitaatinvalin-
nassa. 33 p. (89 p.) Yhteenveto 2 p. 2007.
BANDILLA, MATTHIAS, Transmission and host
and mate location in the fish louse Argulus
coregoni and its link with bacterial disease in
fish. - Argulus coregoni -kalatéin siirtyminen
kalaiséntdan, isinnén ja parittelukumppanin
paikallistaminen seké loisinnan yhteys kalan
bakteeritautiin. 40 p. (100 p.) Yhteenveto 3 p.
Zusammenfassung 4 p. 2007.

MERILAINEN, PAIvi, Exposure assessment of
animals to sediments contaminated by pulp
and paper mills. - Sellu- ja paperiteollisuuden
saastuttamat sedimentit altistavana tekijana
vesieldimille. 79 p. (169 p.) Yhteenveto 2 p.
2007.

Rourrty, Jarkko, Genetic and phenotypic
divergence in Drosophila virilis and

D. montana. - Geneettinen ja fenotyyppinen
erilaistuminen Drosophila virilis ja D. montana
lajien mahlakéarpasilla. 34 p. (106 p.) Yhteen-
veto 1 p. 2007.

BenesH, DANIEL P., Larval life history,
transmission strategies, and the evolution of
intermediate host exploitation by complex
life-cycle parasites. - Vakakarsamatotoukkien
elinkierto- ja transmissiostrategiat seka vali-
isannan hyvaksikayton evoluutio. 33 p. (88 p.)
Yhteenveto 1 p.2007.

TarpALE, Sami, Bacterial-mediated terrestrial
carbon in the foodweb of humic lakes.

- Bakteerivilitteisen terrestrisen hiilen
merkitys humusjarvien ravintoketjussa. 61 p.
(131 p.) Yhteenveto 5 p. 2007.

KILJUNEN, MIkkO, Accumulation of
organochlorines in Baltic Sea fishes. -
Organoklooriyhdisteiden kertyminen Itdme-
ren kaloihin. 45 p. (97 p.) Yhteenveto 3 p.
2007.

SorMUNEN, Kar Markus, Characterisation of
landfills for recovery of methane and control
of emissions. - Kaatopaikkojen karakterisointi
metaanipotentiaalin hyddyntamiseksija
pééstojen vahentamiseksi. 83 p. (157 p.)
Yhteenveto 2 p. 2008.

HiLtunen, Terro, Environmental fluctuations
and predation modulate community
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188

189
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191

192

193

194

195

196

dynamics and diversity.- Ympariston vaihte-
lutja saalistus muokkaavat yhteison dyna-
miikkaa ja diversiteettid. 33 p. (100 p.) Yhteen-
veto 2 p. 2008.

SYVARANTA, JaR], Impacts of biomanipulation
on lake ecosystem structure revealed by stable
isotope analysis. - Biomanipulaation vaiku-
tukset jarviekosysteemin rakenteeseen vakai-
den isotooppien avulla tarkasteltuna. 46 p.
(105 p.) Yhteenveto 4 p. 2008.

MartiLa, NiiNa, Ecological traits as
determinants of extinction risk and
distribution change in Lepidoptera. - Perhos-
ten uhanalaisuuteen vaikuttavat ekologiset
piirteet. 21 p. (67 p.) Yhteenveto 1 p. 2008.
UrLa, PauLa, Integrin-mediated entry of
echovirus 1. - Echovirus 1:n integriini-
vilitteinen sisd@nmeno soluun. 86 p. (145 p.)
Yhteenveto 2 p. 2008.

KEeskiNEN, Tario, Feeding ecology and
behaviour of pikeperch, Sander lucioperca (L.)
in boreal lakes. - Kuhan (Sander lucioperca
(L.)) ravinnonkaytto ja kdyttaytyminen
boreaalisissa jarvissa. 54 p. (136 p.) Yhteen-
veto 3 p. 2008.

LAAKKONEN, JOHANNA, Intracellular delivery of
baculovirus and streptavidin-based vectors
in vitro - towards novel therapeutic
applications. - Bakulovirus ja streptavidiini
geeninsiirtovektoreina ihmisen soluissa.

81 p. (142 p.) Yhteenveto 2 p. 2008.

MicHEL, PATRIK, Production, purification and
evaluation of insect cell-expressed proteins
with diagnostic potential. - Diagnostisesti
tirkeiden proteiinien tuotto hyonteissolussa
seké niiden puhdistus ja karakterisointi.

100 p. (119 p.) Yhteenveto 2 p. 2008.
LinpsteEDT, CARITA, Maintenance of variation in
warning signals under opposing selection
pressures. - Vastakkaiset evolutiiviset valinta-
paineet ylldpitavat vaihtelua varoitussigna-
loinnissa. 56 p. (152 p.) Yhteenveto 2 p. 2008.
BoMmAN, SaNNA, Ecological and genetic factors
contributing to invasion success: The
northern spread of the Colorado potato beetle
(Leptinotarsa decemlineata). - Ekologisten ja
geneettisten tekijoiden vaikutus koloradon-
kuoriaisen (Leptinotarsa decemlineata)
levidmismenestykseen. 50 p. (113 p.) Yhteen-
veto 3 p. 2008.

MAKELA, ANNA, Towards therapeutic gene
delivery to human cancer cells. Targeting and
entry of baculovirus. - Kohti terapeuttista
geeninsiirtoa: bakuloviruksen kohdennus ja
sisddanmeno ihmisen syopasoluihin. 103 p.
(185 p.)Yhteenveto 2 p. 2008.

LeBIGRE, CHRISTOPHE, Mating behaviour of the
black grouse. Genetic characteristics and
physiological consequences. - Teeren
pariutumiskayttaytyminen. Geneettiset tekijat
ja fysiologiset seuraukset . 32 p. (111
p-)Yhteenveto 2 p. 2008.
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KakkoNEN, ELINA, Regulation of raft-derived
endocytic pathways - studies on echovirus 1
and baculovirus. - Echovirus 1:n ja
bakuloviruksen soluun sisaanmenon reitit ja
saately. 96 p. (159 p.) Yhteenveto 2 p. 2009.
TenHOLA-ROININEN, TEA, Rye doubled haploids
- production and use in mapping studies. -
Rukiin kaksoishaploidit — tuotto ja kaytto
kartoituksessa. 93 p. (164 p.) Yhteenveto 3 p.
2009.

TreBATICKA, LENKA, Predation risk shaping
individual behaviour, life histories and
species interactions in small mammals. -
Petoriskin vaikutus yksilon kéyttaytymiseen,
elinkiertopiirteisiin ja yksildiden vélisiin
suhteisiin. 29 p. (91 p.) Yhteenveto 3 p. 2009.
PIETIKAINEN, ANNE, Arbuscular mycorrhiza,
resource availability and belowground
interactions between plants and soil microbes.
- Arbuskelimykorritsa, resurssien saatavuus ja
maanalaiset kasvien ja mikrobien viliset
vuorovaikutukset. 38 p. (119 p.) Yhteenveto

2 p. 2009.

AROVIITA, JUKKA, Predictive models in
assessment of macroinvertebrates in boreal
rivers. - Ennustavat mallitjokien
pohjaeldimiston tilan arvioinnissa. 45 p.

(109 p.) Yhteenveto 3 p. 2009.

Rasi, Saya, Biogas composition and upgrading
to biomethane. - Biokaasun koostumus ja
puhdistaminen biometaaniksi. 76 p.

(135 p.) Yhteenveto 3 p. 2009.

PakkANEN, Kirsl, From endosomes onwards.
Membranes, lysosomes and viral capsid
interactions. - Endosomeista eteenpdin.
Lipidikalvoja, lysosomeja ja viruskapsidin
vuorovaikutuksia. 119 p. (204 p.) Yhteenveto
2 p. 2009.

MaRrkkuLA, EVELIINA, Ultraviolet B radiation
induced alterations in immune function of
fish, in relation to habitat preference and
disease resistance. - Ultravioletti B -sdteilyn
vaikutus kalan taudinvastustuskykyyn ja
immunologisen puolustusjdrjestelmén toimin-
taan. 50 p. (99 p.) Yhteenveto 2 p. 2009.
InALAINEN, TEEMU, Intranuclear dynamics in
parvovirus infection. - Tumansisdinen dyna-
miikka parvovirus infektiossa. 86 p. (152 p.)
Yhteenveto 3 p. 2009.

Kunttu, Hepl, Characterizing the bacterial fish
pathogen Flavobacterium columnare, and some
factors affecting its pathogenicity. - Kalapato-
geeni Flavobacterium columnare -bakteerin
ominaisuuksia ja patogeenisuuteen vaikutta-
via tekijoitd. 69 p. (120 p.)

Yhteenveto 3 p. 2010.

KotiLAINEN, T1TTA, Solar UV radiation and
plant responses: Assessing the methodo-
logical problems in research concerning
stratospheric ozone depletion . - Auringon
UV-siteily ja kasvien vasteet: otsonikatoon
liittyvien tutkimusten menetelmien arviointia.
45 p. (126 p.) Yhteenveto 2 p. 2010.
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EmNoLA, JuHa, Biotic oxidation of methane in
landfills in boreal climatic conditions . -
Metaanin biotekninen hapettaminen kaatopai-
koilla viile&ssa ilmastossa. 101 p. (156 p.)
Yhteenveto 3 p. 2010.

PIROINEN, SAIJA, Range expansion to novel
environments: evolutionary physiology and
genetics in Leptinotarsa decemlineata. - Lajien
levinneisyysalueen laajeneminen:
koloradonkuoriaisen evolutiivinen fysiologia
ja genetiikka. 51 p. (155 p.) Yhteenveto 3 p.
2010.

NiskaNEN, EINARI, On dynamics of parvoviral
replication protein NS1. - Parvovirusten
replikaationproteiini NS1:n dynamiikka.

81 p. (154 p.) Yhteenveto 3 p. 2010.

PEkkALA, SATU, Functional characterization of
carbomoyl phosphate synthetase I deficiency
and identification of the binding site for
enzyme activator.- Karbamyylifosfaatti
syntetaasi I:n puutteen patologian toiminnalli-
nen karakterisaatio ja entsyymin aktivaattorin
sitoutumiskohdan identifikaatio.

89 p. (127 p.) Yhteenveto 2 p. 2010.

Harmg, Panu, Developing tools for
biodiversity surveys - studies with wood-
inhabiting fungi.- Tyokaluja monimuotoisuus-
tutkimuksiin - tutkimuskohteina puulla elavat
sienet. 51 p. (125 p.) Yhteenveto 2 p. 2010.
JaLasvuori, MaTTi, Viruses are ancient
parasites that have influenced the evolution of
contemporary and archaic forms of life. -
Virukset ovat muinaisia loisia, jotka ovat
vaikuttaneet nykyisten ja varhaisten elaman-
muotojen kehitykseen. 94 p. (192 p.) Yhteenve-
to 2 p. 2010.

PosriLa, PExka, Dynamics of the ligand-
binding domains of ionotropic glutamate
receptors. - lonotrooppisten glutamaatti-
reseptoreiden ligandin-sitomisdomeenien
dynamiikka. 54 p. (130 p.) Yhteenveto 3 p.
2010.

PoikoNeN, Tanja, Frequency-dependent
selection and environmental heterogeneity as
selective mechanisms in wild populations.

- Frekvenssistad riippuva valinta ja ympariston
heterogeenisyys luonnonvalintaa ohjaavina
tekijoind luonnonpopulaatiossa. 44 p. (115 p.)
Yhteenveto 4 p. 2010.

KEKALAINEN, JUKKA, Maintenance of genetic
variation in sexual ornamentation - role of
precopulatory and postcopulatory sexual
selection. - Seksuaaliornamenttien geneettisen
muuntelun siilyminen - parittelua edeltidvan
ja sen jdlkeisen seksuaalivalinnan merkitys.
52 p. (123 p.) Yhteenveto 3 p. 2010.

SYRJANEN, JuKkka, Ecology, fisheries and
management of wild brown trout populations
in boreal inland waters. - Luontaisten taimen-
kantojen ekologia, kalastus ja hoito pohjoisilla
sisédvesilld. 43 p. (108 p.) Yhteenveto 3 p. 2010.
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RuskaMoO, SALLA, Structures, interactions and
packing of filamin domains. -
Filamiinidomeenien rakenteet, vuoro-
vaikutukset ja pakkautuminen. 50 p. (108 p.)
Yhteenveto 1 p. 2010.

HoNkaNEN, MERjA, Perspectives on variation
in species richness: area, energy and habitat
heterogeneity. - Pinta-alan, energian ja
elinymparistojen monimuotoisuuden suhde
lajimaaraan. 46 p. (136 p.) Yhteenveto 2 p.
2011.

TivoNEN, Jonna, Woodland key habitats.

A key to effective conservation of forest
biodiversity. - Avainbiotooppien merkitys ta-
lousmetsien monimuotoisuuden sdilymiselle.
33 p. (141 p.) Yhteenveto 2 p. 2011.

NURMINEN, ELisa, Rational drug discovery.
Structural studies of protein-ligand
complexes. - Rationaalinen lddkeainesuunnit-
telu. Proteiini-ligandi rakennekokonaisuuk-
sien tutkimus. 56 p. (113 p.) Yhteenveto 2 p.
2011.

URPANEN, OLLi, Spatial and temporal variation
in larval density of coregonids and their
consequences for population size estimation
in Finnish lakes. - Muikun ja siian poikas-
tiheyksien spatiaalinen ja ajallinen vaihtelu ja
sen vaikutukset poikasmédrdarviointiin. 49 p.
(94 p.) Yhteenveto 3 p. 2011.

JyvisjArvi, Jussi, Environmental drivers of
lake profundal macroinvertebrate community
variation - implications for bioassessment.

- Jarvisyvanteiden pohjaeldinyhteisoja
sddtelevat ymparistotekijat ja niiden merkitys
jarvien biologisen tilan arvioinnissa. 52 p.
(123 p.) Yhteenveto 3 p. 2011.

KorvuneN, Jarkko, Discovery of a2f1 integrin
ligands: Tools and drug candidates for cancer
and thrombus. - a2f31-integriiniligandien
suunnittelu; lddkeaihioita ja tyokaluja syovan
ja veritulpan hoitoon. 55 p. (111 p.) Yhteen-
veto 2 p. 2011.

MOKKONEN, MIKAEL, Evolutionary conflicts in
a small mammal: behavioural, physiological
and genetic differences between the sexes.

- Sukupuolten vilinen konflikti: kiyttayty-
miseen, fysiologiaan ja genetiikkaan liitty-
vistd ristiriidoista pikkunisakkailla. 60 p. (130
p.) Yhteenveto 2 p. 2011.

KorHoNEN, Esko, Puhtauspalvelut ja tyoym-
péristo. Ostettujen siivouspalveluiden laadun
mittausmenetelmiit ja laatu seké siivouksen
vaikutukset sisdilman laatuun, tilojen kayt-
tdjien kokemaan terveyteen ja tyon tehokkuu-
teen toimistorakennuksissa. - Methods for
evaluating the quality of cleaning, the factors
that influence the quality of cleaning, and

the quality of cleaning in buildings. 231 p.
Summary 5 p. 2011.
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KARJALAINEN, Mikko, Echovirus 1 infectious
entry via novel multivesicular bodies. -
Echovirus 1 infektio solun monirakkulaisten
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