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Abstract
Boccardia proboscidea is a recently introduced polychaete in South Africa (SA) where it
is a notorious pest of commercially reared abalone. The species was restricted to
abalone farms distributed in three biogeographic regions up until 2011, when the first
wild population was detected in the southern part of the country. If Boccardia
proboscidea becomes invasive, it could pose a threat to the intertidal marine ecosystem
of SA. The overarching aim of this thesis was therefore to predict the establishment and
dispersal potential of B. proboscidea. The first objective was to assess the feasibility of
using a closely related species to ground truth in the predictions. In Chapter 2,
reproductive experiments were integrated with molecular studies to show that the nonindigenous oyster pest Polydora hoplura, like B. proboscidea can produce both
planktotrophic and adelphophagic larvae (poecilogonous development). Due to a similar
reproductive strategy along with its status as an aquaculture pest, P. hoplura was
chosen as the “predictor” species. In Chapter 3 I investigated the effect of temperature
on larval development of P. hoplura and B. proboscidea using temperature regimes
reflective of the SA coast to determine establishment potential. Results showed that
temperature significantly affected survivorship and developmental rate of planktotrophic
and adelphophagic larvae for both species. For P. hoplura, survivorship of both larval
types was highest at the intermediate to high temperature treatments (21 and 24°C) and
was generally lower at the lower temperatures (12 and 17°C). Boccardia proboscidea
exhibited a difference in survival optima where low temperatures favoured high
planktotroph survival but low adelphophagic larval survival. Conversely, increased
temperatures favoured high adelphophagic larval survival but low planktotroph survival
and this was most likely driven by increased rates of sibling cannibalism. There was
also a positive relationship between temperature and developmental rate for both larval
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types of both species. Polydora hoplura’s response to experimental temperatures is
congruent with its present distribution. Based on this I predicted that B. proboscidea
should become established along a large section of the SA coast and differences in
survival optima may also facilitate its establishment in colder waters where P. hoplura
appears to be absent. In Chapter 4, I investigated the phylogeography of P. hoplura
using mtDNA (Cyt b) and nDNA (ATPSα) gene fragments. Results showed genetic
connectivity among all sampling sites distributed across two biogeographic regions. I
hypothesized that the low genetic structure observed was likely due to anthropogenic
dispersal mechanisms rather than natural dispersal. Finally in Chapter 5, I discussed the
potential for natural dispersal of B. proboscidea.

Based on temperature-specific

planktonic larval duration and current velocities along the SA coast, B. proboscidea
could potentially cover hundreds of kilometres in a single generation from each of its
three point sources. However once the discrepancy between potential and effective
dispersal was accounted for based on the literature, planktotrophic larvae would be
expected to cover considerably shorter distances. When compared to the historical
movement of other introduced marine invertebrates in the region, these adjusted
distances appear to better reflect the reality of larval dispersal along the SA coast.
Boccardia proboscidea benefits from a versatile reproductive strategy which may aid the
worm in its attempt to invade the SA coast but anthropogenic dispersal could be a
critical factor facilitating its widespread dispersal.
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Opsomming
Boccardia proboscidea het onlangs in Suid-Afrika (SA) begin voorkom, waar die
polychaete ‘n bekende plaag in kommersiële perlemoen is. Die spesie was aanvanklik
beperk tot perlemoen plase van drie biogeografiese streke, maar in 2011 is die eerste
wilde populasie aan die suidelike kus van die land gevind. Indien B. proboscidea ‘n
indringer word, kan dit ‘n bedreiging inhou vir die mariene ekosisteme van Suid-Afrika.
Die algehele doel van hierdie tesis was dus om die potensiele verspreiding en
vestigings vermoë van B. proboscidea in Suid-Afrika te voorpel. Die eerste objektief was
om die moontlikheid te ondersoek om ‘n naverwante kandidaat spesie te gebruik wat die
voorspellings rondom B. proboscidea in die werkliheid te kan toets. In Hoofstuk 2, is
voorplantings eksperimente met molekulêre studies geintigreer om te wys dat die
uitheemse oester plaag, Polydora hoplura, net soos B. proboscidea, beide
planktotrofiese en adelfofagiese larwes (poekilogeen ontwikkeling) kan produseer.
Danksy die feit dat P. hoplura ‘n soortgelykie voortplantings strategie en status as
akwatiese pes het, is dit as ‘n “voorspeller” spesie gekies. In Hoofstuk 3 ondersoek ek
die effek van temperatuur op larvi ontwikkeling van B. proboscidea en P. hoplura deur
temperatuur toestande te gebruik wat verteenwoordigend van die Suid-Afrikaanse kus
is, om hierdeur die vestigings potensiaal te bepaal. Die resultate het getoon dat
temperatuur oorlewing en die groei tempo van planktotrofiese en adelphofagiese larwes
van albei spesies aansienlik affekteer. Vir P. hoplura was die oorlewing van albei larvi
tipes die hoogste vir intermediêre tot hoë temperatuur behandelinge (21 en 24°C) en
meestal laer teen laer temperature (12 en 17°C). B. proboscidea het verskillende
oorlewings optima getoon, waar laer temperature hoër planktotrofiese oorlewing
bevorder maar laer adelphofagiese larwes oorlewing veroorsaak. Inteendeel, verhoogte
temperature het hoër adelphofagiese larwes oorlewing bevorder maar laer

iv	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

planktotrofiese oorlewing: dit was moontlik as gevolg van verhoogte tempo’s van
kannibalisme. P. hoplura se reaksie op eksperimentiële temperature is in
ooreenstemming met die spesie se huidige verspreiding. Gebasseer op die
bogenoemde het ek voorspel dat B. proboscidea gevestig sal raak langs groot dele van
die Suid-Afrikaanse kus en dat verskille in oorlewings optima die vestiging in kouer
waters kan aanhelp waar P. hoplura bleik om afwesig te wees. In Hoofstuk 4, ondersoek
ek die pylogeografie van P. hoplura deur gebruik te maak van mtDNA (Cyt b) en nDNA
(ATPSα) geen fragmente. Resultate toon ‘n gekonekteerde genetika tussen al die studie
areas van twee biogeografiese streke. Ek stel die hipotese dat die lae genetiese
struktuur moontlik deur antropogeniese verspreidings meganismes eerder as deur
natuurlike verspreiding veroorsaak word. Laastens, in Hoofstuk 5, het ek die potensiaal
vir natuurlike verspreiding van B. proboscidea bespreek. Gebasseer op die
temperatuur-spesifieke planktoniese larvi duur en stroom snelhede langs die SuidAfrikaanse kus, kan B. proboscidea moontlik honderde kilometres dek in ‘n enkelle
generasie vanaf slegs drie puntbronne van die spesie. Waaneer die verskil tussen
potensiële en effektiewe verspreiding in ag geneem word, volgens die literatuur, kan
daar van planktoniese larvi verwag word om aansienlike korter afstande te beweeg.
Indien geskiedkundige bewegings van uitheemse mariene invertebraat spesies in die
area ondersoek word, blyk dit dat die aangepaste afstande ‘n beter voorstelling van
werklike larvi verspreiding langs die Suid-Afrikaanse kus skep. Boccardia proboscidea
het die voordeel van ‘n aanpasbare voortplantings strategie wat die wurm moontlik kan
aanhelp om ‘n indringer aan die Suid-Afrikaanse kus te word. Antropogeniese
verspreiding kan ook wel ‘n belangrike faktor wees wat ‘n wye verspreiding aanspoor.
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Chapter 1
General Introduction
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1. Global and regional distribution of marine alien invasives
The science of predicting the establishment and spread of marine alien species is
relatively young and remains one of the biggest challenges of invasion biology (Carlton
and Gellar 1993). In less than 30 years, a considerable volume of work has shown that
marine bioinvasions pose one of the biggest threats to global biodiversity (Bax et al.
2003; Hewitt and Campbell 2007; Rilov and Crooks 2009). Most marine species
introduced outside of their native range never actually become invasive, with many
either failing to complete the final three steps of the invasion process (survival in the
recipient region, initial establishment and long term establishment), or for those that do
become established, are simply integrated into the community without altering
ecosystem dynamics (Bax et al. 2003; Haydar 2010). However, the few species that do
become invasive can have profound effects on community structure, significant
economic impacts and may even pose a danger to human health (Bax et al. 2003).
Once an invasive species is established it is almost impossible to eradicate and
therefore intercepting the earliest stages of the invasion process, ideally vector
transport, is the only proven effective strategy that can avert a successful invasion event
(Thresher and Kuris 2004). The most common pathways for the introduction of marine
aliens are shipping (including ballast water and hull fouling) and aquaculture but the
expansion of trade and tourism in the 21st century have created new pathways for
dispersal such as the pet and aquarium trade, live seafood trade and the construction of
superstructures above the waterline (Molnar et al. 2008; Strecker et al. 2011).

A survey by Molnar et al. (2008) identified northern California, the Hawaiian Islands, the
North Sea and the eastern Mediterranean as the top four regions of the world with the
highest levels of invasion. One classic example is the introduction of the European
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shore crab, Carcinus maenas, to the United States of America. This species has
significantly altered rocky shore communities, via predation on native shellfish and other
invertebrates (Leonard et al.1999; Grosholz et al. 2000). Carcinus maenas was first
introduced to the east coast of North America and, through a secondary introduction,
eventually made its way to the west coast (California) where it has expanded its range
northwards along the Pacific and is now established as far north as British Columbia in
Canada (de Rivera et al. 2007). Reproductive studies by Hines et al. (2004) and de
Rivera et al. (2007) predicted that C. maenas could potentially extend its range as far
north as Alaska, since temperatures at multiple sites in that region are able to support
larval development. In a separate but equally infamous invasion, the ctenophore,
Mnemiopsis leydi, was single-handedly responsible for the collapse of an entire fishery,
along with sharply reducing species richness of mesozooplankton, after being
inadvertently introduced to the Black Sea, presumably via ballast water (Ivanov et al.
2000; Shiganova et al. 2001; Oguz et al. 2008). It was suggested that temperature was
the most crucial factor followed by salinity in influencing the dispersal and range
expansion of this species (Shiganova 1998).

In recent years, multiple studies conducted in the southern hemisphere have found that
the problem of marine introductions also extends to this region, especially in Australia,
where more than 250 species are confirmed as introduced (Hayes and Sliwa 2003;
Hewitt et al. 2004). A noted case example is in Tasmania where the screwshell,
Maoricolpus roseus, was introduced in the 1920s with oysters from New Zealand. The
species, which is known for its wide thermal tolerance, proliferated rapidly to the point
where it was able to outcompete native screwshells and attain densities exceeding 1000
ind.m-2, higher than any other benthic invertebrate in the areas that were sampled (Bax

3	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

and Williams 2001; Bax et al. 2003; Gunasekera et al. 2005). In contrast to Australia,
research on marine introductions in South Africa is still considered to be in its infancy
due to a lack of taxonomic expertise for certain groups and limited surveys along the
country’s vast coastline (Robinson et al. 2005; Mead et al. 2011). Early work on the
southern African coast first identified 15 introduced species in the region (Griffiths et al.
1992) and since then more than 80 introduced and 39 cryptogenic species (not
demonstrably native or introduced- Carlton, 1987) have been confirmed (Mead et al.
2011). Of these, the Mediterranean mussel, Mytilus galloprovincialis, is regarded as the
most invasive based on the definition of Vermeij (1996) in that it has spread beyond its
source population and is a serious threat to indigenous species. Mytilus galloprovincialis
was first detected at a port on the west coast of South Africa (Saldanha Bay) in the mid1970s (Grant et al. 1984). Since then it had expanded its range northwards at a rate of
115 km.y-1, colonizing rocky shore habitats on the entire west coast of South Africa, with
movement south being considerably slower (25 km.y-1), possibly due to the warmer
water temperatures which attests to its antitropical distribution (Hockey and van Erkom
Schurink 1992; Bownes and McQuaid 2006; Zardi et al. 2007). The species has
successfully out-competed the native mussel Aulacomaya ater on the west coast while
also displacing and reducing the overall size of native limpet species (Hockey and van
Erkom Schurink 1992; Robinson et al. 2005; Zardi et al. 2007). On the south coast, M.
galloprovincialis also exhibits habitat segregation with another native mussel Perna
perna (Bownes and McQuaid 2006). To compound matters further, M. galloprovincialis
was also anthropogenically transported to Port Elizabeth on the east coast as a
transplantation experiment but this isolated stock was subsequently removed and
propagules that spawned from the stock eventually died out (Robinson et al. 2005).
Through natural dispersal, M. galloprovincialis, characterized by high fecundity and
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recruitment rates (Harris et al. 1998) now occupies a large section of the southern
African coast from central Namibia to East London (>2000 km) (Mead et al. 2011).
Additional candidates in South Africa that could potentially become invasive includes the
Pacific barnacle, Balanus glandula, and the notorious C. maenas, both of which have
already caused significant changes to community structure at sites where they have
been recorded thus far (Griffiths et al. 2011). 	
  
	
  

While the majority of studies in South Africa have addressed the introduction of freeliving organisms, detailed studies on the spread of aquaculture pests are rare (Simon
and Booth 2007; Simon et al.	
   2009). This is probably because of their inconspicuous
nature and the fact that, for the most part, they are restricted to farmed environments.
However, considering South Africa’s vibrant aquaculture industry where oyster spat is
imported from international suppliers and is also transported among oyster farms within
the country, there is the potential for the introduction of aquaculture pests that could
pose a threat to the marine ecosystem (Wolff and Reise 2002; Haupt et al. 2010a). This
is especially true for polychaetes, which are known pests of commercial molluscs (Blake
1969; Radashevsky et al. 2006; Simon et al. 2006; Walker 2011) and are invasive in
many parts the world (Currie et al. 2000; Leppakoski et al. 2002; Schwindt et al. 2004;
Tovar-Hernandez et al. 2011; Giangrande et al. 2012).

2. General introduction to the Spionidae and the Polydora-complex
Polychaetes are a diverse group of annelids, mostly marine (>98%), with more than
8,000 species described thus far (Beesley et al. 2000). Within the polychaetes, the
Spionidae is among the best-studied families and the most ecologically dynamic,
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capable of being free-living, obligate or facultative symbionts (Rouse and Pleijel 2001;
Blake 2006; Walker 2011). Free living spionids are known for creating and residing in
tubes, produced by binding sand grains and detritus material, from which they feed by
extending a pair of tentaculate feeding appendages known as “palps” (Fauchuld and
Jumars 1979). Some individuals can also burrow into the calcareous structures of other
invertebrates, such as molluscs and sponges, and these have been listed in the
literature as commensals (Martin and Britayev 1998). However, the term “commensal” is
used broadly since many of these organisms do in fact cause considerable damage to
their hosts, including commercially important hosts (Simon et al. 2006; Simon and Booth
2007; Zapalski 2011; Walker 2011).

Within the Spionidae, the Polydora complex has been implicated in many shell
infestation cases in both commercial and non-commercial species (Martin 1996; Lewis
1998; Ruellet 2004; Radashevsky and Olivares 2005; Simon et al. 2006; Simon and
Booth 2007; Sato-Okoshi et al. 2008; Simon et al. 2009). The group, commonly known
as “polydorids”, consists of nine genera and is distinguished from other members of the
Spionidae by an enlarged fifth segment with large modified spines (Blake 2006; Walker
2011). The majority of polydorids belong to two genera, Polydora Bosc 1802 and
Dipolydora Verrill 1879, with considerably fewer species belonging to the seven other
genera (Boccardia, Boccardiella, Polydorella, Pseudopolydora, Amphipolydora,
Tripolydora, Caraziella) (Delgado-Blas 2008).

3. Global distribution of polydorids
Polydorids have a nearly worldwide distribution and this is emphasized by the fact that
incidents of shell infestations by these worms have been confirmed in virtually all
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continents of the world: North America (both Canada and USA) where polydorids infest
oysters and scallops (Owen 1957; Bower et al. 1992); South and Central America
(Mexico, Chile, Argentina and Brazil) where they infest edible mussels, clams, scallops
and abalone (Tinoco-Orta and Caceres-Martinez 2003; Vargas et al.	
  2005; Diez et al.
2011), Africa (South Africa and Namibia) where worms infest farmed abalone and
oysters (Nel et al. 1996; Simon et al. 2006; Simon and Booth 2007; Simon et al. 2009;
de Lange unpubl data), Asia (India, China and Japan) where members of the genera
Polydora, Dipolydora, Boccardia and Boccardiella are pests of scallops, pearl oysters
and abalone (Kojima and Imajima 1982; Ghode and Kripa 2001; Sato-Okoshi and Abe
2012), Europe (the Mediterranean, Portugal, France and the United Kingdom) where
worms from the genus Polydora infest wild and cultured oysters (Almeida et al. 1996;
Royer et al. 2006) and Australia and New Zealand where they infest cultured abalone
and both cultured and wild oysters (Handley and Bergquist 1997; Dunphy and Wells
2001; Lleonart et al. 2003; Walker 2011). Understanding the extent of polydorid
infestation with respects to specific problem species is complicated by the fact that
many of these have been introduced by anthropogenic pathways (Walker 2011). At
least 20 polydorid polychaetes have been clearly documented as introduced worldwide
with many more cryptogenic (Carlton 1987; Radashevsky and Olivares 2005;
Radashevsky et al.	
  2006)
Vectors for introduction of polydorids include the taking up and releasing of ballast water
(which may contain larvae and adults) in bays, estuaries and inland waters in different
parts of the world (Carlton 1987; Carlton and Gellar 1993), movement of aquaculture
products such as commercial molluscs that may already be harbouring worms (Culver
and Kuris 2000) and hull fouling of ships by encrusting organisms such as sponges that
can also harbour different species of worms (Carlton and Geller 1993; David and
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Williams 2012a). Like all sessile marine invertebrates, once these polydorids arrive in
their new environment, their eventual establishment and natural dispersal patterns will
be influenced by their reproductive strategies (Kinlan and Gaines 2003).

4. Reproductive biology of polydorids
Sexual reproduction is the dominant mode of reproduction in polydorids with asexual
reproduction found in only eight species thus far (Blake and Arnofsky 1999; David and
Williams 2012b). In sexual reproduction, females brood their offspring in egg capsules
that are attached to the maternal tube by single or double filaments. All polydorids are
intratubular brooders but the extent of yolk provisioning by the female may differ
significantly among species resulting in the production of planktotrophic, lecithotrophic
or adelphophagic larvae (reviewed by Blake and Arnofsky 1999).

Free-swimming planktotrophic larvae develop from eggs that are nutritionally poor. After
hatching, the larvae spend considerably more time in the water column than any other
larval type where they derive nutrition by actively feeding on a variety of phytoplankton.
In contrast, lecithotrophic larvae are typically non-feeding and develop from eggs that
are provisioned with adequate yolk to reach an advanced stage of development. As a
consequence these larvae tend to settle soon after hatching (Blake 1969; Blake and
Arnofsky 1999). In adelphophagic development, the larvae feed on nurse eggs provided
by the female while still residing within the egg capsule. The larva consumes the nurse
eggs, subsisting on this yolk source until it has been exhausted, then leaves the
capsules and either directly settles or spends a short time in a planktonic state prior to
settlement (Gibson 1997; Blake and Arnofsky 1999). Adelphophagy is often considered
a variation of lecithotrophy (exo-lecithotrophy), since it is also yolk provisioning but in
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the form of nurse eggs rather than direct provisioning (Radashevsky 1994; Sato-Okoshi
et al. 2008).

In addition to the aforementioned reproductive strategies, some polydorids also exhibit a
rare ability where the female is capable of producing more than one type of larva
(poecilogony) (Giard 1905; Knott and McHugh 2012). Poecilogonous development was
once considered a common phenomenon among marine invertebrates. However, a
review by Hoagland and Robertson (1988) reported that many of the species thought to
be poecilogonous actually consisted of sibling species producing different larval types.
Poecilogony can exist as a developmental polymorphism, where two reproductive
strategies are genetically fixed in a population, or it may exist as an adaptive
polyphenism where environmental variables trigger a switch between reproductive
modes (Knott and McHugh 2012). For example, in the free-living spionid, Streblospio
benedicti,	
  some females are capable of producing only planktotrophic larvae whereas
other females can only produce lecithotrophic larvae. Experimental manipulation from
the early 1980s to present has shown that S. benedicti cannnot switch between
planktotrophy and lecithotrophy, even when cultured under a variety of environmental
conditions (Levin and Creed1986; Chu and Levin 1989; Bridges et al. 1994). In contrast,
Rice and Rice (2009) showed that in Polydora cornuta, the production of either
planktotrophic or adelphophagic larvae depends on the amount of stored sperm
available. Females usually producing planktotrophic larvae, when cultured in isolation,
eventually deplete their stored sperm. As such, the number of unfertilized eggs in the
capsules increases and these eggs then serve as extra embryonic nutrition for the
developing embryos that were successfully fertilized. More recently, a preliminary study
by Gibson et al. (2012) found that histone modifications facilitate the activation of genes
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that regulate early development and differentiation in P. cornuta embryos, indicating that
epigenetic processes could also be involved in the production of different larval types.

5. Larval dispersal and genetic connectivity
Understanding the extent of larval dispersal makes it possible to assess levels of
genetic connectivity among different populations and vice versa. This becomes
important when dealing with the ability of a non-indigenous species to spread and
become invasive since it directly influences long-term persistence of the population
(Bradbury et al. 2008). Species that produce planktotrophic larvae that spend a long
time in the water column would be expected to disperse further from its natal site and
show less genetic structuring than species that exhibit abbreviated larval development
such as in lecithotrophy or adelphophagy (Todd 1998; Kyle and Boulding 2000).

However, recent examples in the literature have shown that the dispersal potential of a
species and its actual dispersal is not necessarily congruent and knowledge of a
species’ larval biology alone may be insufficient for predicting range expansion (Cowen
et al. 2000; Taylor and Hellberg 2003; Tepolt et al. 2009). For example, some studies
have shown that local recruitment in species that produce larvae with a long planktonic
phase can result in lower levels of gene flow among populations (Hellberg 2009, and
references therein) whereas larvae that exhibit abbreviated development could maintain
gene flow among spatially separated populations via passive dispersal or unorthodox
vectors such as biofouling or rafting (Havenhand 1995; Pettengill et al. 2007). The
inherent physiological plasticity of larvae under variable environmental conditions is
equally important. In particular, temperature was identified as the most important abiotic
factor affecting marine invertebrate larvae as it delimits the areas that can support
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development (Hoegh-Guldberg and Pearse 1995; O’Connor et al. 2007; Cowen and
Sponaugle 2009). The marine environment also possesses an array of oceanographic
forces (upwelling cells, currents and gyres, to name a few) that could restrict larval
movement regardless of the planktonic nature of the larva (Cowen and Sponaugle 2009;
Hellberg 2009). Larval dispersal in the marine environment can therefore be considered
as a dynamic process where larval life history interacts with the biogeographical
features of the region.

6. Marine biogeography of southern Africa
The South African coast is an ideal region for conducting dispersal studies due to the
presence of different biogeographic regions (Figure 1). The coast is bordered by two
major currents: on the west coast is the north-flowing, cold Benguela Current system
where the temperature regime on that coast allows for nutrient upwelling and hence
large scale productivity, while on the east coast, there is the south-westerly-flowing
warm Agulhas Current system with less productivity (Branch and Branch 1988; Emanuel
et al. 1992; Branch et al. 2010). The southern coast is characterized by intermediate
temperatures and eddies that form where the Agulhas Current deflects away from the
coast in the Agulhas Bank region. These eddies are capable of transporting small
bodies of water along with its associated organisms, around Cape Point where it
becomes integrated with the northward-flowing Benguela system (Shannon 1985;
Reason et al. 2006). The coastal biogeographic provinces have been defined by a
variety of factors, the most important being temperature (Emmanuel et al. 1992; Teske
et al. 2014). Within these bioregions, phylogeographic studies have identified even more
differentiation where distinct genetic biogeographic breaks (phylogeographic barriers)
exist within conspecific taxa (reviewed by Teske et al. 2011). Of these breaks, Cape
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Point has been shown to be the most prominent barrier, separating the cool-temperate
west coast from the warm-temperate south coast (Teske et al. 2007a; von der Heyden
et al. 2008). On the south coast, Cape Agulhas has also been identified as a significant
but weaker phylogeographic break than Cape Point (Evans et al. 2004; Teske et al.
2011) while on the southeast coast, additional breaks have been identified near Algoa
Bay where a disjunction between the warm-temperature and subtropical biota exists
(Emmanuel et al. 1992; Teske et al. 2007; von der Heyden et al. 2008). Finally, breaks
have also been reported on the east coast, specifically the Wild Coast and further north
near St. Lucia (Teske et al. 2006, 2007b, 2008). Since these breaks were found to have
a significant impact on the dispersal capabilities of a variety of marine organisms in
South Africa (Teske et al. 2011, and references therein), they could potentially influence
the spread of alien species depending on where the species becomes established.
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7. Problem Statement
In South Africa, abalone farming is a lucrative part of the aquaculture industry and is
done in on-shore culture facilities with farms located mainly in the Western Cape
Province (Hauck and Sweijd 1999; Steinberg 2005). In recent years, there have been
increasing reports of infestation of the commercially reared abalone, Haliotis midae
Linnaeus 1758, by the introduced polydorid, Boccardia proboscidea Hartman 1940
(Simon et al. 2006; Simon and Booth 2007; Simon et al. 2010a; Boonzaaier et al. 2014).
The native range of B. proboscidea includes the western coast of North America,
extending as for north as British Columbia and as far south as southern California where
it assumes a primarily free living existence in soft sediment, although it is often
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associated with molluscs as a secondary borer (Hartman 1940; Woodwick 1963;
Oyarzun et al. 2011). Boccardia proboscidea was also introduced to Australia and
Spain, presumably via ballast water (Blake and Kudenov 1978; Martinez et al. 2006),
and Hawaii with the transportation of cultured oysters (Bailey-Brock 2000). Furthermore,
it has also been recorded from Japan (Sato-Okoshi 2000), New Zealand (Read 2004),
Argentina (Jaubet et al. 2011) and the United Kingdom (Hatton and Pearce 2013),
though details concerning its introduction to these regions are unclear. In South Africa
B. proboscidea was first found in 2004 on an abalone farm at Hermanus in the southern
part of the country (Simon et al. 2009, 2010b). The species was later detected at
abalone farms on the west and east coasts (Jakobsbaai and Haga Haga respectively).
The infestation of B. proboscidea at all three farms was attributed to the deliberate
movement of infested abalone among the different farms (Simon et al. 2009). While
phylogeographic breaks on the South African coast could influence natural dispersal of
B. proboscidea, the anthropogenic movement of infested abalone among farms has now
created point sources for the species in three different biogeographic regions. As a
result, B. proboscidea has an opportunity to colonize a large segment of the South
African coast more rapidly and extensively than it would have from a restricted point
source. The original source population of the species is unknown though genetic studies
found that farmed populations of B. proboscidea from South Africa shared a single
haplotype with those from North America (Simon et al. 2009). In addition, populations on
the south coast had the highest haplotype diversity (Simon et al. 2009), which was most
likely the result of multiple introductory events considering that the probable timeline
since B. proboscidea ‘s first introduction would have been too short for new haplotypes
to arise by mutations. This high diversity also indicates that it may be the oldest and
largest population in the region (Simon et al. 2009). In 2011, B. proboscidea was
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recorded in high densities in sediment at the outflow path of an abalone farm in
Gansbaai, located in the southern part of the country- the first record of a wild
population (Simon and van Niekerk, unpubl data). This means that its movement into
the wild has begun and its establishment as a potentially invasive species in South
Africa is imminent.
The short and long term effects of B. proboscidea on marine communities in South
Africa, should it become established in the wild is difficult to predict since marine
ecosystems are dynamic. However, field surveys conducted in areas where the worm
has been introduced may offer some insights into its potential impacts in South Africa. In
Argentina, B. proboscidea was first detected in 2008 in the city of Mar del Plata near an
area of sewage outfall (Jaubet et al. 2011). These high nutrient conditions resulted in
rapid proliferation of the worm (656250 ind.m-2) that facilitated the formation of large
biogenic reefs in the impacted area. Five years after the detection of these reefs, worm
density has more than doubled (approximately 1.4 to 2.3 million ind.m-2) and the reefs
have now displaced every other native intertidal invertebrate in the area, including
important ecosystem engineering mussels (Garaffo et al. 2012; Jaubet et al. 2013). In
Australia, B. proboscidea was also found at multiple sites subjected to high nutrient
discharge but their densities were considerably lower (350000 ind.m-2) (Petch 1989).
While the worms were capable of consolidating sediment to form thick layers of “tube
mats” (Dorsey 1982), biogenic reefs have never appeared and the species is not
considered a serious threat to marine communities in Australia (Hayes et al. 2005;
Walker 2009). In South Africa, the outflow path of shellfish farms (particularly abalone
farms) is also subjected to high nutrient conditions and thus may be prime environment
for the proliferation of B. proboscidea.
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8. Study rationale and objectives
The overarching aim of this study was to predict the establishment, dispersal and range
expansion potential of B. proboscidea in South Africa through an integrated approach
that combines larval developmental studies with population genetics. This unique
framework evaluates larval behaviour and ecology and their response to environmental
variables, specifically temperature within the context of the dynamic coastal biome of
southern Africa. Since B. proboscidea is in the incipient stages of a potential invasion, I
used an additional “predictor species” as a means to ground truth in my predictions.
This study is the first to use such an approach to predict the spread of a recent invader.
While there are many characteristics that define a suitable predictor species, some
important ones include a close relationship (taxonomically) with the problem species,
the predictor must also be well-established in the recipient environment and, most
importantly, share a similar reproductive strategy to the problem species. Boccardia
proboscidea exhibits poecilogonous development where it produces both planktotrophic
and adelphophagic larvae in the same egg capsule (Gibson 1997). In order to predict B.
proboscidea’s spread I originally intended to use two polydorid predictor species:
Dipolydora capensis, which is a native pest of abalone that produces planktotrophic
larvae (Simon 2011) and Polydora hoplura, which is a non-indigenous pest of oysters
and abalone that was thought to produce only adelphophagic larvae (Wilson 1928;
Blake and Arnofsky 1999). I chose these two species since they were both wellestablished aquaculture pests in South Africa (Simon 2011; Boonzaaier et al. 2014),
and each species exhibits one of the two larval developmental modes exhibited by B.
proboscidea. However, surprising preliminary laboratory observations on P.hoplura
found that some females were producing planktotrophic larvae while others were
producing adelphophagic larvae. This indicated either the presence of sibling species or
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a case of poecilogonous development. In either instance, P. hoplura could still be used
as a predictor since both reproductive strategies are expressed in the species or
complex.

Polydora hoplura was first recorded in South Africa in the 1940s and, like B.
proboscidea, it was first recorded in the Western Cape Province (Millard 1952). It is
therefore possible that P. hoplura could have dispersed naturally along the southern
African coast prior to the establishment of the country’s commercial aquaculture industry
20 years later. Since then, it has been suggested that the movement of oysters may
have facilitated the spread of the species (Haupt et al. 2010a; Simon 2011). Polydora
hoplura is now distributed as far west as Saldanha Bay and as far east as Haga Haga.
Interestingly, the worm was found infesting oysters on an onshore oyster farm in
Kleinzee (~600 km north of Saldanha Bay) though it has never been recorded in the wild
in that region (Simon 2011). Both P. hoplura and B. proboscidea are now the two most
pestiferous species of shellfish in South Africa (Simon et al. 2006; Simon and Booth
2007).

Based on the similarity of B. proboscidea and P. hoplura in terms of their nonindigenous nature, their status as aquaculture pests and the fact that they are both
Polydora-type spionids (Blake 2006), it appeared that P. hoplura alone could be a
suitable candidate for predicting the spread of B. proboscidea. However, since
preliminary laboratory studies found that the reproductive strategy of the species in
South Africa is different from conspecifics in other parts of the world, I first needed to
elucidate its reproductive biology. Therefore, this project was divided into four
objectives:
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1. In Chapter 2, I determined whether the different females of P. hoplura producing
different larval types were sibling species or whether it represented a true case of
poecilogony (i.e. the same species). Moreover, I also developed a new
laboratory culture protocol for polydorid worms and used it to re-describe
reproduction and development in P.hoplura.

2. In Chapter 3, I used the culture protocol developed in Chapter 2 to investigate
the effect of temperature on larval development of P. hoplura and B.
proboscidea. In particular I evaluated brood size, larval survival, larval
developmental time and developmental rate under temperatures representative
of those found on the South African coast. I then compared the results for the
predictor species with its actual distribution and used this information to
determine which sites along the coast could support viable populations of B.
proboscidea.

3. In Chapter 4, I used mitochondrial and nuclear DNA markers to determine the
population structure of P. hoplura, which would aid in elucidating the dispersal
potential of the closely related, B. proboscidea.

4. Finally in Chapter 5, I presented a synthesis of B. proboscidea dispersal potential
in South Africa.
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CHAPTER 2
Poecilogony in Polydora hoplura (Polychaeta: Spionidae) from commercially
important molluscs in South Africa.
*Marine Biology 161 (2014): 887-898
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1. Introduction
Developmental strategies play a crucial role in shaping the demographic patterns of
sessile species in the marine environment. It can influence larval recruitment and
dispersal, which can in turn influence gene flow and population divergences, leading to
speciation (Jablonski and Lutz 1983; Levin et al. 1991; Palumbi 1994; Cowen and
Sponaugle 2009). Developmental modes in marine invertebrates have traditionally been
classified based on both trophic and dispersal mode. In general, species that produce
actively feeding larvae that spend an extended time in the water column are categorized
as planktotrophic and are derived from small eggs that are nutritionally poor.
Alternatively, lecithotrophic larvae proceed from larger eggs that are maternally
provisioned and are usually nutritionally rich and consequently spend relatively less time
in the water column compared to planktotrophic larvae (Thorson 1950; Vance 1973).
Some marine invertebrates also exhibit adelphophagy, where females produce nurse
eggs, which the developing larva feed on. The provisioning of this extra-embryonic
nutrition allows the larva to develop to an advanced stage and settle soon after
hatching. This type of development is considered a variation of lecithotrophy without an
increase in egg size since the yolk is simply packaged externally rather than into
normally developing oocytes (Radashevsky 1994; Blake and Arnofsky 1999).

The advantages and disadvantages associated with the different developmental modes
can be linked to their dispersal capabilities (Levin 2006, and references therein).
Planktotrophy can facilitate range expansion since larvae spend a relatively long time in
the water column and hence can disperse beyond its natal habitat. Additionally,
movement and settlement away from the parent means avoidance of competition
between parent and offspring for resources (Pechenik 1999). However, larvae would
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most likely suffer high mortality in the plankton due to predation or the inability to
encounter a suitable substratum for metamorphosis (Mileikovsky 1971; Palmer and
Strathmann 1981). In lecithotrophic development, the larvae spend a shorter time in the
plankton and therefore have a higher chance of survival compared to planktotrophic
larvae (Thorson 1950). This type of development can be advantageous in unstable
environments, such as those where strong current systems can carry larvae away from
the natal population to sites that are not conducive towards settlement (Wray and Raff
1991).

Spioniform polychaetes exhibit all of the aforementioned modes of development and
some are also capable of producing more than one type of larva, the so-called
“poecilogonous” worms (Giard 1905). Poecilogony was previously considered to be a
widespread phenomenon among marine invertebrates until Hoagland and Robertson
(1988) demonstrated that most of the species that were reported as poecilogonous
actually consisted of sibling species. Poecilogony has been confirmed in only six spionid
worms thus far: Pygospio elegans, Streblospio benedicti and four members of the
Polydora-complex, Boccardia polybranchia, Boccardia proboscidea, Polydora cornuta,
and Polydora cf. websteri (recently found infesting local farmed oyster, Crassostrea
gigas) (Rasmussen 1973; Levin 1984; Gibson 1997; McKay and Gibson 1999; Schulze
et al. 2000; Duchene 2000 ; Simon and Williams unpubl data). In general, individuals of
a species can produce broods with only one specific type of larva while some individuals
may produce broods consisting of both larval types but these broods tend to be “fixed”
in a female. This can be considered as an individual-specific polymorphism (ISP) since
individuals are unable to switch between brood types (Knott and McHugh 2012). In
contrast, if individuals of a species are capable of switching brood type as a result of
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some external trigger, it can be considered as an adaptive polyphenism (AP) (Knott and
McHugh 2012). However, these categories should be utilized with caution; the inability
to demonstrate that an individual can switch from one developmental mode to another
does not necessarily mean it cannot switch but that the appropriate trigger has not yet
been identified.

Of all the poecilogonous spionids described thus far, only P. cornuta has demonstrated
adaptive polyphenism (Rice and Rice 2009). In this species, the percentage of fertilized
eggs decreases as sperm becomes limited and there is a gradual transition to
adelphophagic development, which is accompanied by an increase in larval size at
hatching (Rice and Rice 2009). The other five species possess individuals that produce
one specific type of brood but different individuals producing different types of broods
can occur sympatrically. More recently, Polydora cf. websteri was found to produce
mixed broods consisting of both planktotrophic and adelphophagic larvae (Simon unpubl
data). However mixed broods in this species have only been found in South Africa while
it is known to only produce planktotrophic larvae in other parts of world where its
reproduction has been reported (Simon unpubl data).

Individual-specific polymorphisms can also be highly variable. For example, in B.
proboscidea, individual worms are capable of producing either broods of only
planktotrophic larvae (type I), broods with mainly adelphophagic larvae along with nurse
eggs (type II), and mixed broods of planktotrophic and adelphophagic larvae and nurse
eggs (type III) (Gibson 1997). In type III broods, both types of larvae occur in the same
egg capsule and the larger adelphophagic larvae are capable of cannibalizing their
smaller planktotrophic siblings (Gibson 1997). In B. polybranchia, both adelphophagic
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and planktotrophic larvae are also found in the same egg capsule but the planktotrophic
larvae form eight days after the appearance of adelphophagic larvae (Duchêne 2000).

The pest polychaete, Polydora hoplura, is a primary borer of commercial abalone and
oysters in South Africa and was believed to be introduced to the region (Mead et al.
2011; Simon 2011). The species has also been found boring into shellfish in many
regions, including Europe, New Zealand and Australia (Walker 2011, and references
therein). Polydora hoplura was first recorded producing adelphophagic larvae in
southwest England, where it was associated with oysters (Wilson 1928). This
developmental mode was later confirmed in specimens from New Zealand (Read 1975)
and from onshore culture facilities in South Africa (CA Simon pers obs). However, in
November 2012, specimens collected from oysters from offshore culture facilities in
Saldanha Bay, South Africa, were found producing mainly broods of planktotrophic
larvae alongside broods of adelphophagic larvae in the same shell. Based on these
preliminary observations, it was hypothesized that P. hoplura may consist of sibling
species (Hoagland and Robertson 1988) or, alternatively, represent a true case of
poecilogony. The purpose of this study was therefore to elucidate the reproductive
biology of P. hoplura by (1) evaluating whether worms producing different types of
larvae genetically conform to a single taxonomic unit, and (2) describing and comparing
the brood structure and larval development of the two reproductive morphs.

2. Materials and Methods
2.1 Specimen collection and culture protocols
Thirty farmed specimens of the oyster, Crassostrea gigas, were obtained from Saldanha
Bay, South Africa in November 2012. Specimens were transported to the laboratory and
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placed in an aquarium in a climate control room with artificial seawater (Seachem
Georgia, USA). Pilot experiments found that females consistently produced broods at a
salinity of 33 and a temperature of 21ºC and worms were also easily reared under these
conditions. As such these conditions were used for the reproductive experiments. A 12h
light: 12h dark photoperiod was chosen as it corresponds to neutral daylength (Fong
and Pearse 1992). . Shells were carefully broken with pliers and examined for worms
and egg strings. Any egg strings found with accompanying females were isolated and
observed under a dissecting microscope (Leica MZ75 Heerbrugg, Switzerland) and
typed as either “planktotrophic” or “adelphophagic” based on the presence or absence
of nurse eggs. Egg strings were ruptured and individual eggs in one capsule counted.
Fecundity was calculated by multiplying the number of eggs per capsule by the number
of egg capsules per string. Worms that were not brooding were isolated and then fitted
into 1.2–1.5 mm open-ended diameter glass capillary tubes (Hirschmann Laborgerate
Eberstadt, Germany). The capillary tubes were shaved off to match the length of the
worm’s body. Capillary tubes were placed in 6 cm diameter, 1.5 cm deep petri dishes
with seawater (one tube per dish) and worms were fed a mixed diet of ground fish feed
(Tetramin Melle, Germany) suspended in seawater (1 ml suspension) and 1 ml of algae
cultured in the laboratory (Isochrysis galbana and Nitzschia closterium)- stock cultures
obtained from the Department of Agriculture, Forestry and Fisheries, South Africa.
Worms were unpaired and only data obtained from the first brood produced were used
in this study. Water was changed and worms were fed every two days with diet
alternating between Tetramin fish feed and algae at each feeding period. The
environmental conditions were as described above.

24	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

2.2. Genetic studies
To test the hypothesis that the different reproductive morphs may represent cryptic
speciation, a molecular analysis was carried out on both morphs. Worms that produced
planktotrophic and adelphophagic larvae were stored in 99% EtOH. Genomic DNA of 15
females that produced adelphophagic larvae and 15 females that produced
planktotrophic larvae was extracted using a tissue extraction kit (Macherey-Nagel
Germany), according to the manufacturer’s instructions. A section of the mitochondrial
Cyt b gene (~500-bp fragment) was amplified using polymerase chain reaction (PCR)
and the primers of Boore and Brown (2000): Cyt b 424F’ and Oyarzun et al. (2011): Cyt
b 876R with cycling conditions: initial denaturation 95°C, 5 min; 40 cycles of 95°C for 30
s, annealing 48°C, 30 s, extension 72°C, 30 s; final extension 72°C, 10 min. In addition,
a fragment of the nuclear gene that codes for the alpha subunit of the ATP synthetase
nuclear-encoded protein complex (ATPSα) was amplified via PCR using the primers of
Jarman et al. (2002): AtpSaF’and AtpSaR’ with cycling conditions: initial denaturation
95°C, 5 min; 35 cycles of 95°C for 30 s, annealing 60°C, 30 s, extension 72°C, 30 s;
final extension 72°C, 10 min. It should be noted that the primers used to amplify ATPSα
flank a single intron in the gene and therefore bp-length can be variable (~140 bp –
~550 bp) depending on presence or absence of the intron in the species (Jarman et al.
2002). All PCR products were verified by 1% agarose gel electrophoresis and gel
fragments were excised and purified using a gel extraction kit (Bioflux Tokyo, Japan).
Purified PCR products for the Cyt b marker were sequenced with the forward primer
(Cyt b 424F’) and a species- specific internal forward primer (AtpINTF) was designed
and used to sequence ATPSα PCR products. Products were sequenced using BigDye
chemistry (ABI, Foster City, CA) and analyzed on an Applied Biosystems 3100 genetic
analyser by the Central Analytical Facility at Stellenbosch University. Cyt b and ATPSα
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sequences were verified using the BLASTN tool in GenBank and Cyt b sequences were
translated to amino acids to ensure gene functionality. All sequences were deposited
into GenBank (Accession nos: KF482868-KF482897).

2.3 Larval development
Worms in culture were monitored from oviposition, which was designated as Day 1 of
development. The number of eggs per capsule in each brood was counted, without
disturbing the brooding female, and fecundity was calculated by the number of eggs per
capsules multiplied by the number of capsules per string. In broods of planktotrophic
larvae, the 3-chaetiger larvae were separated by brood upon release transferred to
glass finger bowls and at this point was fed only algae. Water was changed every two
days to prevent rapid proliferation of protozoans; in spite of this about 50% mortality still
occurred. A screen was constructed with fine wire meshing (200- µm pore size) and
used for regular water changes. There was an observable reduction in ciliate
contamination during each water change; however, some ciliates remained attached to
the provisional chaetae of early stage larvae. Oyster shells were broken into smaller
fragments, sterilized by heating at 50ºC for 10-15 min and then placed at the bottom of
the finger bowls as a metamorphic cue for competent larvae. Larval growth was tracked
based on the addition of segments and melanophores. In broods of adelphophagic
larvae, larval development was monitored throughout the intracapsular stage, without
removing broods from the maternal burrow. Egg diameter and larval sizes were
determined using a dissecting scope (Leica L2, Switzerland) with a camera attachment
(Leica EC3, Switzerland) and the Leica Application Suite measurement software (Leica
Microsystems Ltd., Switzerland). For both developmental modes, developmental time is
defined as the time elapsed between oviposition and settlement of the advanced larvae.
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Additional data collected included egg diameter in µm, the number of nurse eggs in
broods of adelphophagic larvae, size of larvae at hatching in µm and size of larvae at
settlement in µm.

2.4 Data analysis
Mitochondrial and nuclear DNA sequences were manually edited in BIOEDIT (Hall
1999) and aligned using the CLUSTAL W alignment tool (Thompson et al. 1994). A
parsimony network was constructed using TCS ver. 1.21 (Clement et al. 2000) with a
connection limit of 95%. The variation between and within reproductive morphs was
determined using an AMOVA in ARLEQUIN ver. 3.5 (Excoffier and Lischer 2010).

A Kolmogorov-Smirnov test indicated that data on brood traits were not normally
distributed and hence the non-parametric Spearman’s Rank Correlation and MannWhitney U test were used to compare the brood traits and developmental time of the
two reproductive morphs. A size comparison of 3-chaetiger larvae that emerged from
broods of adelphophagic larvae (referred from here on as intermediate-stage larvae)
along with their advanced adelphophagic siblings and larvae from broods of
planktotrophic larvae were carried out using a Kruskal-Wallis H test. An Independent
Samples Kruskal-Wallis H Test was used for a pairwise comparison among these
different larval types to determine where significant differences lay. A Kruskal-Wallis H
test was also used to determine if there were significant differences in the size at
settlement of the different larval types. All statistical analyses were completed using
SPSS ver.20.0 (IBM Corp. 2011).
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3. Results
3.1. Genetic comparisons of reproductive types
All 30 individuals were successfully amplified for the Cyt b marker and 11 individuals
(six females producing adelphopahgic larvae and 5 females producing planktotrophic
larvae) for the ATPSα marker. After editing sequences, a 375-bp fragment for Cyt b and
a 225-bp fragment for ATPSα remained for analysis. A total of 21 haplotypes was
recovered for the Cyt b marker. AMOVA results for Cyt b (Table 2.1) attributed 95.8% of
the variation to differences within morphs and 4.2% of the variation to differences
between morphs. A parsimony network showed no genetic differentiation with both
reproductive morphs sharing haplotypes (Figure 2.1). There was one disconnected
haplotype that was shared by an individual that produced planktotrophic larvae and two
individuals that produced adelphophagic larvae. Results from the ATPα gene also
showed no genetic differentiation (Figure 2.2). The ATPα gene yielded a total of five
haplotypes of which three were unique and two were shared between the individuals of
both reproductive morphs.

Table 2.1: AMOVA results for Polydora hoplura reproductive morphs based on Cyt b
sequences*

Source of
variation
Among morphs
Within morphs
Total

d.f.
1
28
29

Sum of
squares
8.933
151.267
160.200

Variance
components
0.23540 VA
5.40238 VB
5.63778

*significance: among morphs: P = 0.27, within morphs: P = 0.002
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3.2. Brood structure
Females that produced planktotrophic larvae ranged from 47–127 chaetigers in length
and produced 14–50 egg capsules per string, while females that produced
adelphophagic larvae ranged from 48–120 chaetigers and produced 14–44 egg
capsules per string. Females of each developmental mode showed a strong positive
correlation between length (number of chaetigers) and the number of egg capsules
produced (Figure 2.3). All eggs from broods of planktotrophic larvae hatched, while less
than 5% of the eggs from broods of adelphophagic larvae hatched, with most of the
eggs being consumed by developing larvae. Table 2.2 summarizes the brood
characteristics of both reproductive morphs. Broods with adelphophagic larvae had
significantly larger eggs (Mann-Whitney U test, U = 0, P <0.001) and were significantly
fewer than eggs from broods of planktotrophic larvae (Mann-Whitney U test, U = 167.5,
P <0.01). Broods of adelphophagic larvae also had significantly fewer larvae compared
to broods of planktotrophic larvae (Mann-Whitney U test, U = 0, P <0.001). Advanced
adelphophagic larvae were more than twice the size of the intermediate stage larvae
and the planktotrophic larvae at hatching whereas the intermediate stage larvae were
significantly larger at hatching than planktotrophs (Kruskal-Wallis test, H2 = 82, P <0.01).
However, there were no significant differences in the size at settlement among the three
larval types (Kruskal-Wallis test, H2 = 0.3, P = 0.86). Females of both morphs produced
up to three consecutive broods over a two-month period and no single female was
observed to “switch” between modes in this study.

Females deposited egg strings, which were attached to the inside of its tube via double
filaments. The egg string was continuous and divided into capsules, which were
separated by a thin layer with 1–2 filaments per capsule. In broods of planktotrophic
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larvae, females deposited eggs evenly into each capsule, all of which developed into
larvae that were restricted to individual capsules. In broods of adelphophagic larvae,
some females deposited fertilized and nurse eggs in an uneven arrangement, where six
to eight adjoining capsules only contained nurse eggs. Additionally, larger
adelphophagic larvae were capable of moving between capsules after exhausting nurse
eggs in their own capsules.

Table 2.2: Brood characteristics of planktotrophic and adephophagic morphs of
Polydora hoplura. Values represent mean and standard deviation with N = number of
broods, ad = advanced larvae (16-18 chaetigers), i = intermediate larvae (3 chaetigers).

Brood traits

Reproductive morphs
Planktotrophic

Egg diameter (µm)

# Eggs/brood

70.9 ± 1
N= 30

Adelphophagic

127.4 ± 6
N= 27

1564.4 ± 637.9
N= 30

1144.1 ± 395
N= 27

#Larvae/brood

1544.3 ± 645.9
N= 30

Size at hatching (µm)

210 ± 20.3
N= 30

567.7 ± 184.7 (ad) 271.3 ± 22.6 (i)
N= 20
N= 3

Size at settlement (µm)

1046.6 ± 40.8
N = 16

1040.1 ± 37.2 (ad)
N = 11
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3.3. Planktotrophic development
Females deposited egg strings containing eggs that were round, and white to pale
yellow (Day 1), which began dividing within 48 h of oviposition. Achaetigerous larvae
with their developing prototrochs and distinct eyespots, became visible two days later.
Day 8 was characterized by development of the intracapsular 3-chaetiger stage where
the mouth was well developed and four kidney shaped eyespots (two lateral and two
medial) had formed. At this point, the egg string was crowded with 3-chaetiger larvae
that had developed ciliary bands and swimming chaetae. The brooding female ruptured
the egg string by first tearing at the capsule with her mouth, pushing her head through
one end of the string and moving through the entire length of the string; strong
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contractions by the female’s body funneled the larvae out at both ends of the tube. Upon
release, planktotrophic larvae swam rapidly throughout the water column feeding in
different patches of algae, but slowed down at later stages possibly due to a reduction in
swimming chaetae accompanied by an increase in body size.

At hatching, 3-chaetiger larvae possessed swimming chaetae that were long and
slender with fine serrations and extend past the posterior region of the body (Figure
2.4A). In its planktonic state (Day 11), the 3-chaetiger larvae actively fed in the water
column and had a single row of melanophores accompanied by a single row of
nototrochs (individual cilia arranged horizontally below the melanophores) on the dorsal
region of the body (Figure 2.4B). On Day 17, some larvae had added a chaetiger, and
by Day 24, most larvae had 5–7 chaetigers with 3 or 4 rows of melanophores (Figure
2.4C, D). Development to the 8- and 9- chaetiger stages occurred within the next 48 h.
On day 32, some larvae had reached the 10 and11- chaetiger stages with 3–5 rows of
melanophores present (Figure 2.4E). By Day 38 larvae were approximately 12–14
chaetigers long and had developed rudimentary palps. By Day 41, all surviving
planktotrophic larvae were either at the 16- or 18-chaetiger stage with elongated palps
(Figure 2.4F). This larval form was competent to settle and had already developed a
modified fifth chaetiger with at least two modified spines. The competent larvae still
retained early larval features, including four distinct eyespots, ramified melanophores,
nototrochs and a reduced telotroch. Developmental time for planktotrophic larvae from
oviposition to settlement was 40.2 ± 2.2 days for N = 20 broods.
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3.4. Adelphophagic development
At 21°C, females deposited egg strings that were divided into capsules in a bead-like
structure (Figure 2.5A). Eggs were round, and yellower than those that gave rise to
planktotrophic larvae. Egg division became apparent approximately seven days after
oviposition with the achaetigerous larvae forming 24 hours later. The 3-chaetiger
adelphophagic larva possessed relatively long chaetae but not as long as those of the
3-chaetiger planktotroph. By Day 9 most larvae had already developed a maximum of 4
or 5 chaetigers with 2 rows of melanophores (Figure 2.5B). On Day 10, larvae had
reached the 6–8 chaetiger stage, while some specimens (< 20%) had remained at the 3
and 4 chaetiger stages; by this time, ramified melanophores began developing on the
posterior segments of the 8-chaetiger larvae. By Day 12, larvae had reached the 12–14
chaetiger stage (Figure 2.5C, D) and more than 80% of nurse eggs had been
consumed; rudimentary palps also became visible at this stage. By Day 13, all nurse
eggs had been exhausted and the larger adelphophagic larvae were moving between
capsules.

All larvae, including those that remained at earlier stages (9–11 chaetigers) evacuated
the egg string once the female had ruptured it. Advanced larvae (16–18 chaetigers)
spent a maximum of 4 days in the water column before settling on oyster shells (Figure
2.5E). The developmental time for advanced adelphophagic larvae was 16.6 ± 2.4 days
for N = 16 broods, which was significantly faster than planktotrophic development
(Mann-Whitney U test, U = 0, P < 0.01). Broods with intermediate stage larvae (3–5
chaetigers) possessed swimming chaetae that appeared to be shorter than in their
planktotrophic counterparts (Figure 2.6). These larvae were larger than 3-chaetiger
planktotrophs, and were capable of feeding in a similar manner. The developmental
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time for intermediate larvae was approximately 35 days. The presence of yolk in the gut
of the intermediate larvae indicated that it may also have fed on nurse eggs though
adelphophagia was not directly observed. Only four broods were observed to have both
intermediate and advanced adelphophagic larvae and most broods (N = 20) consisted
of larvae that emerged at an advanced stage (16–18 chaetigers).
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4. Discussion
The purpose of the present study was to determine whether different individuals of
P.hoplura producing planktotrophic and adephophagic larvae represented sibling
species or poecilogony, and to describe the brood structure and larval development of
the two reproductive morphs. The results from the molecular study indicate a single,
poecilogonous species. The AMOVA results from the mtDNA marker Cyt b showed that
most of the variation in sequences (> 95%) lay within the morphs rather than between.
Although there is no information on the level of variation necessary to constitute sibling
species in the Spionidae, the AMOVA results are supported by the parsimony network
that showed a large number of different haplotypes (21), and from a taxonomic point of
view, also a large amount of haplotype sharing between the two reproductive morphs. A
disconnected haplogroup was retrieved which may have represented recently
introduced individuals. This isolated haplogroup did in fact connect with the main
network but only when the fixed connection limit was adjusted to 25 mutational steps.
The mtDNA results were also supported by preliminary results from the nDNA marker
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ATPSα which also showed shared haplotypes between the two reproductive morphs.
Similar to the mtDNA network, the isolated haplogroup in the nuclear network did
connect but only after the fixed connection limit was adjusted to 11 mutational steps.
The local oyster industry in South Africa depends on the importation of spat and the
movement of oysters from nursery to grow-out facilities. As such, the disconnected
haplotypes could have been carried by by worms that arrived with introduced oysters
that were part of my study sample. However, the source of these introduced specimens
is unknown though further genetic studies could compare mtDNA sequences collected
in the present study with P. hoplura sequences from other regions of the world where C.
gigas is regularly farmed to determine potential sources of introduction. In addition to
aquaculture, the worms could have arrived via ballast water, as the Saldanha Bay
harbor has one of the busiest ports within South Africa (Griffiths et al. 2009b). Pertinent
to the focus of the present study, these disconnected haplogroups had haplotypes
shared between the two reproductive morphs. My finding is broadly congruent with four
of five other spionids showing true poecilogonous development (Gibson et al. 1999;
Schulze et al. 2000; Rice et al. 2008; Kesaniemi et al. 2012). Here, we confirm true
poecilogony in a fifth spionid worm using molecular methods, since there is no
molecular evidence to suggest cryptic speciation.

The brood structure of P. hoplura showed that there was low intrabrood variation in egg
sizes within broods of planktotrophic larvae and broods of adelphophagic larvae, but
that there was a significant dimorphism in egg size between them. In general, for
poecilogonous species that are polymorphic for different larval types, differences in egg
size are rare and possibly attributed to constraints on oogenesis (Knott and McHugh
2012). Also, for females that produce adelphophagic larvae, the provisioning of extra
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embryonic yolk is thought to be an alternative to increasing the size of eggs (Gibson and
Carver 2013). In P. cornuta, for example, females produced broods of planktotrophic
and adelphophagic larvae that emerge from eggs of similar sizes (McKay and Gibson
1999). One exception is in B. proboscidea, where Gibson (1997) found that type I and
type II females produced larger eggs than females that deposited mixed broods (type
III). Additionally, planktotrophic and adelphophagic larvae from type I and II broods were
smaller at hatching compared to their respective counterparts in type III broods.

There was smaller variation observed in the size at hatching in planktotrophs compared
to advanced adelphophagic larvae. This may be due to the fact that all planktotrophic
larvae are supplied with only a limited amount of yolk that would enable them to reach
the 3-chaetiger stage, thus constraining larval size. In contrast, advanced
adelphophagic larvae exhibited more variability in the size at hatching. The factors that
can drive this variation in adelphophagic broods include sibling competition (Kamel et al.
2010), the unequal distribution of nurse eggs in capsules (Collin and Spangler 2012) or
variation in temperature, the latter of which has been observed in type III broods of B.
proboscidea (Oyarzun and Strathmann 2011). In P. hoplura, there was an uneven
distribution of nurse eggs in some broods and some larvae were capable of moving
among capsules to exploit additional nurse eggs. This uneven distribution of nurse eggs
most likely facilitated sibling competition, which may be responsible for the observed
variation in hatching size. Sibling competition was also suggested as the main reason
for the size variability in the adelphophagic larvae of P. cornuta and type II broods of B.
proboscidea (Gibson 1997; McKay and Gibson 1999; Kamel et al. 2010). This variation
in offspring size can be advantageous in unpredictable environments, where it can act
as a bet-hedging strategy; the larger offspring are capable of settling soon after hatching
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(betting on increased chances of survival via recruitment to the natal population),
whereas the smaller offspring could spend a longer time in the water column which
increases its chances for dispersal. Alternatively, adelphophagy may simply be an
alternative mechanism to produce large offspring and the production of different sized
offspring is simply a “by-product” of this developmental strategy (Collin and Spangler
2012).

In addition to poecilogonous development, which in itself confers ample variability in
larval traits, the emergence of intermediate-type adelphophagic larvae in some broods
mean that even a monomorphic population that only exhibits adelphophagy can show a
high degree of variability in the stage and size at hatching. This intermediate 3-chaetiger
larva appears to be morphologically and ecologically similar to its 3-chaetiger
planktotrophic counterpart. However, the presence of yolk material in the gut of the
intermediate larvae and the absence of it in the planktotrophic larvae suggests that the
former may be capable of feeding on nurse eggs. Interestingly, Gibson (1997) found
that the 3-chaetiger larvae that suspended development in type III broods of B.
proboscidea did not exhibit adelphophagy, though it is morphologically equipped for
ingesting nurse eggs (Gibson and Carver 2013). The reason behind the absence of
adelphophagia in type III larvae of B. proboscidea and its presence in the intermediate
larvae of P. hoplura is unknown and might be species-specific. However, it should be
noted that adelphophagia in the intermediate larvae was not directly observed and the
yolk material in the gut of these larvae may simply represent left over yolk from the egg.
Further studies, incorporating a detailed morphological and histological study along with
a larger sample size of broods of adelphophagic larvae, are needed to test this
hypothesis.
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The faster developmental time in adelphophagic larvae compared to planktotrophic
larvae was undoubtedly due to nurse egg provisioning. One hypothesis is that in
adelphophagic development, nurse eggs represent a food source that is more
consistently available and may be of higher energy content than food planktotrophs
would usually encounter in the water column, though no conclusive study that
addresses the energy content of nurse eggs has been conducted (but see Moran and
McAlister 2009). Additionally, planktotrophic larvae must expend energy swimming
during development, whereas with adelphophagic larvae, most of the energy can be
directed towards growth since development is mostly intracapsular. The faster
developmental time of adelphophagic larvae can be advantageous since it may allow for
faster colonization of a suitable substratum. This is especially the case if individuals are
capable of producing successive broods within a short period of time, which incidentally
is a common trait of polydorid worms (Blake and Arnofsky 1999). .

Despite these novel findings of P. hoplura, the mechanism underlying poecilogony in
this species is unknown. I did not observe individuals to switch their developmental
mode in this study, which would imply that, like S. benedicti, P. hoplura’s developmental
mode is genetically determined (individual-specific polymorphism). However, the
“absence of evidence is not evidence for absence” and there is still a host of
environmental factors that can be tested to determine if individuals can switch, e.g. food
availability, temperature and photoperiod, to name a few. Sperm limitation experiments
also constitute a separate study that can be conducted to determine if sperm depletion
causes individuals to switch as has been shown in P. cornuta (Rice and Rice 2009).
Additionally, Gibson et al. (2013) recently found that P. cornuta was capable of adjusting
its brood structure via an epigenetic response when exposed to folate and bisphenol A.
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Hence, there is the possibility that these chemicals may play a role in influencing
developmental modes in some poecilogonous species. It is interesting to note that both
P. hoplura and P. cf. websteri that are now considered poecilogonous in South Africa
are monomorphic for a single reproductive mode in every other region of the world
(Wilson 1928; Blake 1969; Blake and Arnofsky 1999). Since oyster culture methods in
other countries are broadly similar to those implemented on South African farms, it is
unlikely that factors on the farm itself (e.g. water movement and host availability) would
drive reproductive shifts in these species. Based on the current study, P. hoplura’s
developmental mode appears to be genetically determined but I also acknowledge that
further work on the species is necessary to support this hypothesis.

In conclusion, poecilogony may have facilitated P. hoplura’s establishment on the South
African coast and in other areas of the world. The ability to express both developmental
modes means that a single population can expand its range through planktotrophy and
at the same time maintain a robust population through adelphophagic development. A
stable polymorphism may also buffer events such as bottlenecks; if some females that
survive are capable of producing planktotrophic larvae, these larvae could disperse
away from the population thereby avoiding the depressive costs associated with a small
population size (Pechenik 1999). Poecilogony may have also aided P. hoplura’s
proliferation on oyster farms in South Africa. The reasons for successful proliferation in
the wild is amplified on an onshore farm setting since the larvae have a reliable supply
of substrata and food and lack predators that they would otherwise have encountered in
the wild. Despite the rarity of poecilogony in marine invertebrates (Knott and McHugh
2012), all the major non-indigenous polychaete pests in South Africa now exhibit this
mode of reproduction (Simon et al. 2010a; current study), which means that it may
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serve as a good predictor for identifying potential pests of commercially-important
bivalves.

In this chapter, I have shown that Polydora hoplura exhibits a similar reproductive
strategy (poecilogony) to the problem species B. proboscidea. In addition, due to its
non-indigenous nature and status as an aquaculture pest, P. hoplura should be an
appropriate species for predicting the spread of B. proboscidea in South Africa.
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CHAPTER 3
The effect of temperature on larval development of two non-indigenous
poecilogonous polychaetes (Annelida: Spionidae) with implications for life
history theory, establishment and range expansion
*Journal of Experimental Marine Biology and Ecology 461 (2014): 20-30
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1. Introduction
One aspect of invasion biology studies is predicting how a species will spread, which in
turn can facilitate surveying efforts to mitigate the damage inflicted by these species
(Kolar and Lodge 2001). Evaluating the life history patterns of marine invertebrates,
specifically their reproductive strategies, has therefore been useful in understanding
their potential to spread to new ranges (Levin 2006, and references therein). Life history
patterns, especially developmental strategies, have particular importance to sedentary
animals such as bivalves and some polychaetes, where they play a major role in
governing the spatial distribution of adults. In general, species that exhibit planktotrophic
development where the larvae spend an extended period in the water column would be
expected to have higher dispersal capabilities when compared to species that exhibit
abbreviated larval development (such as lecithotrophy) (Jablonski and Lutz 1983).
Lecithotrophic larvae, for example are directly provisioned with yolk from the mother
while adelphophagic larvae are provisioned with yolk in the form of nurse eggs
(Jablonski and Lutz 1983; Blake and Arnofsky 1999). As a consequence of this maternal
provisioning, the adelphophagic larvae tend to emerge at an advanced stage and settle
soon (sometimes within hours) after hatching. In adelphophagic development, there is
also the potential for high variability in offspring size because egg size and larval size
are uncoupled, which may facilitate sibling competition among larvae (Kamel et al.
2010; Collin and Spangler 2012). As such, emerging adelphophagic larvae that are
smaller than their larger siblings may have better dispersal capabilities, which in turn
could influence dispersal patterns.

Temperature and food availability have long been considered as the most important
factors affecting larval development in marine invertebrates (Hoegh-Guldberg and
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Pearse 1995). In particular, temperature governs the duration of the planktonic phase of
pelagic larvae and, as a consequence, can strongly influence range expansion and
biogeographical patterns (O’Conner et al. 2007; de Rivera et al. 2007). To date, few
temperature-dependent developmental studies have been conducted on species that
exhibit poecilogonous development:- the rare ability to produce more than one type of
larvae (see review by Knott and McHugh 2012). The purpose of this study was to
investigate the effect of temperature on larval development of two polychaetes Polydora
hoplura Claparede 1869 and Boccardia proboscidea Hartman 1940 that are
polymorphic for planktotrophy and adelphophagy. These results in turn may be useful to
aid in predicting the potential establishment and range expansion of the recently
introduced polychaete species, B. proboscidea in South Africa (SA).

Boccardia proboscidea has a worldwide distribution and has been introduced to many
regions via aquaculture and ballast water (Chapter 1; Simon et al. 2009). The species
was first recorded on an abalone farm in the southern part of the country in 2004
(Hermanus) and, since then, has been found on abalone farms on the western and
eastern coasts of the country, but never on wild molluscs (Simon et al. 2006, 2009,
2010a; Boonzaaier et al. 2014). In 2011, the species was found in high densities at the
outflow of an abalone farm in Gansbaai, South Africa (Simon and van Niekerk, unpubl
data), highlighting the potential of this species to become established as a potentially
invasive species in the region. The establishment and range expansion of B.
proboscidea are of particular concern since this species has been found to create large
biogenic reefs in a sewage impacted area of Argentina where they have displaced other
native intertidal fauna (Jaubet et al. 2011, 2013).
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A major factor contributing to the success of B. proboscidea in its introduced range is
probably the fact that the species is poecilogonous, i.e. females are capable of
producing more than one type of larva (Gibson 1997; Knott and McHugh 2012). The
reproductive biology of B. proboscidea was first described in detail by Blake and
Kudenov (1981), based on Australian populations; the authors found that females
produced broods containing both planktotrophic and adelphophagic larvae and nurse
eggs in the same egg capsule. Later studies by Gibson (1997) and, most recently, by
Jaubet et al. (2014), working on North American (California) and South American
(Argentina) populations, respectively, found three different types of broods occurring in
the same population:- type I broods with only planktotrophic larvae, type II broods with
adelphophagic larvae and nurse eggs, and type III broods with planktotrophic and
adelphophagic larvae and nurse eggs. In SA, type II broods were misidentified and
subsequent observations revealed that only type III broods were present in the region
(Simon et al. 2010a). In type III broods, larger adelphophagic larvae are capable of
feeding on their smaller planktotrophic siblings and or their less competitive
adelphophagic siblings (sibling cannibalism), thus the eventual fate of the planktotrophs
depends on when the brooding female ruptures her egg capsules (Oyarzun and
Strathmann 2011). Sibling cannibalism could therefore influence the dispersal
capabilities of this species by influencing the number of dispersive larvae that enters the
water column. This degree of flexibility allows a species to capitalize on the advantages
that accompany both larval types and have undoubtedly contributed to their success in
their introduced range.

South Africa is flanked by the cold waters of the Atlantic Ocean on the west coast,
where the north-ward flowing Benguela Current dominates, and the warm waters of the
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Indian Ocean on the east coast, where the southwesterly-flowing Agulhas Current
dominates.The south coast is considered to be a mixing zone characterized by
intermediate temperatures (Shannon 1985; Reason et al. 2006; Chapter 1). To date, B.
proboscidea has been found mainly on onshore abalone farms on both the west and
south coast of the country and an abalone farm on the east coast (Chapter 1).

My main goal in this study was to determine whether B. proboscidea could successfully
produce broods, and how effectively they could complete development under
temperatures representative of the SA coast and therefore potentially expand its range
beyond its present distribution. For comparison, I also investigated temperaturedependent development in a second, closely related species, Polydora hoplura. The
latter is non-indigenous to SA (first recorded here in the 1940s), distributed widely along
the SA coast, extending as far east as Haga Haga and as far west as Saldanha Bay and
is also a pest of farmed shellfish (Millard 1952; Nel et al. 1996; Simon et al. 2006; Simon
2011). Polydora hoplura also exhibits poecilogonous development; however, unlike B.
proboscidea, a female can only produce one of the two larval types but females of the
two reproductive morphs usually occur sympatrically (Chapter 2). By comparing the
outcomes of different temperature treatments on the development of these two species,
it should be possible to make some inferences as to the effect of temperature on the
establishment and range expansion potential of B. proboscidea.

2. Materials and Methods
2.1. Distribution of Polydora hoplura and Boccardia proboscidea
To document the current distribution of P. hoplura and B. proboscidea, surveys were
done in 2012 and 2013 at 12 different sites along the South African coast (Figure 3.1). A
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variety of substrata were sampled, including sediment, sponge, coralline algae and
different types of molluscs (such as oysters, abalone and limpets). Due to permit limits,
a maximum of five abalone and 10 oysters could be sampled per site, but neither
mollusc was consistently present at all sites. Substrata were broken using pliers and
worms were extracted with tweezers. Substrata were then placed in a vermifuge (0.05%
phenol solution), which agitated any remaining worms in their tubes, allowing for easier
extraction. Worms were then identified live under a dissecting microscope (Leica MZ75
Heerbrugg, Switzerland).
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2.2. Collection and culture protocol
Specimens of P. hoplura were collected from farmed oysters (Crassostrea gigas) from
Saldanha Bay, South Africa in November 2012. Oysters were placed in an aquarium
filled with artificial seawater (Seachem, Georgia USA), kept at a temperature of 21°C
and a salinity of 33. Oysters were fed a mixture of ground fish feed (Tetramin, Melle
Germany) and cultured algae (Isochrysis galbana and Nitzschia closterium), obtained
from the Department of Agriculture Forestry and Fisheries (DAFF), South Africa. After
an acclimatization period of 24 hours, some oysters were shucked and shells were
broken with pliers to extract worms from their burrows. Worms were identified using the
dissecting microscope, fitted into 1.2–1.4 mm diameter glass capillary tubes and placed
in a 60 X 15 mm petri dish (one worm/dish) where they were fed every other day.
Seawater was changed every two days and Petri dishes were covered to prevented
significant evaporation of seawater. Specimens of B. proboscidea were collected in
February 2012 and August 2013 from sediment in the outflow path of an abalone farm in
Gansbaai, South Africa. Worms were transported to the laboratory in plastic containers
sealed with parafilm and identified using the dissecting microscope. Worms were then
placed in a 21°C aquarium with sediment taken from the worm’s habitat. Prior to use,
the sediment was sieved using a 500-µm filter, washed with freshwater and frozen
overnight to kill any fauna and to remove any dead organic material that could produce
unwanted products of decomposition. Pilot experiments found that B. proboscidea
suffered high mortalities when cultured in 100% artificial seawater. Therefore, filtered
seawater was obtained from the abalone farm and adjusted with Seachem sea salts to a
salinity of 33 when necessary. All other conditions (feeding, temperature regime, etc)
were similar to those outlined above for P. hoplura.
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2.3. Constant temperature treatments
I obtained sea temperature records for several sites along the South African coast
(Figure 3.2). I obtained in situ water temperature records from the South African
Weather Service (SAWS) for sites on the west (Port Nolloth, Saldanha Bay), southwest
(Betty’s Bay), the south (Mossel Bay) and the south-east (Port Elizabeth) coasts.
Additional in situ water temperature records for a second east coast site (Haga Haga)
were obtained from records kept by an abalone farm at that site. After reviewing the
temperature data, a range of representative temperatures were chosen for the
temperature treatments: 12°C, 17°C, 21°C, 24°C, and 28°C (Table 3.1).

A Buchi B-480 (Buchi Labortechnik, Switzerland) water bath was used to culture worms
and larvae at 24°C and 28°C and a temperature-adjusted climate control room was
used for 12°C, 17°C and 21°C treatments. The initial temperature for all specimens was
21°C and water temperature was increased or decreased by 1°C every 24 hours until
the desired temperature was reached to allow ample time for acclimatization.

Worms were monitored until oviposition, which was designated as Day 1 of
development. To determine if the different temperatures affected the worms’
reproductive output, brood size was evaluated for each temperature treatment for each
species. For females of P. hoplura that produced broods of adelphophagic larvae, brood
size was determined by calculating the number of larvae present throughout the egg
string after hatching. For females that produce broods of planktotrophic larvae, all eggs
undergo division to become larvae, hence brood size was determined by multiplying the
number of eggs per capsule by the number of capsules per string. In B. proboscidea,
brood size was calculated by determining the mean number of larvae (both
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planktotrophic and adelphophagic) per capsule per brood per temperature treatment. It
should be noted here that brood sizes between species are not comparable since they
were quantified differently. Sibling cannibalism was assessed by tracking the number of
planktotrophic larvae (3-8 chaetigers) throughout the intracapsular developmental stage
from the beginning to the end of nurse egg feeding and then calculating the percentage
survival in a maximum of three capsules per string per brood per temperature treatment.
The size of planktotrophic and adelphophagic larvae at hatching was determined by
using a calibrated microscope camera attachment (Leica EC3, Switzerland) and the
Leica Application Suite measurement software (Leica Microsystems Ltd, Switzerland).

After females ruptured their egg capsules, the planktotrophic and adelphophagic larvae
of both species were separated by brood and transferred to glass finger bowls and at
this point were fed only algae (I. galbana and N. closterium). In both B. proboscidea and
P. hoplura, larval development was monitored by tracking the number of chaetigers
added until settlement (~16-18 chaetigers). Settlement was induced by placing sieved
sand from the worm’s habitat or broken oyster shells that were sterilized by heating,
(~50°C) at the bottom of the finger bowls. Only data from the first brood produced by a
female were used for this observation.
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Table 3.1: Number of females of Polydora hoplura and Boccardia proboscidea cultured
at five different temperature treatments and the number of individual larvae followed
(one brood followed per female). Number of larvae followed is reflective of the total
number of larvae that survived to settlement.
Polydora hoplura
Temperature treatment

12.0 °C
17.0 °C
21.0 °C
24.0 °C
28.0 °C

Number of females
Number of larvae tracked
Planktotrophic Adelphophagic Planktotrophic Adelphophagic
16
18
20
16
19

14
15
16
16
15

420
589
1515
1674
462

98
132
258
274
171

Boccardia proboscidea
Temperature treatment

12.0 °C
17.0 °C
21.0 °C
24.0 °C
28.0 °C

Number of females

19
17
21
21
16

Number of larvae tracked
Planktotrophic Adelphophagic
278
276
260
104
17

248
407
799
463
360

2.4. Data analysis
2.4.1. Brood size and larval size at emergence
A Kolmogorov-Smirnov test indicated that the data for brood size were normally
distributed. A one-way ANOVA was used to determine whether different temperatures
had a significant influence on brood size for both species. To determine if there were
significant differences in the size of both larval types at hatching at each temperature
treatment, the Kruskal-Wallis H test was used (since data were not normally distributed).
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An independent samples Kruskal-Wallis test was used to determine where significant
differences lay.

2.4.2. Larval survivorship
Larval survivorship was assessed as the proportion of larvae from each female at each
temperature treatment that survived to settlement. It should be noted that larval
survivorship data are based on overall survival and with the exception of sibling
cannibalism in B. proboscidea I did not distinguish between intracapsular and planktonic
mortality. The raw data for larval survivorship were transformed using an arc-sin square
root transformation and the transformed data were evaluated using a second order
polynomial regression (de Rivera et al. 2007) for both larval types of P. hoplura and
adelphophagic larvae of B. proboscidea. A third order polynomial regression was used
to evaluate survival of planktotrophic larvae of B. proboscidea since it provided a better
fit to the data. A one-way ANOVA was used on the transformed values to determine if
there were significant differences in larval survival at the different temperature
treatments and a Tukey HSD post hoc test was used to determine where significant
differences lay. Both types of data (raw percentage survivorship and transformed
survivorship) are reported. For B. proboscidea, a Kruskal-Wallis H test was used to
determine whether temperature had a significant effect on sibling cannibalism (i.e.
percentage of planktotrophic larvae surviving prior to their liberation from the egg
capsule) and an independent-samples Kruskal-Wallis test was used to determine where
significant differences lay.

56	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

2.4.3. Developmental time and rate
Total developmental time (Dt) was defined as the time elapsed between oviposition and
settlement. In order to determine the effect of temperature on developmental rate for
both larval types, developmental time was converted to developmental rate (r = 1/Dt),
which was plotted using a simple linear regression. Brooding time for both species was
plotted using a linear regression and R2 values were calculated for B. proboscidea and
for females of P. hoplura producing planktotrophic and adelphophagic larvae
respectively. A one-way ANCOVA was implemented in order to determine if there was a
significant difference in developmental rate between larval types. All statistics were
completed using SPSS ver. 20.0 (IBM Corp. 2010).

3. Results
3.1. Distribution of Polydora hoplura and Boccardia proboscidea
Polydora hoplura and B. proboscidea were present at six of the 12 sites sampled and of
these six sites they were both found at three of the same sites (Table 3.2). Boccardia
proboscidea was present in very low numbers at most of the sites where the species
was found. However, at Gansbaai, at the outflow path of an abalone farm, the worms
were recorded in such high numbers that the sediment appeared to be consolidated by
the tube building activities of the worm. Although B. proboscidea was not recorded in
the wild at Haga Haga, it was found in moderate numbers (>25 worms/shell) at the
abalone farm near the sampling site.
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Table 3.2: Distribution and abundance of Polydora hoplura and Boccardia proboscidea
along with their substrata along the South African coast. Substrata: S - sediment, SP –
Sponge (Haliclona sp.), C - coralline algae (Mesophyllum engelhartii), L – Limpet
(Scutellastra sp.), O – oyster (Striostrea margaritacea and Saccostrea cuccullata), AB –
abalone (Haliotis midae), (-) substratum unavailable.

Sites

Species
Polydora hoplura

West Coast

Boccardia proboscidea

S

SP

C

L

O

A

S

SP

C

L

O

A

-

-

0

0

-

-

-

-

0

0

-

-

Saldanha Bay

-

16

5

0

-

-

-

0

0

0

-

-

Jacobsbaai

0

15

8

0

-

-

0

3

4

-

-

-

Paternoster

-

17

0

0

-

-

-

1

0

0

-

-

Strand

-

0

0

-

-

-

-

1

0

-

-

-

Kleimond

-

0

-

0

-

-

-

1

-

0

-

-

Bettysbaai

-

0

6

-

-

28

-

0

16

-

-

0

Gansbaai

0

-

-

-

-

-

-

-

-

-

-

-

-`

-

-

-

Kleinzee

a

South-west coast

Knysna

*

0

4

0

0

11

-

>100
-

-

0

7

-

16

-

-

0

0

-

0

-

-

0

0

0

0

0

-

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

South-east coast
Port-Elizabeth
East coast
Glengariff
Haga Haga

b

a

Polydora hoplura was found infesting farmed oysters near sampling site
both Polydora hoplura and Boccardia proboscidea were found infesting farmed abalone
near sampling sites
*
specimens sampled at the outflow of an abalone farm
b

3.2. Effect of temperature on development of Polydora hoplura
All females of P. hoplura cultured at the different temperature treatments survived and
successfully brooded and ruptured their egg strings. During intracapsular development,
planktotrophic larvae attained a maximum of three chaetigers, while adelphophagic
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larvae attained a maximum of 18 chaetigers. Temperature had no significant effect on
the brood size of planktotrophic larvae while there was a significant decrease in brood
size of adelphophagic larvae at 28°C (Table 3.3).

Table 3.3: Brood size of Polydora hoplura and Boccardia proboscidea cultured at five
different temperature treatments. P = planktotrophic, A = adelphophagic, C= average
number of egg capsules/brood. Values for P represents the mean number of
eggs/larvae per brood ± SD, values for A represent the mean number of larvae per
brood ± SD and values for type III broods represent the mean number of larvae per
capsule per brood ± SD. Values below means represent ranges of individual counts.
Temperature treatment
(°C)	
  
	
  
12
17
21
24
28

Polydora hoplura
P(C)
1324.8 ± 235.7 (32.8)
920–1720
1268.3 ± 228.9 (30.5)
880–1640
1256.7 ± 184.2 (30.9)
1040–1800
1241.9 ± 172.4 (31.8)
924–1600
1254.1 ± 213 (30.8)
840–1638

ANOVA

F4,69 = 1.9,
P >0.05
a
significant, Tukey’s HSD post hoc test

A
21.6 ± 5
12–30
23 ± 5
15–30
21.4 ± 1.2
10–21
22.3 ± 5.4
14–30
a
14.2 ± 2.4
9–21

Boccardia
proboscida
Type III (C)
16.5 ± 2 (37.9)
12–20
15.6 ± 2.5 (40)
8–20
15.8 ± 2 (37)
12–20
15.4 ± 1.9 (38.2)
12–19
15.2 ± 1.4 (39.5)
14–19

F4,77 = 13.5,
P <0.05

F4,90 = 1.1,
P>0.05

	
  

There was a strong negative relationship between temperature and brooding time for
females producing both larval types (Figure 3.3). In females producing adelphophagic
larvae, the mean brooding time was longer at 28°C than at 24°C, however, the
difference was not statistically significant (Mann-Whitney U, U = 80, P = 0.44). There
were no significant differences in hatching sizes for planktotrophic larvae at the different
temperature treatments (Kruskall-Wallis H = 5.1, P = 0.19) (Figure 3.4). However,
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emerging adelphophagic larvae exhibited a bimodal distribution in their sizes in relation
to temperature. Larvae emerging at 12°C and 17°C were smaller than larvae emerging
at 21°C, 24°C and 28°C (Kruskal-Wallis H = 74, P < 0.05) (Figure 3.4). Adelphophagic
larvae also exhibited a high degree of variability in their hatching sizes at higher
temperatures. Qualitative observations found that, on rare occasions, some emerging
adelphophagic larvae from the 21°C, 24°C and 28°C temperature treatments hatched as
early as the 3-chaetiger stage with an observable amount of yolk in their gut. In addition,
at 12°C, eight out of 14 broods examined had uneaten nurse eggs after larvae
evacuated their capsules.
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Temperature strongly affected survivorship of both planktotrophic and adelphophagic
larvae (planktotrophic larvae; ANOVA: F = 185.9, P < 0.05; adelphophagic larvae,
ANOVA: F = 49.6, P < 0.05). For both larval types, survival peaked at 24°C and was
the lowest at the extreme low temperature (12°C) though a Tukey’s post hoc test
detected no significant difference in survival of adelphophagic larvae at 12 and 17°C
(Figure 3.5). Overall survival was highest at 24°C for planktotrophic larvae (8.6% ±
1.5) and for adelphophagic larvae (72.9% ± 2.7) surviving to settlement. However,
survival was lowest at 28°C for planktotrophic larvae (2.4% ± 1.4) and at 12°C for
adelphophagic larvae (32.4% ± 6.6).
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There was an inverse relationship between larval developmental time from oviposition to
settlement and temperature for both larval types. Developmental time decreased as
temperature increased from 12°C (planktotrophic larvae: Kruskal-Wallis H = 807.6, P <
0.05; adelphophagic larvae: Kruskal-Wallis H = 4066.2, P < 0.05). The actual
developmental time at the lowest temperature treatment (12°C) for planktotrophic and
adelphophagic larvae was 60 ± 0.4 days and 21.6 ± 1.7 days, respectively, which was
more than twice the time it took for larvae to settle at the highest temperature (28°C)
(20.6 ± 1.3 days for planktotrophic larvae and 9.8 ± 1.7 days for adelphophagic larvae).
There was a positive relationship between temperature and developmental rate for both
larval types with adelphophagic larvae having a higher developmental rate than
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planktotrophic larvae at each temperature treatment (Figure 3.6). The developmental
rate of adelphophagic larvae also had a slope three times larger than planktotrophic
larvae (ANCOVA: F = 359, P < 0.05).

3.3. Effect of temperature on development of Boccardia proboscidea
All females of B. proboscidea successfully brooded and ruptured their egg capsules at
the different temperature treatments. During intracapsular development, planktotrophic
larvae attained a maximum of eight chaetigers, while adelphophagic larvae attained a
maximum of 18 chaetigers. Worms cultured at different temperature treatments did not
significantly adjust their brood size (Table 3.3). There was an inverse relationship
between temperature and brooding time (Figure 3.7). At lower temperatures (12°C and
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17°C), females were observed to liberate planktotrophic and adelphophagic larvae at an
earlier developmental stage (4-6 chaetigers and 11-14 chaetigers for planktotrophic and
adelphophagic larvae, respectively). This was reflected in significant differences in the
sizes of planktotrophic and adelphophagic larvae at hatching at the different
temperature treatments (planktotrophic larvae: Kruskal-Wallis H = 159.1, P < 0.05;
adelphophagic larvae: Kruskal-Wallis H = 255.5, P < 0.05) (Figure 3.8). In addition, 13
out of 19 broods at 12°C and 11 out of 17 broods at 17°C still had left over nurse eggs
after the larvae evacuated their capsules.
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Temperature significantly influenced the percentage of planktotrophic larvae that
survived cannibalism (Kruskal-Wallis H = 67.4, P < 0.05). At 12°C, 59% ± 0.1 of
planktotrophic larvae remained after adelphophagia and this decreased as temperature
increased, with only 30.1% ± 0.1 of larvae remaining at the 28°C temperature treatment.
Temperature also significantly affected survival to settlement of both planktotrophic and
adelphophagic larvae (planktotrophic larvae, ANOVA: F= 206.1, P < 0.05;
adelphophagic larvae, ANOVA: F = 32.9, P < 0.05) (Figure 3.9). Planktotrophic larval
survival was highest at 12°C (4.8% ± 0.01) and survival remained constant up to 21°C.
Survival dropped significantly at 24°C and again at 28°C which was the lowest recorded
survival for this study (< 1% larval survivorship). Adelphophagic larval survivorship was
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highest at 21°C (14.7% ± 0.03), while a Tukey’s post hoc test found no statistical
difference between survival of adelphophagic larvae at 17°C and 24°C. The lowest
survivorship was found at the extreme temperatures (12°C and 28°C).

There was an inverse relationship between temperature and developmental time for
planktotrophic and adelphophagic larvae of B. proboscidea (planktotrophic larvae;
Kruskal-Wallis H = 898.7, P < 0.05; adelphophagic larvae: Kruskal-Wallis H = 2124.3, P
< 0.05). As a consequence, there was a positive relationship between developmental
rate and temperature (Figure 3.10). Developmental rate also increased with a rate of
change (slope) that was approximately twice as high for adelphophagic larvae as for
planktotrophic larvae (ANCOVA: F = 450.2, P <0.05).
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4. Discussion
The current study investigated the effect of temperature on reproduction and
development of the recently introduced polychaete Boccardia proboscidea in an attempt
to determine if it possesses the capacity to reproduce and survive to settlement in
temperatures it could encounter at different points along the South African coast. This
was carried out by investigating the effect of temperature on brood size and larval size,
larval survivorship, developmental time and developmental rate, of planktotrophic and
adelphophagic larvae, of B. proboscidea. I used the distribution and reproductive data
gathered from B. proboscidea, together with similar data from a closely-related
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“predictor” species, Polydora hoplura, that is already established in South Africa to
make my predictions.

In marine invertebrates, studies that have investigated the effect of temperature on
brood size have yielded conflicting results. For example, Levin and Creed (1986)
reported an increase in brood size with increasing temperature for the polychaete
Streblospio benedicti. By contrast, Kamps (1978) and Collin and Spangler (2012) found
that an increase in temperature resulted in a decrease in brood size in the copepod
Diaptomus pallidus and the gastropod Crepidula cf. onyx. For both species examined in
this study, it seems that temperature only affects the brood size of adelphophagic larvae
of P. hoplura cultured at 28°C. It is possible that these females may have simply
adjusted their nurse egg to larvae ratio. In producing fewer larvae and more nurse eggs,
the female may be mitigating sibling competition, which I found to be more intense at
higher temperatures, presumably due to faster growth rates and faster rates of nurse
egg consumption by some individuals. Unfortunately, we did not measure nurse egg to
larvae ratio in the present study and so cannot confirm this hypothesis. There are,
however, other factors, such as food availability and quality, that may influence brood
size (Qian and Chia 1991; Qian 1994). However, in this study all worms were fed in a
similar manner and cultured individually. Interestingly, reproductive studies on fish
species such as Tinca tinca found that its initial brood size also remained unchanged at
different temperature treatments, but over time cumulative brood size (i.e., mean brood
size per female per season) differed significantly (Morawska 1984). My results are
based on initial brood size and hence tracking the brood size of each worm over
successive broods may yield different results.
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Adelphophagic larvae of P. hoplura and B. proboscidea emerged at a larger size at
higher temperatures compared to low temperature conspecifics. Similar studies on
gastropods also found that adelphophagic larvae hatched at a larger size at
temperatures above 21°C (Collin and Spangler 2012). The most probable explanation is
that the physiological effects (such as faster growth rate and metabolism) on larvae
cultured at higher temperatures facilitated intense sibling interactions. In P. hoplura,
adelphophagic larvae are not confined to a single capsule and are able to move
between adjacent capsules after exploiting the nurse eggs allocated to them (Chapter
2). As such, these larvae were able to rapidly accelerate their growth during the
intracapsular phase and in extreme cases, deprive their siblings of nurse eggs. This
may explain why, on rare occasions, 3–4 chaetiger larvae emerged at higher
temperature treatments. In B. proboscidea, similar factors were probably responsible for
the increased hatching size of adelphophagic larvae at higher temperatures.
Furthermore, in this species, the intensity of sibling interactions was likely amplified by
sibling cannibalism.

My finding that the non-feeding planktotrophic larvae of B. proboscidea showed a
significant increase in hatching size at higher temperatures, while the planktotrophic
larvae of P. hoplura did not was interesting, but puzzling. Traditional life history theory
proposes that planktotrophic larvae are supplied with just enough reserves to form the
necessary feeding and locomotive structures for a planktonic lifestyle. When this prefeeding stage ends, the larvae must feed in order to grow and complete metamorphosis
(Vance 1973; Herrera et al. 1996) (Figure 3.11a). In almost all Polydora-type worms
studied thus far, these structures usually form by the 3-chaetiger stage, which then
emerges from the egg capsules, thus terminating the pre-feeding stage (e.g. in P.
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hoplura). In B. proboscidea, however, it appears as though females supply the
planktotrophic larvae with extra reserves that extend the pre-feeding stage to as late as
eight chaetigers. This extended pre-feeding stage can therefore act as a “growth
window” that allows for a high degree of variability in size and or stage at hatching in
response to external factors, which in this study was temperature (Figure 3.11B). It is
interesting to note that the planktotrophic larvae of B. proboscidea from North America
develop to the maximum size of only three chaetigers (Gibson, 1997). Preliminary
investigation of brood traits found that eggs of B. proboscidea from South Africa were
larger than type I and type III eggs from North America (David unpubl. data). It is
therefore possible that the extra reserves needed for an extended pre-feeding stage
most likely originated from the egg itself. In fact, recent studies by Jaubet et al. (2014)
found that some planktotrophic larvae of B. proboscidea from Argentina were capable of
reaching a maximum of six chaetigers and also emerged from eggs that were larger
than those reported from North America. Planktotrophs of B. proboscidea from Australia
are also capable of exceeding three chaetigers during the pre-feeding stage (Blake and
Kudenov 1978); however, there are no published data on egg sizes from that region for
comparison. An alternative, though less likely, explanation for the variability in hatching
size is that the planktotrophic larvae may be feeding inside its capsule but to a lesser
extent than their adelphophagic siblings, since they do in fact possess the appropriate
digestive structures necessary for nurse egg consumption (Gibson and Carver 2013).
However, in this study I did not directly observe feeding in planktotrophic larvae. From
an evolutionary perspective, it is difficult to elucidate the advantages of size variability in
planktotrophic larvae, especially in a polymorphic system where adelphophagic larvae
already confer variability in hatching size. One explanation is that planktotrophic larvae
that are capable of reaching a relatively large size in the capsule, would less likely be
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eaten by its adelphophagic siblings. These advanced planktotrophic larvae would then
spend a shorter time in the water column than their 3-chaetiger counterparts, which may
increase their survival without greatly diminishing dispersal capabilities (but see
Pechenik 1999).

My survivorship results for both larval types of P. hoplura and adelphophagic larvae of
B. proboscidea is consistent with previous studies on decapods (de Rivera et al. 2007)
and bivalves (Verween et al. 2007) that found high larval mortalities at temperatures as
low as 11°C and as high has 30°C. In B. proboscidea, the extremely low survivorship to
settlement of planktotrophic larvae at the highest temperatures was undoubtedly
exacerbated by sibling cannibalism. At the lower temperatures, females ruptured their
capsules when both types of larvae were at a relatively early stage of development with
nurse eggs still present. As such, some planktotrophic larvae were spared from
cannibalism by their adelphophagic siblings. Conversely, the higher temperatures
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accelerated intracapsular development of adelphophagic larvae, which in turn greatly
accelerated the rate at which planktotrophic larvae were eaten by their siblings. Based
on these results, it appears as though females play a large role in determining which
larval type dominates by altering the brooding period. In fact, in the absence of a
brooding female, no planktotrophic larvae were found to survive to hatching (David
unpubl. data). This variance in hatching may be a direct response to the duration of
brooding time. When development is inhibited by low temperature, a female’s
reproductive success over her lifespan may be compromised if a longer time is spent
investing maternal care in a single brood. In this case she may opt to hatch her brood
regardless of her offspring’s current developmental stage. My findings are congruent
with a similar study by Oyarzun and Strathmann (2011) who found that B. proboscidea
from North American populations also hatched their capsules early in development at
low temperatures, which resulted in higher survival of planktotrophic larvae.

In terms of developmental rate, the adelphophagic larvae of both species had a slope
two to three times greater than that of their planktotrophic siblings indicating an increase
in performance of a similar magnitude regardless of temperature. The hypothesis that
abbreviated larval development proceeds at a higher developmental rate than
planktotrophic development has been confirmed in other marine invertebrates, such as
echinoderms and crustaceans (Pearse 1969; Hoegh-Guldberg and Pearse 1995).
However, this is the first documentation of such a trend within a polymorphic system. My
data suggest that with adelphophagy, a reliable supply of food (nurse eggs) provided by
the female allows the larvae to invest most of their energy in growth and development
since the larvae do not need to seek out food, whereas planktotrophic larvae need to
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partition their energy budget for both growth/development and swimming (to seek out
food) and will therefore always “lag” behind adelphophagic development.

The results from this study serve as a first step in understanding B. proboscidea’s
potential spread by identifying key areas along the South African coast where the
species could become established. Based on the results obtained, my predictor species
P. hoplura appears capable of producing broods across the broad temperature regimes
that reflect a large portion of the SA coast (from Port Nolloth to Haga Haga). Indeed, the
current study and the most recent survey by Simon (2011) found the species is
distributed from Saldanha Bay in the west to Haga Haga in the east. However,
differences in responses to temperature may influence the sizes of the populations
along the coast. For example, on the west and south west coast, the mainly cold-water
temperatures could result in low survivorship of both larval types and consequentially
low recruitment year round. I therefore predict that although self-sustaining populations
can be established in this region, numbers should be low due to temperature-induced
limitations on larval survival. In fact, this was found to be the case in my surveys that
yielded relatively low numbers of P. hoplura at Saldanha Bay, Paternoster and
Jacobsbaai with the species absent further north at Kleinzee. At sites further east
annual temperatures follow a broader trend and population sizes may vary based on
seasonal changes in water temperature. I predict that at these sites seasonal highs
should result in larger sizes at hatching, faster developmental rates (therefore faster
recruitment rates) and ultimately larger population sizes while the opposite should occur
during seasonal lows. My predictions are in concordance with reality, where large
populations of P. hoplura (>100 individuals/abalone) were found at Mossel Bay during
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late spring (van Niekerk unpubl. data) and low numbers of worms were found inhabiting
oysters at Port Elizabeth during winter (Table 2).

Based on the information gathered for P. hoplura and the developmental results for B.
proboscidea, I predict that B. proboscidea should be capable of establishing and
maintaining self-sustaining populations in its current range. In addition, it could become
established at sites where P. hoplura has also been recorded, specifically in regions on
the west and south west coast. The fact that B. proboscidea did not adjust its brood size
suggests that its reproductive output should remain constant regardless of whether the
worm establishes itself in the colder waters of the west coast or the warmer subtropical
waters of the east coast of the country. One critical difference between the larval types
of P. hoplura and B. proboscidea is that the planktotrophic and adelphophagic larvae of
B. proboscidea exhibit different survival optima in response to temperature. I predict that
B. proboscidea should become established at Saldanha Bay and surrounding areas
where the cold water temperatures would support high planktotrophic larval
survivorship. In regions north of Saldanha Bay, such as Kleinzee and Port Nolloth, the
consistently low temperatures throughout the year would also favor high planktotroph
survival but this might be cancelled out by increased predation due to increased time
spent in the water column. This means that dispersal north may well occur but the rate
of population development may be slower. The establishment of B. proboscidea on the
south west coast seems almost inevitable with populations already recorded at four
different sites in this region since 2011 (Table 2). The temperature regimes here are
very similar to those found at Saldanha Bay, therefore I predict a similar scenario to the
west coast sites. At sites further east, the difference in survival optima of the two larval
types may confer an advantage to B. proboscidea, where it would be capable of
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maintaining robust populations since variability in water temperature can facilitate
survival of either planktotrophic or adelphophagic larvae. At Haga Haga on the east
coast, the presence of B. proboscidea on farmed abalone and its absence on wild
abalone is puzzling. One possible reason for this is that undisclosed farm management
practices or environmental conditions may prevent the establishment of consistent
populations on the farm itself (Boonzaaier et al. 2014). This in turn may prevent the
larvae from escaping in numbers large enough to maintain viable populations in the
wild. However, if temperature is considered, and sufficient larvae are capable of arriving
here, I predict that B. proboscidea would become established and maintain viable
populations in the region. Higher water temperatures due to global climate change are
expected to facilitate range expansion in many marine invertebrates (Hoegh-Guldberg
and Bruno 2010). In B. proboscidea, increases in water temperatures would result in
denser and more structured populations on the west coast since temperatures would
favour higher adelphophagic larval survivorship along with faster developmental rates.
However, increases in temperatures would be detrimental to planktotrophic larvae and
consistently high temperatures may even trigger females to adjust their brood
characteristics

over

time

to

allow

for

the

survivorship

of

planktotrophs.

While larval development and survivorship strongly influence establishment and range
expansion dynamics, post-settlement mortality of juveniles may affect recruitment rates
and subsequently, population sizes in many marine invertebrates (Hunt and Scheibling
1997). Unfortunately, there are currently no data available on early post settlement of B.
proboscidea in the wild. In fact, this remains one of the least explored aspects of larval
life history in marine invertebrates, possibly due to the difficulty in tracking a single
cohort of recruits over time in the wild (Penin et al. 2011). The studies that have been
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conducted are limited to mainly molluscs (specifically, mussels, barnacles and
gastropods), ascidians, and more recently, corals. These studies report significant
mortality rates of more than 50% for newly settled recruits, driven primarily by
competition with established adults and predation by other organisms (Gosselin and
Qian 1997; Penin et al. 2011; Bohn et al. 2013). Despite the fact that B. proboscidea
reproduces year round and can produce up to eight broods throughout its reproductive
period (Gibson 1997), if such high mortalities occur in B. proboscidea juveniles after
each settlement event, this could result in a slow rate of population establishment and
expansion. It may even manifest itself as a lag phase, which could delay or even
prevent a potential invasion. Lag phases are common phenomena of introductory
events, however, considering that B. proboscidea populations appear to be well
established on abalone farms, these worms could in theory provide a consistent source
of new recruits at wild sites near the farms, thereby actually shortening a potential lag
phase for the species.

The establishment of an introduced species in its new environment is a crucial phase in
the invasion process (Haydar 2010) and my current study has shown that B.
proboscidea is capable of producing viable populations at different points along the SA
coast. In summary, I expect that on the west and south west coast, B. proboscidea will
maintain small, dispersed populations, while on the south and east coast we predict the
establishment of confined, dense populations. In addition to the establishment of viable
populations, the ability to disperse to different regions to maintain genetic connectivity is
also important since it could influence the long term persistence of a population once
the species becomes established (Johst et al. 2002; Bradbury et al. 2008). In SA, the
dispersal of many marine invertebrates can be influenced by oceanographic features,
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which are manifested in the form of phylogeographic breaks (Teske et al. 2011, and
references therein). These breaks may hinder larval dispersal of B. proboscidea and
may even isolate populations, which could lead to the formation of distinct lineages in
certain regions. The following chapter will investigate the population structure of the
predictor species, P. hoplura, which would give some insights into the extent of B.
proboscidea’s dispersal capabilities.
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CHAPTER 4
Genetic connectivity in the non-indigenous polychaete Polydora hoplura
(Annelida: Spionidae) in southern Africa
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1. Introduction
Marine invasions are recognized as one of the leading threats to global biodiversity
(Carlton and Geller 1993; Carlton 1996; Chapin et al. 2000; Bax et al. 2003; Molnar et
al. 2008; Haydar 2010). Some of the negative effects of invasive species that contribute
to the loss of biodiversity include the alteration of habitat in the introduced range, the
displacement of native species and, more fundamentally, the disturbance of ecosystem
processes, such as nutrient cycling and primary and secondary production (Mack et al.
2000; Branch and Steffani 2004). A successful invasion is largely dependent on whether
the introduced species is capable of completing the final three phases of the invasion
process: (1) survival (the ability to tolerate environmental variables in the recipient
environment), (2) initial establishment and (3) long term establishment and spread
(Haydar 2010).

In sessile marine invertebrates, natural dispersal can only occur via larval movement
and consequentially a species’ reproductive mode becomes a critical factor in its ability
to spread to different regions (Sol et al. 2012). In marine invertebrates that actively
brood their young, planktotrophic larvae are derived from eggs that are nutritionally poor
and hence the larvae must feed in the water column to reach the appropriate stage for
metamorphosis. As a consequence, these larvae have a lengthy dispersive phase which
has the advantage of expanding the range of the species and reducing competition
between parent and offspring due to movement away from the natal habitat (Pechenik
1999). In contrast, some species can produce lecithotrophic or adelphophagic larvae
that are provisioned with yolk from the parent and these larval types consequently
spend less time in the water column prior to metamorphosis (Blake and Arnofsky 1999).
As a result, retention rates can be high and this strategy is advantageous in
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unpredictable environments where strong currents can carry larvae away from suitable
habitats to ones without an appropriate substratum for metamorphosis (Wray and Raff
1991).

Some species of polychaetes and gastropods also exhibit poecilogonous development;
a rare strategy where the species is capable of producing more than one type of larva
(Giard 1905; Knott and McHugh 2012). Poecilogony can exist as either an individual
specific polymorphism, where different females in a population can be monomorphic for
a single reproductive strategy (e.g. some females can produce planktotrophic larvae
only while others can only, produce lecithotrophic or adelphophagic larvae) or as an
adaptive polyphenism, where a single female can switch between reproductive modes
(Chapter 1; Knott and McHugh 2012). In Chapter 2, I suggested that poecilogony could
greatly aid in the success of introduced species that exhibit this developmental mode
since the planktotrophic larvae can disperse and expand the range of the species from
its point source while larvae with abbreviated development can recruit and maintain a
robust population size in areas where it has become established.

Genetic markers have served as powerful tools for measuring dispersal in the marine
environment by assessing genetic structure and gene flow among spatially-separated
populations (Levin 2006; Cowen and Sponaugle 2009). Interestingly, these studies have
shown that the relationship between predicted dispersal based on reproductive mode
and actual dispersal over time is not necessarily congruent. For example, many species
with planktonic developmental modes have shown marked genetic structure and low
levels of connectivity among populations (Bowen et al. 2006; Teske et al. 2006; Miller
and Ayre 2008), while some species that exhibit abbreviated larval development (such
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as lecithotrophy) have shown high levels of population connectivity across different
sampling sites (Pettingill et al. 2007; Hellberg 2009). These discrepancies can be
attributed to a variety of factors, including larval life history (e.g. retention of
planktotrophic larvae in the natal habitat) and unorthodox dispersal vectors for species
with abbreviated larval development (e.g. rafting and biofouling of encrusting organisms)
(Teske et al. 2007a; David and Williams 2012b). Furthermore, the dynamic nature of the
marine environment could influence larval movement via oceanographic features such
as currents, eddies and upwelling cells (to name a few). In such cases, these features
can act as gene flow barriers that can hinder larval migration and ultimately result in the
establishment of biogeographic provinces (Hellberg 2009). Genetic connectivity strongly
influences the long-term persistence of a population and, as such, it plays a major role
in the preservation of evolutionary potential. This, however, is not necessarily a
requirement for a successful invasion event (Bradbury et al. 2008; Haydar 2011). For
example, studies on the invasive green crab, Carcinus maenas, found high levels of
genetic connectivity among 21 populations distributed along the entire Pacific Coast of
North America despite putative breaks on this coast (Tepolt et al. 2009). It was
hypothesized that larval exchange among these populations was facilitated by the
prevailing oceanographic conditions in the region along with the wide thermal tolerance
of C. maenas larvae (Tepolt et al. 2009).

The SA coast is a unique environment to study phylogeography, since it possesses a
variety of coastal features that could influence structure in a population (Figure 4.1). The
coastal regime comprises the cold waters of the Atlantic Ocean on the west coast,
where the northward-flowing Benguela Current dominates, and the warm waters of the
Indian Ocean on the east coast, where the southward-flowing Agulhas Current
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dominates. The South African coast can be divided into at least four biogeographic
zones (cool temperature, warm temperate, sub-tropical and tropical) (Teske et al. 2009).
Within these zones, up to five phylogeographic breaks have been reported for a variety
of marine invertebrates and fishes, with the one at Cape Point being the most prominent
(Teske et al. 2011). The exact locations of some of these breaks also differ according to
species (Teske et al. 2008, 2011).

The aim of this study was to determine the population structure of the well-established
predictor species, Polydora hoplura. Polydora hoplura is used as a predictor species
due to its similarities to B. proboscidea both in terms of life history (both species are
poecilogonous) and status as an aquaculture pest in South Africa (Chapters 1 and 2).
Polydora hoplura was first recorded in the 1940s at Table Bay on the south coast
(Millard 1952) and subsequent surveys in the 1950s found the worm inhabiting intertidal
stations at Saldanha Bay on the west coast (Day 1955). By the 1960s, P. hoplura had
been recorded near Mossel Bay in the southern part of the country (Day 1967). After its
first introduction, the worm could have dispersed naturally along the South African coast
up until the 1970s when the first commercial scale oyster venture was established in the
country (Haupt et al. 2010b). At this point, the importation of oysters from international
hatcheries, along with the establishment of farms and movement of oysters among them
could have resulted in the frequent movement of worms across different biogeographic
regions. Polydora hoplura now boasts a relatively wide distribution; as far west as
Saldanha Bay and as far east as Haga Haga (Simon 2011). By elucidating the genetic
differences among populations of P. hoplura, it will be possible to make some initial
predictions regarding B. proboscidea’s future success in maintaining genetic
connectivity among its spatially-separated populations.
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2. Materials and Methods
2.1. Sampling protocol and laboratory procedures
A variety of potential substrata that harboured Polydora hoplura were collected in 2012
and 2013 from seven localities covering a wide distribution of the species (Figure 4.1).
These substrata include, sponge (Haliclona sp.), coralline algae (Mesophyllum
engelhartii), oysters (Striostrea margaritacea), abalone (Haliotis midae), hermit crabs
(unconfirmed species), barnacles (unconfirmed species) and limpets (Scutellastra sp.).
Sampling was carried out while strictly adhering to permit conditions. Despite intensive
sampling I was unable to obtain P. hoplura from Haga Haga, one of only three sites
north east of Port Elizabeth (the others being Port Alfred and East London) where the
species has been recorded (Simon 2011). Substrata were immersed in a vermifuge
(0.05% phenol solution), which facilitated the evacuation of worms from their tubes.
Worms were identified under a dissection microscope and placed in 99% EtOH for DNA
extractions. Genomic DNA was extracted from whole worms using a tissue extraction kit
(MACHEREY-NAGEL, GmbH & Co. Germany), following the instruction manual. The
mitochondrial DNA marker Cyt b (~500 bp fragment) was amplified using the
polymerase chain reaction (PCR) and the primers Cyt b 424F’ (Boore and Brown 2000)
and Cyt b 876R’ (Oyarzun et al. 2011). Cycling conditions included: initial denaturation
at 95°C for 5 min, followed by: 40 cycles of 95°C for 30 s, annealing 48°C for 30 s,
extension 72°C for 30 s; final extension 72°C for 7 min. Preliminary trials using several
nDNA markers found that the intron of the α subunit of the ATP-synthetase nuclear
encoded protein complex (ATPSα, ~250 bp) gave the most consistent results. The
fragment was amplified using a primer of Jarman et al. (2002): ATPSαF’ and a new
reverse primer, (ATPSαR1) (5’-CATGAAAAAGGCACAATCCC-3’) (Williams, unpubl,
data). Conditions for amplification of the ATPSα gene were the same for Cyt b, except
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for the annealing temperature, which was increased to 55°C for 30 s in order to increase
specificity of the primer to the target region. All PCR products were verified via 1%
agarose gel electrophoresis, and gel bands were excised and purified using a gel
extraction kit (BIOFLUX Tokyo, Japan). Purified PCR products for both markers were
sequenced with the forward primers using BigDye chemistry (ABI, Foster City, CA) and
analyzed on an Applied Biosystems 3730xl genetic analyzer at the Central Analytical
Facility at Stellenbosch University. All sequences were verified using the BLASTN tool
on Genbank and mtDNA sequences were translated to amino acids to check for gene
functionality using the ExPASy translation tool (Gasteiger et al. 2003). Sequences were
deposited into Genbank (accession numbers KJ858577 - KJ858680).

2.2. Data analysis
Mitochondrial and nuclear DNA sequences were aligned using the Clustal W alignment
tool (Thompson et al. 1994) and edited by eye in Bioedit ver 5.0.6 (Hall 1999). For the
ATPSα data set, alleles were identified using the PHASE algorithm (Stephens et al.
2001) in DnaSp ver 5.10 (Librado and Rozas 2009) with the following parameters: 100
iterations, 1 thinning interval and 100 burn-in iterations. After editing, a 360 bp and 186
bp fragment remained for analysis for the Cyt b and ATPSα markers respectively. In
order to determine the evolutionary relationships among haplotypes sampled at the
various sites, parsimony networks were constructed for both genes using TCS ver. 1.2.1
(Clement et al. 2000), with the fixed connection limit set to a 95% confidence interval.
To assess levels of connectivity between the cool-temperate and warm-temperate
biogeographic provinces, populations were separated into two clusters (Table 4.1) and a
hierarchical AMOVA (Analysis of Molecular Variance) along with ΦST calculations were
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carried out in Arlequin 3.5 (Excoffier and Lischer 2010). To determine if the breaks at
Cape Agulhas and Algoa Bay influenced genetic connectivity on the south coast,
pairwise ΦST values for a combination of sites in this biogeographic province were also
calculated.
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Table 4.1: Sample sizes for Polydora hoplura collected from seven localities
representing the cool temperature Namaqua biogeographic province (Bustamante and
Branch 1996) and the warm temperate south coast Agulhas biogeographic province
along the coast of South Africa.
Genetic marker
Site no.

Biogeographic
region

Locality
Cyt b

ATPSα

1
2
3

Cool-temperate

Paternoster
Jakobsbaai
Saldanha Bay

15
15
15

11
12
12

4
5
6
7

Warm-temperate

Bettysbaai
Mossel Bay
Knysna
Port Elizabeth

14
15
15
15

12
10
10
12

3. Results
A 360 bp and 186 bp fragment with 76 and 18 variable positions were obtained for Cyt b
and ATPSα markers respectively. For the Cyt b gene, a total of 42 haplotypes (7
shared, 35 unique) was recovered which were shared among sampling sites without any
clear geographic pattern (Figure 4.2). Three of the seven haplotypes were shared by
individuals from populations that spanned the three different phylogeographic barriers
(Fig. 4.1).
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When sites were clustered by biogeographic region, a hierarchical AMOVA test found
that approximately 96% (P < 0.05) and 4% (P < 0.05) of variation in sequences was due
to differences within and among clusters respectively (Table 4.1) with an overall ΦST
value of 0.044 (P = 0.01) between biogeographic regions indicating shallow but
significant genetic structuring. On the south coast, there was weak genetic
differentiation across all sites with the Bettysbaai (site 4) and Port Elizabeth (site 7)
pairing exhibiting the highest levels of genetic differention (ΦST = 0.236). For the ATPSα
gene, a total of 44 haplotypes (14 shared, 30 unique) was recovered which exhibited
weak genetic structuring. In particular, the most common haplotype was shared among
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all populations sampled (Figure 4.3). Additionally, there was a single haplotype shared
by only Paternoster individuals that could not be connected to the main network.

A hierarchical AMOVA for ATPSα detected shallow but significant genetic structuring
with approximately 96% (P < 0.05) and 4% (P < 0.05) of variation in sequences due to
differences within and between clusters respectively (Table 4.2) and an overall ΦST
value of 0.042 (P = 0.01) between the two biogeographic regions. Pairwise ΦST values
among south coast sites were also generally low and similar to the mtDNA dataset,
Knysna and Bettysbaai showing the most differentiation (ΦST = 0.151) (Table 4.3).
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Table 4.2: Hierarchical AMOVA for Polydora hoplura populations based on Cyt b and
ATPSα DNA sequences. Populations grouped into clusters based on biogeographic
region.
df

Source of
variation

Sum of
squares

Variance
Percentage
components of variation

Cyt b
Between clusters

1

11.10

0.15 VA

4.42

Within clusters

102

337.08

3.30 VB

95.58

Total

103

348.18

3.46

Between clusters

1

12.98

0.14 VA

4.25

Within clusters

142

441.65

3.11 VB

95.75

Total

143

454.63

3.25
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Table 4.3: Results of AMOVA analyses of Cyt b and ATPSα intron sequences of
Polydora hoplura with pairwise comparisons of south coast sites. Statistically significant
values (P <0.05) are indicated in bold.

Locus

Combinations

ΦST value

Cyt b

(4)(5)

0.149

(4)(6)

0.189

(4)(7)

0.236

(5)(7)

0.018

(5)(6)

0.087

(6)(7)

0.051

(4)(5)

0.081

(4)(6)

0.151

(4)(7)

0.089

(5)(7)

0.000

(5)(6)

0.024

(6)(7)

0.100

ATPSα

4. Discussion
The purpose of the present study was to evaluate the population structure of the nonindigenous polychaete P. hoplura along the South African coast. This information will
then be used to help predict the dispersal potential of the more recent invader, B.
proboscidea. In general, for both markers multiple haplotypes were shared among
distant populations, but ΦST values along with a hierarchial AMOVA found shallow but
significant structure between the two biogeographic regions. The haplotype networks
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exhibited some discordance, where more geographic structure was detected for Cyt b
compared to ATPSα which could be due to differences in coalescence times since
nuclear alleles take a longer time to be fixed in a population (Pavlova et al. 2013). There
is also the possibility that differences in sensitivity and variability between both markers
may be contributing to the observed discordance in genetic structure (Colbeck et al.
2008; DiBattista et al. 2012). Despite the discordance, both markers complemented
each other by exhibiting a large amount of haplotype sharing across the sampling area.
The disconnected group of Paternoster individuals in the nuclear network was
unexpected and it is unlikely that it represents spatial structure in the region considering
that all specimens were sampled from a single area and a similar disconnected group
was not detected by mtDNA. Rather, the disconnected group could be due to a very
recent introduction of worms carrying a unique haplotype of the ATPSα marker, a
phenomenon already reported in similar studies (Cameron et al. 2008). Alternatively, it
could represent diversity from a secondary introduction, though, in previous studies
such a finding is usually detected in the mitochondrial genome (Bracco et al. 2007)

In sessile marine invertebrates, phylogeographic patterns can be shaped by historical
(ancient allopatric divergences and climate shifts) and/or contemporary processes
(biogeographic barriers and introductions) (Duran et al. 2004; Selkoe et al. 2008).
Based on the results from this study, it appears that certain contemporary processes,
particularly introductory events, could be having a pronounced effect on the observed
genetic pattern of P. hoplura. Along the South African coast, genetic studies have
shown that Cape Point is a prominent barrier separating the cool temperate west coast
biota from the warm temperate south coast biota (Teske et al. 2007a, 2014; von der
Heyden et al. 2008). However, I found weak structuring between these biogeographic
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regions (ΦST = 0.044 and 0.042 for mtDNA and nDNA, respectively). Despite the fact
that this weak genetic differentiation was significant for both markers (P < 0.05), the lack
of any clear geographic patterning and the absence of distinct clades in the parsimony
networks indicate that larval exchange and frequent movement are probably occurring
among all localities. Alternatively, the significant structure between some localities, but
shared haplotypes between them could indicate “ancestral” polymorphisms, which could
obscure the detection of geneflow (Hare 2001). Further studies using microsatellite
markers may help elucidate this problem.
Within the biogeographic provinces, the region between Cape Point and Cape
Agulhas is considered to be a transition zone with both abalone (Haliotis midae) and
mudprawn (Upogebia africana) populations west of Cape Agulhas showing marked
genetic differentiation from populations east of this break (Evans et al. 2004; Teske et
al. 2006). However, the results in this study detected weak structure for P. hoplura
between Bettysbaai and sites east of the Cape Agulhas break (Table 4.3). Similarly, on
the south east coast, the Algoa Bay break, characterized by isolated upwelling events,
along with temperature differences, has been hypothesized as the cause for genetic
disjunction in the local fish species Clinus cottoides and the snail Nassarius kraussianus
(von der Heyden et al. 2008; Teske et al. 2008). In contrast my results found that P.
hoplura populations from Port Elizabeth shared haplotypes with populations as
geographically distant as Saldanha Bay and Jacobsbaai (>800 km). Marine
biogeography is shaped primarily by temperature (Murawski 1993) and the South
African biogeographic provinces are no different (Teske et al. 2011). As shown in
Chapter 3, P. hoplura larvae are capable of surviving and settling at the thermal regimes
representative of the these biogeographic regions and hence based on temperature
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responses only, the genetic homogeneity observed across the biogeographic provinces
is congruent with the species’ physiological capabilities.

In many marine phylogeographic studies conducted in South Africa thus far, genetic
structure or lack thereof has often been credited to the organism’s developmental mode
and/or the prevailing hydrographic and environmental conditions of its environment
(Tolley et al. 2005; Neethling et al. 2008; Teske et al. 2011, 2014; Reynolds et al. 2014).
However, I hypothesize that much of the genetic connectivity observed in P. hoplura is
most likely due to anthropogenic dispersal mechanisms rather than natural dispersal.
Firstly, P.hoplura is a notorious pest of commercial oysters, and to a lesser extent
abalone in South Africa (Simon et al. 2006) and these animals are frequently
transported among onshore and offshore farms located in different biogeographic
provinces in the country (Griffiths et al. 2009a; Simon 2009; Haupt et al. 2012). The
movement of larvae via the inflow and outflow path of the farms, combined with shellfish
transplantations could in theory provide a mechanism that allows larvae to cover large
distances with the farm serving as an intermediary. For example, larvae could be
introduced with the inflow into the farms where they can settle on molluscs, which could
then be transported to another locality and there larvae can exit through the outflow,
successfully settle in the region and interbreed with local populations. In fact, recent
studies by Williams (unpubl data), using the same genetic markers found conclusive
evidence for larval exchange between farmed and wild populations. This could explain
why a large number of shared haplotypes were found among populations as
geographically distant as Saldanha Bay and Port Elizabeth and why, despite significant
p values in the AMOVA results, Cape Point is not an effective genetic barrier for this
species (possibly due to multiple bidirectional introductions). In support of this
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hypothesis, a recent study by Woodin et al. (2014) found that transregional transport of
aquaculture materials had allowed the polychaete Diopatra biscayensis to breach an
important biogeographic boundary in the Bay of Biscay in France. In addition, studies
have found that shellfish translocations can deliver large propagule pools of hitchikers
(Roman and Darling 2007), meaning that even an isolated oyster transplantation event
could supply enough adults and larvae to alter the genetic makeup of a population.

In retrospect, it is tempting to hypothesize that P. hoplura could have also dispersed
naturally along the coast after its establishment in the 1950s, prior to commercial oyster
movement. This may be the case for local expansion via larval diffusion near points of
entry. However, there are additional vectors that could have facilitated the spread of the
species over wider spatial scales after establishment. For example, Walker (2013)
suggested that P. hoplura was most likely distributed worldwide by early colonizers and
explorers via the hull fouling of ships. This vector could also be responsible for
contemporary movement of the species, considering that P. hoplura has been found
boring into encrusting sponge (Chapter 3), which can attach to ship hulls and facilitate
dispersal (David and Williams 2012b). In fact, a study by Pettingil et al. (2007) found
that hull fouling alone was responsible for maintaining genetic connectivity among global
subpopulations of the serpulid polychaete, Hydroides elegans. Global surveys of
transoceanic shipping also have found polychaetes to be one of the most abundant taxa
introduced through ballast water (Carlton 1985; Carlton and Geller 1993; Chu et al.
1997; Levings et al. 2004) and South Africa is known to have one of the highest levels
of shipping traffic in the world (Zachail and Heidelhoff 1999). Since P. hoplura can
produce planktotrophic larvae, which could spend up to four weeks in the water column
(Chapter 2), there is the possibility that larvae could be taken up into ballast water and
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transported among various ports in the country. One major implication of multiple
introductory events across biogeographic regions is the reluctance of populations to
adapt to local environmental conditions due to an influx of individuals from localities in a
different biogeographic region. This would prevent formation of distinct lineages as
clearly reflected by the absence of geographic patterning in the mtDNA haplotypes of P.
hoplura.

Estimates of geneflow and migration rates were not conducted in this study since one of
the major assumptions of these analyses is that the system conforms to specific models
of migration, all of which are based on natural movement of migrants (Wright 1969;
Slatkin 1981; reviewed by Marko and Hart 2011). Since anthropogenic mechanisms
may be strongly influencing dispersal in P. hoplura, the underlying assumptions of these
analyses would be violated. In particular, it could erode strong genetic signals, which
would render gene flow estimates uninformative. While it is acknowledged that Fstatistics and its analogues are also routinely used as proxies for gene flow (Whitlock
and McCauley 1999), here these statistics are strictly used to show genetic
differentiation among populations. A caveat of this chapter is the absence of sampling
localities northeast of Port Elizabeth for the sub-tropical and tropical biogeographic
provinces. As such, it is difficult to ascertain whether the strong flowing Agulhas Current
could act as a mechanical barrier separating populations in this region from the south
and east coast or whether my hypothesis of human mediated transport would similarly
be supported by genetic connectivity with sites that extend to these biogeographic
provinces.
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In conclusion, I have shown that populations of P. hoplura in South Africa are
genetically connected, but the observed phylogeographic pattern paints a complex
picture of dispersal from its first record at Saldanha Bay to its widespread distribution
along the coast of the country. While natural dispersal could, in theory, have contributed
to this genetic connectivity, at least on a local scale, anthropogenic dispersal
mechanisms are much more likely to be the main contributors to the observed
connectivity, across larger geographical distances.
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Chapter 5: Meta-analysis and Synthesis
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1. Progress thus far
The anthropogenic movement of infested abalone was implicated in the spread of the
polychaete Boccardia proboscidea to three different biogeographic regions of South
Africa (Simon et al. 2009). This means that the worm has the opportunity to colonize a
large section of the South African coast and, should it become invasive, could pose a
serious threat to the intertidal marine ecosystem, as has been shown in Argentina
(Jaubet et al. 2013). The overarching aim throughout this thesis was to evaluate the
establishment and dispersal potential of Boccardia proboscidea in South Africa. In order
to accomplish this I first assessed the feasibility of using the non-indigenous oyster pest
Polydora hoplura as a predictor species that could be used to help ground-truth the
subsequent predictions (Chapter 2). In Chapter 3, I showed that P. hoplura’s
physiological capabilities are congruent with its current distribution and, therefore, based
on B. proboscidea’s physiological capabilities, it should also be capable of establishing
itself at multiple sites along the South African coast, including expanding its range
beyond that of P. hoplura on the west coast. Finally, in Chapter 4, I showed that there
was weak genetic structuring and shared diversity among P. hoplura populations
distributed between two biogeographic provinces. This could be due to ancestral
polymorphims or to a lesser extent, founder and bottleneck events. However,
considering the vibrant aquaculture trade in South Africa coupled with the propensity of
P. hoplura’s larvae to settle on fouling organisms and be taken up into ballast water, I
concluded that the observed genetic patterns are most likely being driven by
anthropogenic dispersal. Based on that study, there is the strong possibility that B.
proboscidea could also be dispersed anthropogenically since its planktotrophic larvae
can be taken up into ballast water and/or can settle on encrusting organisms such as
sponges, that can foul ship hulls (Chapter 3). This would increase the speed of a
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potential invasion. However, there is also the possibility that B. proboscidea may
disperse naturally from its point sources through larval diffusion. In this chapter, I focus
specifically on the natural movement of larvae to predict the potential dispersal
distances and trajectories that B. proboscidea may cover as it makes its way along the
South African coast. I then provide a final discussion regarding the presence of B.
proboscidea in South Africa. While P. hoplura was a good predictor for estimating
establishment potential of B. proboscidea, the lack of geographic patterning due to
anthropogenic dispersal observed in Chapter 4 makes it a less than an ideal candidate
for estimating natural dispersal distances. Therefore, I focus specifically on the problem
species.

2. Potential dispersal distances of Boccardia proboscidea
In marine invertebrates, planktonic larval duration (PLD) is strongly correlated with
dispersal distance and is therefore a good predictor for estimating the extent to which
larvae can travel (Shanks et al. 2003, Shanks 2009). In addition, for larvae that act as
passive particles, oceanographic flow patterns strongly influence not only distance but
also the trajectory of dispersing larvae. In order to estimate the potential dispersal
distances that B. proboscidea larvae could cover from its point sources (Haga Haga,
Hermanus and Jakobsbaai), a simple equation was used that incorporated both factors:
Cv = d/PLD, where Cv = current velocity, d = distance travelled, PLD = planktonic larval
duration. In this equation, PLD data (in days) was obtained from the Chapter 3 dataset,
according to the prevailing temperature regimes at the different point sources, and was
then converted to hours. Published Cv values were obtained from Boyd et al. (1992) and
converted from c.ms-1 to k.mh-1. Additionally, two assumptions were made prior to
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applying the equation. Firstly, it was assumed that planktotrophic larvae are mainly
responsible for effective dispersal of the species and hence only developmental data
from this larval type was used. Also, it was assumed that larval movement will be
dictated by the prevailing surface current regimes in accordance with the null hypothesis
of larval transport (Shanks 2009). Since Cv can fluctuate at different points along the
coast, I used the lower value of the given ranges.

Table 5.1 shows the potential distances that larvae would be expected to cover based
on current velocity and PLD only. On the east coast, the coastal current near Haga
Haga flows at a velocity of 1.8–5.4 km.h-1 southwards and the velocity decreases by
about 0.9 km.h-1 at approximately 68 km west of Port Elizabeth, prior to its divergence
from the continental shelf (Boyd et al. 1992). An irregular countercurrent also runs
closer inshore at a velocity of 0.9–1.8 km h-1. For planktotrophic larvae of B.
proboscidea dispersing from Haga Haga, bidirectional dispersal is expected and the
potential dispersal distance that planktotrophic larvae can cover based on current
velocity and PLD are 450.5 ± 45 km southwards and 225.3 ± 22.6 km northwards. On
the west coast, the Benguela current flows northwards as a “jet” with speeds of around
1.8–2.7 km h-1 and is generally much weaker than the Agulhas Current, especially the
region of flow between the Cape Peninsula and Cape Columbine. In addition, this
current overlies a southward flowing current with speeds of 0–0.9 km.h-1. The direction
of gene flow for many marine invertebrates studied in South Africa has been
predominantly northwards following the Benguela Current. However, once Polydoratype planktotrophic larvae approach the end of their development, the increase in larval
size often results in sinking of the larvae below the surface, presumably as a result of
negative phototaxis and hydrodynamic constraints (Wilson 1928; Hansen et al. 2010).
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Since horizantal swimming speed is actually slower for advanced larva compared to
early larval stages (Hansen et al. 2010), they can still act as passive particles below the
surface, hence the undercurrent in the Benguela region may also facilitate southward
dispersal. Therefore, planktotrophic larvae would be expected to disperse both north
and south from their point sources on the west coast. Based on PLD and current velocity
near Jakobsbaai, I would expect larvae to cover an average distance of 623 km north
and its movement south would be considerably slower (346.2 km). On the south coast
near Hermanus, flow velocities are around 0–1.4 km.h-1 westwards and eastwards,
while the current velocity slightly changes east near Mossel Bay, to 0.4–1.4 km.h-1.
Larvae could potentially cover distances of 138.5 km in both directions.

Table 5.1: Potential dispersal distances of planktotrophic larvae of Boccardia
proboscidea based on current velocity (Cv) obtained from Boyd et al. (1992) and
planktonic larval duration (PLD) obtained from Chapter 3.

Mean
temperature
(°C)

Current
velocitya
(km h-1)

Average PLD
(h)

Distance
(km)

Haga Haga

21.0 ± 1.3

0.9 N
1.8 S

250.3 ± 23.5

225.3 N
450.5 S

Hermanus

14.8 ± 0.9

0.4 W
0.4 E

346.2 ± 31.8

138.5 W
138.5 E

Jakobsbaai

14.9 ± 2.8

1.8 N
0S
a
only values in the lower range was used.

346.2 ± 31.8

623 N
346.2 S

Site

Based on PLD and current velocity, planktotrophic larvae of B. proboscidea would be
expected to cover very long distances, ranging from 138.5–623 km. Effective dispersal
distances spanning hundreds of kilometers are not uncommon among marine species
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that produce planktonic larvae. For example, planktonic larvae of the gastropod Philine
spp. and the crustacean Cancer magister can cover estimated distances of 260 km and
500 km, respectively (Cadien and Ranasinghe 2003; Shanks 2009). In contrast, other
invertebrates such as the polychaete Maranzelleria viridis and the echinoderm
Acanthaster planci both have maximum dispersal distances of less than 120 km (Moran
et al. 1992; Bochert 1997). Despite the strong correlation between PLD, current velocity
and dispersal distance, many recent studies incorporating different methods of distance
estimates (including genetic and biophysical approaches), have shown large
discrepancies with the distances predicted based on current velocities and PLD only. In
the majority of these studies, current velocities and PLD often greatly overestimate
dispersal distances and therefore supports a “closed ocean” view as opposed to the
traditional view that the ocean is “open” (Levin 2006). For example, in the Caribbean, a
genetic study found that effective dispersal distances of goby fishes was less than 30
km, despite the fact that potential distance was estimated to be 500 km based on
current velocity and PLD (Taylor and Hellberg 2003). In South Africa, McQuaid and
Phillips (2000), found that the larvae of M. gallprovincialis on the south east coast of
South Africa could potentially cover distances of 200 km, however net displacement of
individuals on plankton grids (effective dispersal) was less than 20 km. Similarly, M.
galloprovincialis was found to have dispersed along 115 km of the west coast in a year
(Hockey and van Erkom Schurink 1992), however if the PLD of this species (~4 weeks,
Seed 1969; Jorgensen 1981) and current velocity of the Benguela near Saldanha Bay
are considered, the species should have been able to cover up to 470 km in less than a
year! Prior to 2012, the Pacific barnacle, B. glandula was only found on the west coast
of South Africa. However, a recent study by Pope et al. (unpubl. data) found that in the
last five years the species has extended its distribution from Misty Cliffs on the west
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coast to St. James on the south west coast (approximately 60 km of coastline).
However, if PLD (~3 weeks, Schwindt 2007) and current velocity are considered then
the species should have been able to disperse to distances of up to 505 km. It is
interesting to note that in all these studies, larvae appear to cover around 10% or less of
the predicted dispersal estimates. If the potential dispersal distances of B. proboscidea
are arbitrarily adjusted based on this discrepancy, larvae would be expected to disperse
to considerably shorter distances (Table 5.2).
Table 5.2: Adjusted dispersal distances for Boccardia proboscidea based on
discrepancies between potential (based on current velocity and PLD) and effective
dispersal distances of marine species
Site

Potential dispersal
distance (km)
225.3 N
450.5 S

Adjusted dispersal
distance (km)
22.5 N
45.1 S

Hermanus

138.5 W
138.5 E

13.9 W
13.9 E

Jakobsbaai

623 N
346.2 S

62.3 N
34.6 S

Haga Haga

These adjusted dispersal estimates appear to better reflect the reality of larval dispersal
on the South African coast. For example, on the west coast, using the adjusted
dispersal distance from Jakobsbaai and a maturation time of four months for
planktotrophic larvae (Gibson 1997), B. proboscidea would be expected to extend its
range at a rate of 186 km.y-1 northwards and 103.8 km.y-1 southwards, which is faster
than the rate of spread reported for M. galloprovincialis - 115km.y-1 north, 25 km.y-1
south (Hockey and van Erkom Schurink 1992). In addition, using the adjusted values on
the south coast, planktotrophic larvae are expected to have a dispersal rate of
approximately 42 km.y-1 both eastwards and westwards. Pertinent to this prediction, the
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species has extended its distributional range on this coast to three sites, all within 76 km
west of Hermanus. A fourth population was found at Kommetjie earlier in 2014 (Simon
unpubl, data), which is located about 90 km from Hermanus and 28 km north of the
biogeographic break at Cape Point (Fig. 5.1). However, it is not known whether this
population originated from Hermanus (which would indicate movement of the larvae
around Cape Point) or if they have travelled south from Jakobsbaai. The question
eventually arises: why such large discrepancy between potential and effective dispersal
distances? Biogeographic boundaries can significantly influence the extent of dispersal,
as was discussed in Chapters 3 and 4, and may explain B. glandula’s slow movement
around Cape Point. However, even in the absence of these boundaries, other factors
such as lack of suitable habitat and larval behavior (particularly sinking, diel vertical
migrations and local retention) could shorten the potential dispersal distances (Cowen
and Sponaugle 2009; Shanks 2009). In the case of B. proboscidea, larvae are
generalists in terms of habitat preferences and are capable of settling on a variety of
substrata present along the South African coast (Chapter 3). In addition, planktotrophic
larvae of polydorids are not known to exhibit complex larval behavior that would
facilitate high retention rates (Blake 1969; Blake and Arnofsky 1999). However, two
important factors that could shorten the potential dispersal distances of B. proboscidea
are the dilution of larvae by offshore advection and predation (White et al. 2014). On
the east coast once the Agulhas Current diverges from the continental shelf and enters
the retroflection zone, some larvae could be carried with this current offshore and would
be lost at sea. In addition, predation in the plankton is believed to be one of the most
important sources of larval mortality in marine invertebrates (Morgan et al. 1995).
Laboratory experiments in Chapter 3 did not include predators, hence the survivorship
rates calculated could be considered conservative compared to actual survivorship that
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would occur in the wild. However, in this regard B. proboscidea’s benefits from its
developmental mode since post-settlement success is not dependent on planktotrophic
larvae and could even be driven solely by adelphophagic larvae (Chapter 3).

4. Dispersal trajectory of Boccardia proboscidea
In Chapter 3, I showed that B. proboscidea is capable of surviving and completing
development at temperatures reflecting the coastal stretch from Kleinzee to Haga Haga.
However, north of Haga Haga, in the tropical Mozambique province (Griffiths et al.
2010), water temperatures can exceed 28°C (Carrasco and Perissinotto 2011). Although
I did not include higher temperatures in the reproductive experiments, my survivorship
data showed a clear trend of decreasing survival as temperature increased to 28°C for
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both larval types (Chapter 3). This indicates that larvae would probably not be able to
survive in large enough numbers in this region and, as such, B. proboscidea may reach
its biogeographic limit tropical Mozambique province. Incidentally, M. galloprovincialis is
also believed to have reached its limit on the east coast due to the higher temperatures
there (Zardi et al. 2007). South of Haga Haga, there are few barriers that could prevent
natural movement of planktotrophic larvae. The coastal dunefields of Alexandria (one of
the largest in the world) are located approximately 250 km south of Haga Haga and
have been hypothesized as a weak barrier to gene flow for the cumacean, Iphinoe
truncata, presumably due to a lack of suitable habitat (Teske et al. 2006). However, B.
proboscidea frequently creates tubes in sand and has been found on sandy beaches
(Jaubet et al. 2014), so it is unlikely that these dunefields would serve as a strong
barrier for dispersal.

On the south west coast, larvae moving eastwards from Hermanus are expected to
disperse unimpeded until their arrival at the eastern edge of the coast near Port
Elizabeth. Considering that the coastal stretch from Hermanus to Port Elizabeth is
approximately 620 km and larvae are predicted to only move 42 km.y-1 (based on
adjusted dispersal estimates) with movement presumably beginning since its first record
in the wild in 2011, it will take quite some time (~10 years) for the species to extend its
range to the south east, unless it is aided by anthropogenic dispersal mechanisms. At
this point, the Agulhas Current flowing southwards could obstruct northeastward
migration. Alternatively, the larvae could be caught in the counter current prior to
approaching Port Elizabeth. Unfortunately I was unable to obtain the predictor species,
P. hoplura from sites north of Port Elizabeth (the worm has been found at Port Alfred
and East London) and so could not confirm genetic connectivity among populations in
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that region. This could have allowed me to ascertain whether the current could act as a
mechanical barrier separating populations in this region from the rest of the coast.

The west coast exhibits the strongest signal of asymmetrical geneflow (Von der Heyden
et al. 2009; Teske et al. 2011) and, as such, larval movement will be predominantly
northward though southward movement is possible either by larvae utilizing the
southward flowing undercurrent (Boyd et al. 1992), or via anthropogenic dispersal
mechanisms, specifically hull fouling and/or ballast water. Pertinent to my predictions, a
small number of worms were found in the wild at Jakobsbaai and approximately 19 km
north at Paternoster. There are no prominent features detected that could obstruct
dispersal, so I expect B. proboscidea to become established along a large section of
this coast, as has been found for other introduced species, such as M. galloprovincialis
and B. glandula (Robinson et al.	
  2005; Laird and Griffiths 2008).

The predictions regarding dispersal distances and trajectories presented in this chapter
are informative but simple. Further studies using a biophysical modelling approach that
incorporates the reproductive data presented in this thesis could be used to test these
predictions. Biophysical modelling couples complex oceanographic circulation models
with particle tracking models and has been used extensively to predict dispersal
distances and trajectories of a variety of species (reviewed by Metaxas and Saunders
2009). However, many of the parameters needed to construct a high-resolution 3D
model for the entire South African coast were unavailable at the beginning of this
project. Additionally, biophysical modelling is often considered a doctoral project in itself
(Nicolette Chang, CSIR, pers comm.) and therefore was not feasible given the time
frame for this thesis. Genetic distances are also often used to estimate effective
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dispersal (Levin 2006). However, since B. proboscidea is still in its incipient stages of
spread, such as an approach was not possible. Also, the use of the predictor species in
this regard would not have been appropriate considering that the current genetic profile
of P. hoplura appears to be shaped primarily by anthropogenic rather than natural
dispersal (Chapter 4).

5. Future of Boccardia proboscidea in South Africa
The ability to produce large biogenic reefs in the intertidal zone (Jaubet et al. 2011,
2013, 2014) means that B. proboscidea poses a very real threat to the marine
ecosystem of South Africa. This threat is maximized by the fact that the reefs were
found in an area of high nutrient discharge in Argentina. If larvae were to encounter and
settle at sites with these conditions in South Africa, it could form similar structures,
which could displace other native intertidal fauna. Even large tracts of consolidated
sediment caused by the tube building activities of the worms at high densities may
cause geophysical alterations in the environment that could negatively affect other
organisms (Wallentinus and Nyberg 2007). At Gansbaai, an astoundingly large
population is already established at the nutrient rich outflow of an abalone farm (Chapter
1 and 3). However, since the discovery of this population in 2011, no reefs have been
produced and this could be due to the population’s lower growth rate compared to their
conspecifics in Argentina. The intertidal zone, where B. proboscidea is most often
found in the wild, can be subjected to varying degrees of salinity fluctuations as a result
of factors such as rainfall, proximity to freshwater outflow and tidal changes (Jansson
1967; Johnson 1967). As such, salinity could also be an additional factor influencing the
dispersal and eventual distribution of the worm in South Africa. However, I did not
investigate salinity tolerance in this species though a multi-taxa study on polychaetes
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found that members of the Phyllodocidae, Capitellidae and Nerididae were capable of
surving at salinites below 24 with mortalities only significantly occurring below 15 (Lyster
1965).
In terms of biotic effects on native fauna, after arriving in South Africa in the 1970s, M.
galloprovincialis was capable of out-competing the indigenous mussel Aulacomya ater
on the west coast and competes for space with Perna perna on the south coast (Van
Erkom Schurink and Griffiths 1990; Bownes and McQuaid 2006; Zardi et al. 2007).
Boccardia proboscidea may compete with the native polychaete Nainearis laevigata
since both species have been found together in sediment. However, recent studies by
Mjindi and Simon (unpubl, data) found that B. proboscidea is found in higher densities in
fine sediment, while N. laevigata appears to dominate coarser sediment, meaning that
habitat segregation for both species could be the most likely scenario.

With respects to mitigating the spread of B. proboscidea, it seems almost impossible on
the west and southwest coasts where the worm has already begun its spread. Culver
and Kuris (2000) successfully eradicated another polychaete pest, Terabrasabella
heterouncinata, from California by disposing of the most preferred hosts of the worm
within the vicinity of the point source, along with installing screens of specific pore size
that would prevent larvae and adults from escaping the abalone farm via the outflow.
The establishment of three geographically distant point sources, along with the lack of
host specificity in B. proboscidea makes it difficult to apply similar methods. However, it
may prove helpful for farms to install screens with pore sizes of approximately 0.25 mm,
which could prevent both adult worms and larvae from escaping into the wild. This
would dramatically reduce the founder population outside the farms and slow a potential
invasion. At the outflow of the abalone farm at Gansbaai, where the worm was found in
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high densities, sediment (along with the worms) could be excavated and moved to the
high water mark for desiccation, though this method would be very labour intensive. At
Haga Haga on the east coast, it appears that undisclosed “farm management practices”
has minimized the predominance by B. proboscidea that has occurred at other farms
(Boonzaaier et al. 2014). These practices may be preventing the larvae from
accumulating in the wild since I did not detect populations at the outflow nor at any
sampled location on the east coast (Chapter 3). However, as previously indicated,
propagules dispersing from Hermanus could still migrate to this region by utilizing the
countercurrents to move eastwards. In addition, anthropogenic dispersal mechanisms
could inadvertently transport the worms to the east coast through a variety of vectors.

While traditional presence/absence surveys could also be used to validate my
predictions by tracking the spread of the species, surveys of B. proboscidea are
extremely difficult to carry out. Thus far, all the introduced marine invertebrates
surveyed in South Africa can be easily tracked on rocky shores and sheltered bays (see
Robinson et al.	
   2005). However, B. proboscidea, like many polydorids, can occupy a
variety of habitats, which includes taking up the role as a facultative symbiont of an
inconspicuous substratum, such as coralline algae or an isolated sponge colony
(Chapter 3). Interestingly, the species has yet to be found inhabiting wild shellfish
(Boonzaaier et al.	
   2014; Chapter 3). Nevertheless, for such surveys to be done
accurately, a variety of substrata in the intertidal (and preferably subtidal) along with
sediment (if present) would need to be intensively sampled and carefully processed
(see Simon 2011). The promise of genetic sampling techniques such as eDNA analyses
could also significantly reduce the workload in carrying out such surveys (Ficetola et al.
2014; Pedersen et al. 2015).
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In conclusion, the results obtained throughout this project have shown that Boccardia
proboscidea can disperse and become established along a large section of the South
African coast irrespective of biogeographic boundaries and phylogeographic breaks. Its
success will be due in part to its versatile reproductive strategy and wide tolerance of
environmental variables (specifically temperature). In addition, planktotrophic larvae
could potentially cover relatively large distances due to the prevailing current regimes of
the coast, along with the movement of larvae via anthropogenic dispersal mechanisms.
However, it is unclear which of the two dispersal mechanisms will play the biggest role
in the spread of the worm. Finally, due to the stochastic nature of the marine
environment (which is often underestimated in these types of studies), and the only
recent exodus of B. proboscidea into the wild from abalone farms, it is premature at this
stage to predict with confidence whether the species will become invasive in South
Africa.

111	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

References

112	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Almeida MJ, Moura G, Machado J, Coimbra J, Vilarinho L, Ribeiro C, Soares-da-Silva P
(1996) Amino acid and metal content of Crassostrea gigas shell infested by
Polydora sp. in the prismatic layer insoluble matrix and blister membrane.
Aquatic Living Resources 9, 179–186.
Bailey-Brock JH (2000) A new record of the Polychaete Boccardia proboscidea (Family
Spionidae) imported to Hawaii with oysters. Pacific Science 54, 27–30.
Bax NJ, Williams A (2001) Seabed habitat on the south-eastern Australian continental
shelf: context, vulnerability and monitoring.	
  Marine and Freshwater Research 52,
491–512.
Bax N, Williamson A, Aguero M, Gonzalez E, Geeves W (2003) Marine invasive alien
species: a threat to global biodiversity. Marine Policy 27, 313–323.
Beesley PL, Ross GJ, Glasby CJ (Eds) (2000) Polychaetes and allies: the southern
synthesis. Vol 4A Polychaeta, Myzostomida, Pogonophora, Echiura, Sipuncula.
CSIRO Publishing, Melbourne 465 pp.
Blake JA (1969) Reproduction and larval development of Polydora from northern New
England (Polychaeta: Spionidae). Ophelia 7, 1–63.
Blake JA (2006) Spionida. In: Reproductive biology and phylogeny of Annelida. Rouse
GW, Pleijel F (eds). Enfield (NH): Science Publishers pp 565–638. 344 pp.
Blake JA, Arnofsky PL (1999) Reproduction and larval development of the spioniform
Polychaeta with application to systematics and phylogeny. Hydrobiologia 402,
57–106.
Blake JA, Kudenov, JD (1978) The Spionidae (Polychaeta) from southeastern Australia
and adjacent areas with a revision of the genera. Memoirs of the National
Museum of Victoria 39, 171–280.

113	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Blake JA, Kudenov, JD (1981) Larval development, larval nutrition and growth for two
Boccardia species (Polychaeta: Spionidae) from Victoria, Australia. Marine
Ecology Progress Series 6, 175–182.
Bochert R (1997) Marenzelleria viridis (Polychaeta: Spionidae): a review of its
reproduction. Aquatic Ecology 31, 163–175.
Bohn K, Richardson CA, Jenkins SR (2013) The importance of larval supply, larval
habitat selection, and post-settlement mortality in determining intertidal adult
abundance of the invasive gastropod, Crepidula fornicata. Journal of
Experimental Marine Biology and Ecology 448, 289-297.
Boonzaaier MK, Neethling S, Mouton A, Simon CA (2014) Polydorid polychaetes
(Spionidae) on farmed and wild abalone (Haliotis midae) in South Africa: an
epidemiological

survey.

African

Journal

of

Marine

Science

DOI:10.2989/1814232X.2014.952249.
Boore JL, Brown WM (2000) Mitochondrial genomes of Galathealinum, Helobdella and
Platynereis: sequence and gene arrangement comparisons indicate that
Pogonophora is not a phylum and Annelida and Anthropoda are not sister taxa.
Molecular Biology and Evolution 17, 87–106.
Bowen BW, Bass AL, Muss A, Carlin J, Robertson DR (2006) Phylogeography of two
Atlantic squirrelfish (Family Holocentridae): exploring links between pelagic larval
duration and population connectivity. Marine Biology 149, 899–913.
Bower SM, Blackbourn J, Meyer GR, Nishimura DJH (1992) Disease of cultured
Japanese scallops (Patinopecten yessoensis) in British Columbia, Canada.
Aquaculture 107, 201–210.

114	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Bownes SJ, McQuaid CD (2006) Will the invasive mussel Mytilus galloprovincialis
Lamarck replace the indigenous Perna perna L. on the south coast of South
Africa? Journal of Experimental Marine Biology and Ecology 338, 140–151.
Boyd AJ, Taunton-Clark J, Oberholster GPJ (1992) Spatial features of the near-surface
and midwater circulation patterns off western and southern South Africa and their
role in the life histories of various commercially fished species. African Journal of
Marine Science 12, 189–206.
Bracco JE, Capurro ML, Lourenco-de-Oliviera R, Sallum MAM (2007) Genetic variability
of Aedes aegtypti in the Americas using a mitochondrial gene: evidence of
multiple introductions. Memorias do Instituto Oswaldo Cruz 102, 573-580.
Bradbury IR, Campana SE, Bentzen P (2008) Low genetic connectivity in an estuarine
fish with pelagic larvae. Canadian Journal of Fisheries and Aquatic Sciences 65,
147–158.
Branch G, Branch M. 1988. The Living Shores of Southern Africa. C. Struik Publishers,
Cape Town.
Branch GM, Griffiths C, Beckley LE, Branch ML (2010) Two Oceans: A Guide to Marine
Life of Southern Africa. Random House Struik; New edition. 432 pp.
Branch GM, Steffani CN (2004) Can we predict the effects of alien species? A casehistory of the invasion of South Africa by Mytilus galloprovincialis (Lamarck).
Journal of Experimental Marine Biology and Ecology 300, 189–215.
Bridges TS, Levin LA, Cabrera D, Plaia G (1994) Effects of sediment amended with
sewage, algae or hydrocarbons on growth and reproduction in two opportunistic
polychaetes. Journal of Experimental Marine Biology and Ecology 177, 99–119.

115	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Bustamante R, Branch G (1996) Large scale patterns and trophic structure of southern
African rocky shores: the roles of geographic variation and wave exposure.
Journal of Biogeography 23, 339-351.
Cadien DB, Ranasinghe JA (2003) Invaders in the open sea: establishment of the New
Zealand snail Philine auriformis in southern California coastal waters. In Annual
Report of the Southern California Coastal Water Research Project, Westminster,
CA eds pp. 253–265.
Cameron EK, Bayne EM, Coltman DW (2008) Genetic structure of invasive earthworms
Dendrobaena octaedra in the boreal forest of Alberta: insights into introduction
mechanisms. Molecular Ecology 17, 1189–1197.
Carlton JT (1985) Transoceanic and interoceanic dispersal of coastal marine
organisms: the biology of ballast water. Oceanography and Marine Biology: An
Annual Review 23, 313-371.
Carlton JT (1987) Patterns of transoceanic marine biological invasions in the Pacific
Ocean. Bulletin of Marine Science 41, 452–465.
Carlton JT (1996) Biological invasions and cryptogenic species. Ecology 77, 1653–
1655.
Carlton JT, Geller JB (1993) Ecological roulette: the global transport and invasion of
non-indigenous marine organisms. Science 261, 78–82.
Carrasco NK, Perissinotto R (2011) Temperature and salinity tolerance of
Mesopodopsis africana O. Tattersall in the freshwater - deprived St. Lucia
Estuary, South Africa. Journal of Experimental Marine Biology and Ecology 399,
93–100.

116	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Chapin FS, Zavaleta ES, Eviner VT, Naylor RL, Vitousek PM, Reynolds HL, Hooper
DU, Lavorel S, Sala OE, Hobbie SE, Mack MC, Diaz S (2000) Consequences of
changing biodiversity. Nature 405, 234–242.
Chu JW, Levin LA (1989) Photoperiod and temperature regulation of growth and
reproduction in Streblospio benedicti (Polychaeta: Spionidae). Invertebrate
Reproduction and Development 15, 131–142.
Chu KH, Tam PF, Fung CH, Chen QC (1997) A biological survey of ballast water in
container ships entering Hong Kong. Hydrobiologia 352, 201–206.
Colbeck GJ, Gibbs HL, Marra PP, Hobson K, Webster MS (2008) Phylogeography of a
widespread North American migratory songbird (Setophaga ruticilla) Journal of
Heredity 99, 453-463.
Clement M, Posada D, Crandall K (2000) TCS: a program to estimate gene
genealogies. Molecular Ecology 9, 1657–1660.
Collin R, Spangler A (2012) Impacts of adelphophagic development on variation in
offspring size, duration of development, and temperature-mediated plasticity.
Biological Bulletin 223, 268–277.
Cowen RK, Lwiza KMM, Sponaugle, Paris CB, Olson DB (2000) Connectivity of marine
populations: open or closed? Science 287, 857–859.
Cowen RK, Sponaugle S (2009) Larval dispersal and marine population connectivity.
Annual Review of Marine Science 1, 443–466.
Culver CS, Kuris AM (2000) The apparent eradication of a locally established
introduced marine pest. Biological Invasions 2, 245–253.
Currie DR, McArthur MA, Cohen BF (2000) Reproduction and distribution of the
invasive European fanworm Sabella spallanzanii (Polychaeta: Sabellidae) in Port
Phillip Bay, Victoria, Australia. Marine Biology 136, 645–656.

117	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

David AA, Williams JD (2012a) Morphology and natural history of the cryptogenic
sponge associate Polydora colonia, Moore 1907 (Polychaeta: Spionidae).
Journal of Natural History 46, 1509–1528.
David AA, Williams JD (2012b) Asexual reproduction and anterior regeneration under
high and low temperatures in the sponge associate Polydora colonia
(Polychaeta: Spionidae). Invertebrate Reproduction and Development 56, 315324.
Day JH (1955) The Polychaeta of South Africa. Part 3. Sedentary species from Cape
shores and estuaries. Journal of the Linnaean Society, Zoology 42, 407–452.
Day JH (1967) Polychaeta of Southern Africa. Part 2 Sedentaria. London: Trustees of
the British Museum (Natural History).
Delgado-Blas VH (2008) Polydora and related genera (Polychaeta: Spionidae) from the
Grand Caribbean region. Journal of Natural History 42, 1–19.
de Rivera CE, Hitchcock NG, Teck SJ, Steves, BP, Hines AH, Ruiz GM (2007) Larval
development rate predicts range expansion of an introduced crab. Marine
Biology 150, 1275–1288.
diBattista JD, Rocha LA, Craig MT, Feldheim KA, Bowen BW (2012) Phylogeography of
two closely related Indo-Pacific Butterflyfishes reveals divergent evolutionary
histories and discordant results from mtDNA and microsatellites. Journal of
Heredity 103, 617- 629.
Diez ME, Radashevsky VI, Orensanz JM, Cremonte F (2011) Spionid polychaetes
(Annelida: Spionidae) boring into shells of molluscs of commercial interest in
northern Patagonia, Argentina. Italian Journal of Zoology 78, 497–504.

118	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Dorsey JH (1982) Intertidal community offshore from the Werribee sewage-treatment
farm: an opportunistic infaunal assemblage. Australian Journal of Marine and
Freshwater Research 33, 45–54.
Dunphy BJ, Wells RMG (2001) Endobiont infestation, shell strength and condition index
in wild populations of New Zealand abalone, Haliotis iris. Marine and Freshwater
Research 52, 781–786.
Duran S, Giribet G, Turon X (2004) Phylogeographical history of the sponge Crambe
crambe (Porifera: Poecilosclerida): range expansion and recent invasion of the
Macaronesian islands from the Mediterranean Sea. Molecular Ecology 13, 109–
122.
Duchêne JC (2000) Effects of poecilogony and delayed larval emission on recruitment
of subantarctic population of Boccardia polybranchia. Bulletin of Marine Science
67, 311–319.
Emanuel BP, Bustamante RH, Branch GM, Eekhout S, Odendal FJ (1992) A
zoogeographic and functional approach to the selection of marine reserves on
the west coast of South Africa. South African Journal of Marine Science 12, 341354.
Evans BS, Sweijd NA, Bowie RCK, Cook PA, Elliott NG (2004) Population genetic
structure of the perlemoen, Haliotis midae in South Africa: evidence of range
expansion and founder events. Marine Ecology Progress Series 270, 163–172.
Excoffier L, Lischer HEL (2010) Arlequin suite ver 3.5: A new series of programs to
perform population genetic analyses under Linux and Windows. Molecular
Ecology Resources 10, 564–567.
Fauchald K, Jumars PA (1979) The diet of worms: a study of polychaete feeding guilds.
Oceanography and Marine Biology: An Annual Review 17, 193–284.
119	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Ficetola GF, Pansu J, Aurelie B, Coissac E, Giguet-Covex C, de Barba M, Ludovic G,
Lopes CM, Boyer F, Raye FPG, Taberlet P (2014) Replication levels, false
presences and the estimation of the presence/absence from eDNA
metabarconding data. Molecular Ecology Resources, DOI: 10.1111/17550998.12338.
Garaffo GV, Jaubet ML, Sanchez MDLA, Rivero MS, Vallarino EA, Elias R (2012)
Sewage-induced polychaete reefs in a SW Atlantic shore: rapid response to a
small-scale disturbance. Marine Ecology 33, 272–279.
Gasteiger E, Gattiker A, Hoogland C, Ivanyi I, Appel RD, Bairoch A (2003) ExPASy: the
proteomics server for in-depth protein knowledge and analysis. Nucleic Acids
Research 31, 3784–3788.
Ghode GS, Kripa V (2002) Polydora infestation on Crassostrea madrasensis: a study
on the infestation rate and eradication methods. Journal of the Marine Biological
Association of India 43, 110–119.
Giangrande A, Cosentino A, Presti CL, Licciano M (2012) Sabellidae (Annelida) from
the Faro coastal lake (Messina, Ionian Sea), with the first record of the invasive
species Branchiomma bairdi along the Italian coast. Mediterranean Marine
Science 13, 283–293.
Giard A (1905) La Poecilogonie. Comp Rend Six Congr International de Zool Berne.
1904, 617–646.
Gibson GD (1997) Variable development in the spionid Boccardia proboscidea
(Polychaeta) is linked to nurse egg production and larval trophic mode.
Invertebrate Biology 116, 213–226.

120	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Gibson G, Carver D (2013) Effects of extra-embryonic provisioning on larval
morphology and histogenesis in Boccardia proboscidea (Annelida: Spionidae).
Journal of Morphology 274, 11–73.
Gibson G, Hart C, Lloyd V (2013) Epigenetics, developmental plasticity and the
evolution of marine invertebrate larvae. In JD Hardege (Chair), Climate change;
Aquatic larval biology. Symposium conducted at the 13th International
Conference of Invertebrate Reproduction and Development, Detroid, MI, USA.

Gibson G, Hart C, Pierce R, Lloyd V (2012) Ontogenic survey of histone modifications
in an Annelid. Genetics Research International, Vol. 2012, 11 pp. DOI:
doi:10.1155/2012/392903.
Gibson GD, Paterson IG, Tayler H, Woolridge B (1999) Molecular and morphological
evidence of a single species, Boccardia proboscidea (Polychaeta: Spionidae),
with multiple development modes. Marine Biology 134, 743–751.
Gosselin LA, Qian PY (1997) Juvenile mortality in benthic marine invertebrates.
Oceanographic Literature Review 44, 730-731.
Grant WS, Cherry MI, Lombard AT (1984) A cryptic species of Mytilus (Mollusca:
Bivalvia) on the west coast of South Africa. South African Journal of Marine
Science 2, 149–162.
Griffiths CL, Hockey PAR, Van Erkom Schurink C, Le Roux PJ (1992) Marine invasive
aliens on South African shores: implications for community structure and trophic
functioning. In Benguela Trophic Functioning. Payne, AIL, Brink KH, Mann KH,
Hilborn R (Eds). South African Journal of Marine Science 12, 713–722.
Griffiths CL, Mead A, Robinson TB (2009a) A brief history of marine bio-invasions in
South Africa: an invited paper. African Zoology 44, 241–247.

121	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Griffiths CL, Mead A, Robinson TB (2009b) A brief history of marine bio-invasions in
South Africa. African Zoology 44: 241-247.
Griffiths CL, Robinson TB, Lange L, Mead A (2010) Marine biodiversity in South Africa:
An

evaluation

of

current

states

of

knowledge.

PLoS

ONE

DOI:

10.1371/journal.pone.0012008.
Griffiths C, Robinson T, Mead A (2011) The alien and cryptogenic marine crustaceans
of South Africa. In In the Wrong Place- Alien Marine Crustaceans: Distribution,
Biology and Impacts. Galil BS et al. (eds). Invading Nature- Springer Series in
Invasion Ecology 6, pp 269–282.
Grosholz ED, Ruiz GM, Dean CA, Shirley KA, Maron JL, Connors PG (2000) The
impacts of a non-indigenous marine predator in a California Bay. Ecology 81,
1206–1224.
Gunasekera RM, Patil JG, McEnnulty FR, Bax NJ (2005) Specific amplification of mtCOI gene of the invasive gastropod Maoricolpus roseus in planktonic samples
reveals a free-living larval life-history stage. Marine and Freshwater Research
56, 901–912.
Hall TA (1999) Bioedit: A user friendly biological sequence alignment editor and
analysis program for windows 95/98/NT. Nucleic Acids Symposium Series 41,
95–98.
Handley SJ, Bergquist PR (1997) Spionid polychaete infestations of intertidal Pacific
oysters Crassostrea gigas (Thunberg), Mahurangi harbour, northern New
Zealand. Aquaculture 153, 191–205.
Hansen BW, Jakobsen HH, Andersen A, Almeda R, Pedersen TM, Christensen AM,
Nilsson B (2010) Swimming behavior and prey retention of the polychaete larvae
Polydora ciliata (Johnston) Journal of Experimental Biology 213, 3237-3246.

122	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Hare MP (2001) Prospects for nuclear gene phylogeography. Trends in Ecology and
Evolution 16, 700-706.
Harris JM, Branch GM, Elliott BL, Currie B, Dye A, McQuaid CD, Tomalin B, Velasquez
C (1998) Spatial and temporal variability in recruitment of intertidal mussels
around the coast of southern Africa. South African Journal of Zoology 33, 1–11.
Hartman O (1940) Boccardia proboscidea, a new species of spionid worm from
California. Journal of the Washington Academy of Sciences 30, 382–387.
Hatton J, Pearce B (2013) The first documented record of the non-native spionid
Boccardia proboscidea in UK waters. Marine Biodiversity Records 6, 1–4.
Hauck M, Sweijd NA (1999) A case study of abalone poaching in South Africa and its
impact on fisheries management. ICES Journal of Marine Science 56, 1024–
1032.
Haupt TM, Griffiths CL, Robinson TB (2012) Intra-regional translocations of epifaunal
and infaunal species associated with cultured Pacific oysters Crassostrea gigas.
African Journal of Marine Science 34, 187–194.
Haupt TM, Griffiths CL, Robinson TB, Tonin AFG (2010a) Oysters as vectors of marine
aliens, with notes on four introduced species associated with oyster farming
South Africa. African Zoology 45, 52–62.
Haupt TM, Griffiths CL, Robinson TB, Tonin AFG, De Bruyn PA (2010b) The history and
status of oyster exploitation and culture in South Africa. Journal of Shellfish
Research 29, 151–159.
Havenhand JN (1995) Evolutionary ecology of larval types. In Ecology of Marine
Invertebrate Larvae. McEdward L. CRC Press, pp 79–123.

123	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Haydar D (2010) What is Natural? The scale and consequences of marine bioinvasions
in the North Atlantic Ocean. PhD thesis. University of Groningen, Netherlands.
184pp.
Hayes KR, Sliwa C (2003) Identifying potential marine pests—a deductive approach
applied to Australia. Marine Pollution Bulletin 46, 91–98.
Hayes K, Sliwa C, Migus S, McEnnulty F, Dunstan P (2005) National priority pests: Part
II Ranking of Australian marine pests. An independent report undertaken for the
Department of Environment and Heritage by CSIRO Marine Research. 105 pp.
Hellberg ME (2009) Gene flow and isolation among populations of marine animals.
Annual Review of Ecology, Evolution and Systematics 40, 291–310.
Herrera JC, McWeeney SK, McEdward LR (1996) Diversity of energetic strategies
among echinoid larvae and the transition from feeding to nonfeeding
development. Oceanologica Acta 19, 313–321.
Hewitt CL et al. (2004) Introduced and cryptogenic species in Port Phillip Bay, Victoria,
Australia. Marine Biology 144, 183–202.
Hewitt CL, Campbell ML (2007) Mechanisms for the prevention of marine bioinvasions
for better biosecurity. Marine Pollution Bulletin 55, 395–401.
Hines A, Ruiz G, Hitchcock NG, de Rivera CE (2004) Projecting range expansion of
invasive European green crabs (Carcinus maenas) to Alaska: temperature and
salinity tolerance of larvae. Environmental Science and Management Faculty
Publications and Presentations, paper 77 (Technical Report).
Hockey PAR, Van Erkom Schurink C (1992) The invasive biology of the mussel Mytilus
galloprovincialis on the southern African coast. Transactions of the Royal Society
of South Africa 48, 123–139.

124	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Hoagland KE, Robertson R (1988) An assessment of poecilogony in marine
invertebrates: phenomenon or fantasy? Biological Bulletin 174, 109–125.
Hoegh-Guldberg O, Bruno JF (2010) The impact of climate change on the world’s
marine ecosystems. Nature 328, 1523–1528.
Hoegh-Guldberg O, Pearse JS (1995) Temperature, food availability, and the
development of marine invertebrate larvae. American Zoologist 35, 415–425.
Hunt HL, Scheibling RE (1997) Role of early post-settlement mortality in recruitment of
benthic marine invertebrates. Marine Ecology Progress Series 155, 269-301.
IBM Corp Released (2011) IBM SPSS Statistics for Windows, Version 20.0, Armonk,
NY. IBM Corporation.
Ivanov VP, Kamakin AM, Ushivtzev VB, Shiganova T, Zhukova O, Aladin N, Wilson SI,
Harbison GR, Dumont HJ (2000) Invasion of the Caspian Sea by the comb
jellyfish Mnemiopsis leidyi (Ctenophora). Biological Invasions 2, 255–258.
Jablonski D, Lutz RA (1983) Larval ecology of marine benthic invertebrates:
paleobiological implications. Biological Reviews 58, 21–89.
Jansson BO (1967) Dirunal and annual variations of temperature and salinity of
interstitial water in sandy beaches. Ophelia 4, 173-201.
Jarman SN, Ward RD, Elliott NG (2002) Oligonucleotide primers for PCR amplification
of coelomate introns. Marine Biotechnology 4, 347–355.
Jaubet ML, Garaffo GV, Sanchez MA, Elias R (2013) Reef-forming polychaetes
outcompetes ecosystem engineering mussels. Marine Pollution Bulletin 71, 216–
221.
Jaubet ML, Garaffo GV, Vallarino EA, Elias R (2014) Invasive polychaete Boccardia
proboscidea Hartman, 1940 (Polychaeta: Spionidae) in sewage-impacted areas

125	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

of the SW Atlantic coasts: morphological and reproductive patterns. Marine
Ecology, DOI: 10.1111/maec.12170.
Jaubet ML, Sanchez MA, Rivero MS, Garaffo GV, Vallarino EA, Elias R (2011) Intertidal
biogenic reefs built by the polychaete Boccardia proboscidea in sewageimpacted areas of Argentina, SW Atlantic. Marine Ecology 32, 188–197.
Johnson RG (1967) Salinity of interstitial water in a sandy beach. Limnology and
Oceanography 12, 1-7.
Johst K, Brandl R, Eber S (2002) Metapopulation persistence in dynamic landscapes:
the role of dispersal distance. Oikos 98, 263–270.
Jorgensen CB (1981) Mortality, growth and grazing impact on a cohort of bivalve larvae
Mytilus edulis L. Ophelia 20, 185–192.
Kamel SJ, Oyarzun FX, Grosberg RK (2010) Reproductive biology, family conflict and
size of offspring in marine invertebrates. Integrative and Comparative Biology 50,
619–629
Kamps DM (1978) The effect of temperature on the development time and brood size of
Diaptomus pallidus Herrick. Hydrobiologia 61, 75–80.
Kesaniemi JE, Rawson PD, Lindsay SM, Knott KE (2012) Phylogenetic analysis of
cryptic speciation in the polychaete Pygospio elegans. Ecology and Evolution 2,
994–1007.
Kinlan BP, Gaines SD (2003) Propagule dispersal in marine and terrestrial
environments: a community perspective. Ecology 84, 2007–2020.
Knott EK, McHugh D (2012) Introduction to Symposium: Poecilogony- A window on
larval evolutionary transitions in marine invertebrates. Integrative and
Comparative Biology 52, 120–127.

126	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Kojima H, Imajima M (1982) Borrowing polychaetes in the shells of the abalone Haliotis
diversicolor aquatilis chiefly on the species of Polydora. Bulletin of the Japanese
Society of Scientific Fisheries 48, 31–35.
Kolar CS, Lodge DM (2001) Progress in invasion biology: predicting invaders. Trends in
Ecology and Evolution 16, 199–204.
Kyle CJ, Boulding EG (2000) Comparative population genetic structure of marine
gastropods (Littorina spp.) with and without pelagic larval dispersal. Marine
Biology 137, 835–845.
Laird MC, Griffiths CL (2008) Present distribution and abundance of the introduced
barnacle Balanus glandula Darwin in South Africa. African Journal of Marine
Science 30, 93–100.
Leonard GH, Bertness MD, Yund PO (1999) Crab predation, waterborne cues and
inducible defences in the blue mussel, Mytilus edulis. Ecology 80, 1–14.
Leppakoski E, Gollasch S, Gruszka P, Ojaveer H, Olenin S, Panov V (2002) The Baltic
Sea of Invaders. Canadian Journal of Fisheries and Aquatic Sciences 59, 1175–
1188.
Levin LA (1984) Multiple patterns of development in Streblospio benedicti Webster
(Spionidae) from three coasts of North America. Biological Bulletin 166, 494–
508.
Levin LA (2006) Recent progress in understanding larval dispersal: new directions and
digressions. Integrative and Comparative Biology 46, 282–297.
Levin LA, Creed EL (1986) Effect of temperature and food availability on reproductive
responses of Streblospio benedicti (Polychaeta: Spionidae) with planktotrophic or
lecithotrophic development. Marine Biology 92, 103–113.

127	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Levin LA, Zhu J, Creed E (1991) The genetic basis of life history characters in a
polychaete exhibiting planktotrophy and lecithotrophy. Evolution 45, 380–397.
Levings CD, Cordell JR, Ong S, Piercey GE (2004) The origin and identity of
invertebrate organisms being transported to Canada’s Pacific coast by ballast
water. Canadian Journal of Fisheries and Aquatic Sciences 61, 1–11.
Lewis JB (1998) Reproduction, larval development and functional relationships of the
burrowing, spionid polychaete Dipolydora armata with the calcareous hydrozoan
Millepora complanata. Marine Biology 130, 651–662.
Librado P, Rozas J (2009) DnaSP v5: A software for comprehensive analysis of DNA
polymorphism data. Bioinformatics 1451-1452.
Lleonart M, Handlinger J, Powell M (2003) Spionid mudworm infestation of farmed
abalone (Haliotis spp.). Aquaculture 221, 85–96.
Mack RN, Simberloff D, Lonsdale WM, Evans H, Clout M, Bazzaz FA (2000) Biotic
invasions: Causes, epidemiology, global consequences, and control. Ecological
Applications 10, 689–710.
Marko PB, Hart MW (2011) The complex analytical landscape of gene flow inference.
Trends in Ecology and Evolution 26, 448–456.
Martin D (1996) A new species of Polydora (Polychaeta, Spionidae) associated with the
excavating sponge Cliona viridis (Porifera, Hadromerida) in the northwestern
Mediterranean Sea. Ophelia 45, 159–174.
Martin D, Britayev TA (1998) Symbiotic polychaetes: review of known species.
Oceanography and Marine Biology: An Annual Review 36, 217–340.
Martinez J, Adarraga I, Lopez E (2006) Nuevos datos del genero Boccardia Carazzi,
1893 (Polychaeta: Spionidae) para la peninsula Iberica y el oceano Atlantico.
Boletin Instituto Espanol de Oceanografia 22, 53–64.

128	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

McKay J, Gibson G (1999) The influence of nurse eggs on variable larval development
in Polydora cornuta (Polychaeta: Spionidae). Invertebrate Reproduction and
Development 35, 167–176.
McQuaid CD, Phillips TE (2000) Limited wind-driven dispersal of intertidal mussel
larvae: in situ evidence from the plankton and the spread of the invasive species
Mytilus galloprovincialis in South Africa. Marine Ecology Progress Series 201,
211–220.
Mead A, Carlton JT, Griffiths CL, Rius M (2011) Introduced and cryptogenic marine and
estuarine species of South Africa. Journal of Natural History 45, 2463–2524.
Metaxas A, Saunders M (2009) Quantifying the “bio-” components in biophysical
models of larval transport in marine benthic invertebrates: advances and pitfalls.
Biological Bulletin 216, 257–272.
Mileikovsky SA (1971) Types of larval development in marine bottom invertebrates,
their distribution and ecological significance: a re-evaluation. Marine Biology 10,
193–213.
Millard N (1952) Observations and experiments on fouling organisms in Table Bay
Harbour, South Africa. Transactions of the Royal Society of South Africa 33,
415–445.
Miller KJ, Ayre DJ (2008) Population structure is not a simple function of reproductive
mode and larval type: insights from tropical corals. Journal of Animal Ecology 77,
13–24.
Molnar JL, Gamboa RL, Revenga C, Spalding MD (2008) Assessing the global threat of
invasive species to marine biodiversity. Frontiers in Ecology and the Environment
6, 485–492.

129	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Moran PJ, De’ath G, Baker VJ, Bass DK, Chistie CA, Miller IR, Miller-Smith BA,
Thompson AA (1992) Pattern of outbreaks of crown-of-thorns starfish
(Acanthaster planci L.) along the Great Barrier Reef since 1966. Australian
Journal of Marine and Freshwater Research 43, 555–568.
Moran AL, McAlister JS (2009) Egg size as a life history character of marine
invertebrates: Is it all it’s cracked up to be? Biological Bulletin 216, 226–242.
Morawska B (1984) The effect of water temperature elevation on incipient and
cumulative fecundity of batch-spawning Tench, Tinca Tinca (L.). Aquaculture 42,
273–288.
Morgan SG (1995) Life and death in the plankton: larval mortality and adaptation. In
Ecology of Marine Invertebrate Larvae. McEdward L (ed). CRC Press, pp 279–
321.
Murawski SA (1993) Climate change and marine fish distributions: forecasting from
historical analogy. Transactions of the American Fisheries Society 122, 647-658.
Neethling M, Matthee CA, Bowie RC, Von der Heyden S (2008) Evidence for panmixia
despite barriers to gene flow in the southern African endemic, Caffrogobius caffer
(Teleostei: Gobiidae). BMC Evolutionary Biology 8, 325.
Nel R, Coetzee PS, Van Niekerk GV (1996) The evaluation of two treatments to reduce
mudworm (Polydora hoplura Claparede) infestation in commercially reared
oysters (Crassostrea gigas Thunberg). Aquaculture 141, 31–39.
O’Connor MI, Bruno JF, Gaines SD, Halpern BS, Lester, SE, Kinlan BP Weiss JM
(2007) Temperature control of larval dispersal and the implications for marine
ecology, evolution and conservation. Proceedings of the National Academy of
Sciences 104, 1267–1271.

130	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Oguz T, Fach B, Salihoglu B (2008) Invasion dynamics of the alien ctenophore,
Mnemiopsis leidyi and its impact on anchovy collapse in the Black Sea. Journal
of Plankton Research 30, 1385–1397.
Owen MH (1957) Etiological studies on oyster mortality. II. Polydora websteri
Hartmann–(Polychaeta, Spionidae), Bulletin of Marine Science 7, 35–46.
Oyarzun FX, Mahon AR, Swalla BJ, Halanych KM (2011) Phylogeography and
reproductive variation of the poecilogonous polychaete Boccardia proboscidea
(Annelida: Spionidae) along the west coast of North America. Evolution and
Development 13, 489–503.
Oyarzun FX, Strathmann RR (2011) Plasticity of hatching and the duration of planktonic
development in marine invertebrates. Integrative and Comparative Biology 51,
81–90.
Palmer AR, Strathmann RR (1981) Scale of dispersal in varying environments and its
implications for life histories of marine invertebrates. Oecologia 48, 308–318
Palumbi SR (1994) Genetic divergence, reproductive isolation and marine speciation.
Annual Review of Ecology and Systematics 25, 547–572.
Pavlova A, Amos JN, Joseph L, Loynes K, Austin JJ, Scott-Keogh J, Stone GN, Nicholls
JA, Sunnucks P (2013) Perched at the mito-nuclear crossroads: divergent
mitochondrial lineages correlate with environment in the face of ongoing nuclear
gene flow in an Australian bird. Evolution 67, 3412–3428.
Pearse JS (1969) Slow developing demersal embryos and larvae of the antarctic sea
star Odontaster validus. Marine Biology 3, 110–116.
Pechenik JA (1999) On the advantages and disadvantages of larval stages in benthic
marine invertebrate life cycles. Marine Ecology Progress Series 177, 269–297.

131	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Pedersen MW, Overballe-Petersen S, Ermini L, Sarkissian CD, Haile J, Hellstrom M,
Spens J, Thomsen PF, Bohmann K, Cappellini E, Schnell IB, Wales NA, Caroe
C, Campos PF, Schmidt AMZ, Gilbert MTP, Hansen AJ, Orlando L, Willerslev E
(2015) Ancient and modern environmental DNA. Proceedings of the Royal
Society B 370, DOI: 20130383.
Petch D (1989) Variation in the spionid polychaete Boccardia proboscidea Hartman
1940. PhD thesis, University of Melbourne, Australia. 136 pp.
Penin L, Michonneau F, Carroll A, Adjeroud M (2011) Effects of predators and grazers
exclusion on early post-settlement coral mortality. Hydrobiologia 663, 259-264.
Pettengill JB, Wendt DE, Schug MD, Hadfield MG (2007) Biofouling likely serves as a
major mode of dispersal for the polychaete tubeworm Hydroides elegans as
inferred from microsatellite loci. Biofouling: The Journal of Bioadhesion and
Biofilm Research 23, 161–169.
Qian PY (1994) Effect of food quantity on growth and reproductive characteristics of
Capitella

sp.

(Annelids:

Polychaeta).

Invertebrate

Reproduction

and

Development 26, 175–185.
Qian PY, Chia FS (1991) Fecundity and egg size are mediated by food quality in the
polychaete worm Capitella sp. I. Journal of Experimental Marine Biology and
Ecology 148, 11–25.
Radashevsky VI (1994) Life history of a new Polydora species from the Kurile Islands
and evolution of lecithotrophy in polydorid genera (Polychaeta: Spionidae).
Ophelia 39, 121–136.
Radashevsky VI, Lana PC, Nalesso RC (2006) Morphology and biology of Polydora
species (Polychaeta: Spionidae) boring into oyster shells in South America, with
the description of a new species. Zootaxa 1353, 1–37.

132	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Radashevsky VI, Olivares C (2005) Polydora uncinata (Polychaeta: Spionidae) in Chile:
an accidental transportation across the Pacific. Biological Invasions 7, 489–496.
Rasmussen E (1973) Systematics and ecology of the Isefjord marine fauna (Denmark).
Ophelia 11, 1–495.
Read GB (1975) Systematics and biology of polydorid species (Polychaeta: Spionidae)
from Wellington Harbor. Journal of the Royal Society of New Zealand 5, 395–
419.
Read

GB

(2004)

Guide

to

New

Zealand

shell

polychaetes.

http://www.annelida.net/nz/Polychaeta/ShellsPoly/NZShellsPolychaeta.htm
(accessed 02.18.2014).
Reason CJC, Engelbrecht F, Landman WA, Lutjeharms JRE, Piketh S, de Rautenbach
CJW, Hewitson BC (2006) A review of South African research in atmospheric
science and physical oceanography during 2000-2005. South African Journal of
Science 102, 35–45.
Reynolds TV, Matthee CA, Von der Heyden S (2014) The influence of pleistocene
climatic changes and ocean currents on the phylogeography of the South African
barnacle, Tetraclita serrata (Thoracica: Cirripedia). PLoS ONE DOI:
10.1371/journal.pone.0102115.
Rice SA, Rice KA (2009) Variable modes of larval development in the Polydora cornuta
complex (Polychaeta: Spionidae) are directly related to stored sperm availability.
Zoosymposia 2, 397–414.
Rice SA, Karl S, Rice KA (2008) The Polydora cornuta complex (Annelida: Polychaeta)
contains populations that are reproductively isolated and genetically distinct.
Invertebrate Biology 127, 45–64.

133	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Rilov G, Crooks JA (2009) Marine bioinvasions: conservation hazards and vehicles for
ecological understanding. In Biological Invasions in Marine Ecosystems. Rilov G,
Crooks JA (eds). Ecological Studies Vol. 204. Pp 3–11.
Roberts MH (1971) Larval development of Pagurus longicarpus Say reared in the
laboratory. II. Effects of reduced salinity on larval development. Biological
Bulletin 140, 104-116.
Robinson TB, Griffiths CL, McQuaid CD, Rius M (2005) Marine alien species of South
Africa–status and impacts. African Journal of Marine Science 27, 297–306.
Roman J, Darling JA (2007) Paradox lost: genetic diversity and the success of aquatic
invasions. Trends in Ecology and Evolution 22, 454–464.
Rouse GW, Pleijel F (2001) Polychaetes. Oxford University Press. 384 pp.
Royer J, Ropert M, Mathieu M, Costil K (2006) Presence of spionid worms and other
epibionts in Pacific oysters (Crassostrea gigas) cultured in Normandy, France.
Aquaculture 253, 461–474.
Ruellet T (2004) Infestation des coquilles d’huitres Crassostrea gigas par les polydores
en Basse-Normandie: recommendations at mise au pont d’un traitement pour
reduire cette nuisance. PhD thesis, Universite de Caen, France.
Sato-Okoshi W (2000) Polydorid species (Polychaeta: Spionidae) in Japan with
descriptions of morphology, ecology and burrow structure. Journal of the Marine
Biological Association of the UK 80, 443–456.
Sato-Okoshi W, Abe H (2012) Morphological and molecular sequence analysis of the
harmful shell boring species of Polydora (Polychaeta: Spionidae) from Japan and
Australia. Aquaculture 368, 40–47.
Sato-Okoshi W, Okoshi K, Shaw J (2008) Polydorid species (Polychaeta: Spionidae) in
south-western Australian waters with special reference to Polydora uncinata and

134	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Boccardia knoxi. Journal of the Marine Biological Association of the UK 88, 491–
501.
Schulze SR, Rice SA, Simon JL, Karl SA (2000) Evolution of poecilogony and the
biogeography of North American populations of the polychaete Streblospio.
Evolution 54, 1247–1259.
Schwindt E (2007) The invasion of the acorn barnacle Balanus glandula in the southwestern Atlantic 40 years later. Journal of the Marine Biological Association of
the UK 87, 1219–1225.
Schwindt E, Iribarne OO, Isla FI (2004) Physical effects of an invading reef-building
polychaete on an Argentinean estuarine environment. Estuarine, Coastal and
Shelf Science 59, 109–120.
Seed R (1969) The ecology of Mytilus edulis L. (Lamellibranchiata) on exposed rocky
shores. II. Growth and mortality. Oecologia 3, 317–350.
Selkoe KA, Henzler CM, Gaines SD (2008) Seascape genetics and the spatial ecology
of marine populations. Fish and Fisheries 9, 363–377.
Shanks AL (2009) Pelagic larval duration and dispersal distance revisited. Biological
Bulletin 216, 373–385.
Shanks AL, Grantham BA, Carr MH (2003) Propagule dispersal distance and the size
and spacing of marine reserves. Ecological Applications 13, 159–169.
Shannon LV (1985) The Benguela ecosystem. Part I. Evolution of the Benguela
physical features and processes. Journal of Marine Biology and Oceanography
23, 105–182.
Shiganova TA (1998) Invasion of the Black Sea by the ctenophore Mnemiopsis leidyi
and recent changes in pelagic community structure. Fisheries Oceanography 7,
305–310.

135	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Shiganova TA, Mirzoyan Z, Studenikina E, Volovik S, Siokou-Frangou I, Zervoudaki S,
Christou ED, Skirta AY, Dumont HJ (2001) Population development of the
invader ctenophore Mnemiopsis leidyi, in the Black Sea and in other seas of the
Mediterranean basin. Marine Biology 139, 431–445.
Simon CA (2011) Polydora and Dipolydora (Polychaeta: Spionidae) associated with
molluscs on the south coast of South Africa, with descriptions of two new
species. African Invertebrates 52, 39–50.
Simon CA, Bentley MG, Caldwell GS (2010a) 2,4-Decadienal: exploring a novel
approach for the control of polychaete pests on cultured abalone. Aquaculture
310, 52–60.

Simon CA, Booth AJ (2007) Population structure and growth of polydorid polychaetes
that infest cultured abalone Haliotis midae. African Journal of Marine Science 29,
499–509.
Simon CA, Ludford A, Wynne S (2006) Spionid polychaetes infesting cultured abalone
Haliotis midae in South Africa. African Journal of Marine Science 28, 167–171.
Simon CA, Thornhill DJ, Oyarzun F, Halanych KM (2009) Genetic similarity between
Boccardia proboscidea from Western North America and cultured abalone,
Haliotis midae in South Africa. Aquaculture 294, 18–24.
Simon CA, Worsfold TM, Lange L, Sterley J (2010b) The genus Boccardia (Polychaeta:
Spionidae) associated with mollusc shells on the south coast of South Africa.
Journal of the Marine Biological Association of the UK 90, 585–598.
Slatkin M (1981) Estimating levels of gene flow in natural populations. Genetics 99,
323–335.

136	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Sol D, Maspons J, Vall-llosera M, Bartomeus I, Garcia-Pena GE, Pinol J, Freckleton RP
(2012) Unraveling the life history of successful invaders. Science 337, 580–583.
Steinberg J (2005) The illicit abalone trade in South Africa. Institute for Security Study
Papers 105 (16 pp).
Stephens M, Smith NJ, Donnelly P (2001) A new statistical method for haplotype
reconstruction from population data. American Journal of Human Genetics 76,
449–462.
Strecker AL, Campbell PM, Olden JD (2011) The aquarium trade as an invasion
pathway in the Pacific Northwest. Fisheries 36, 74–85.
Taylor MS, Hellberg ME (2003) Genetic evidence for local retention of pelagic larvae in
a Caribbean reef fish. Science 299, 107–109.
Tepolt CK, Darling JA, Bagley MJ, Geller JB, Blum MJ, Grosholz ED (2009) European
green crabs (Carcinus maenas) in the northeastern Pacific: genetic evidence for
high population connectivity and current-mediated expansion from a single
introduced source population. Diversity and Distributions 15, 997–1009.
Teske PR, McQuaid, Froneman PW, Barker NP (2006) Impacts of marine
biogeographic boundaries on phylogeographic patterns of three South African
estuarine crustaceans. Marine Ecology Progress Series 314, 283–393.
Teske PR, Papadopoulos I, Barker NP, McQuaid CD, Beheregaray LB (2014)
Mitonuclear discordance in genetic structure across the Atlantic/Indian Ocean
biogeographical transition zone. Journal of Biogeography 41, 392–401.
Teske PR, Papadopoulos I, Newman BK, McQuaid CD, Barker NP (2007b) Climate
change, genetics or human choice: Why were the shells of mankind’s earliest
ornament larger in the Pleistocene than in the Holocene? PLoS ONE DOI:
10.1371/journal.pone.0000614.

137	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Teske PR, Papadopoulos I, Newman BK, Dworschak PC, McQuaid CD, Barker NP
(2008) Oceanic dispersal barriers, adaptation and larval retention: an
interdisciplinary assessment of potential factors maintaining a phylogeographic
break between sister lineages of an African prawn. BMC Evolutionary Biology 8,
341.
Teske PR, Papadopoulos I, Zardi GI, McQuaid CD, Edkins MT, Griffiths CL, Barker NP
(2007a) Implications of life history for genetic structure and migration rates of
southern African coastal invertebrates: planktonic, abbreviated and direct
development. Marine Biology 152, 697–711.
Teske PR, von der Heyden S, McQuaid CD, Barker NP (2011) A review of marine
phylogeography in southern Africa. South African Journal of Science 107, 43–53.
Teske PR, Winker H, McQuaid CD, Barker NP (2009) A tropical/subtropical
biogeographic disjunction in southeastern Africa separates two evolutionary
significant units of an estuarine prawn. Marine Biology 156, 1265–1275.
Thompson JD, Higgins DG, Gibson TJ (1994) Clustal W: improving the sensitivity of
progressive multiple sequence alignment through sequence weighting, positionspecific gap penalties and weight matrix choice. Nucleic Acids Research 22,
4673–4680.
Thorson G (1950) Reproductive and larval ecology of marine bottom invertebrates.
Biological Reviews 25, 1–45.
Thresher RE, Kuris AM (2004) Options for managing invasive marine species.
Biological Invasions 6, 295–300.
Tinoco-Orta GD, Caceres-Martinez J (2003) Infestation of the clam Chione fluctifraga by
the burrowing worm Polydora sp. nov. in laboratory conditions. Journal of
Invertebrate Pathology 83, 196–205.

138	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Todd CD (1998) Larval supply and recruitment of benthic invertebrates: do larvae
always disperse as much as we believe? Hydrobiologia 375, 1-21.
Tolley KA, Groeneveld JC, Gopal K, Matthee CA (2005) Mitochondrial DNA panmixia in
spiny lobster Palinurus gilchristi suggests a population expansion. Marine
Ecology Progress Series 297, 225–231.
Tovar-Hernandez MA, Yanez-Rivera B, Bortolini-Rosales JL (2011) Reproduction of the
invasive fan worm Branchiomma bairdi (Polychaeta: Sabellidae). Marine Biology
Research 7, 710–718.
Van Erkom Schurink C, Griffiths CL (1990) Marine mussels of southern Africa – their
distribution patterns, standing stocks, exploitation and culture. Journal of
Shellfish Research 9, 75–85.
Vance RR (1973) On reproductive strategies in marine benthic invertebrates. American
Naturalist 107, 339–352.
Vargas L, Quijon P, Bertran C (2005) Polychaete infestation in cultured abalone
(Haliotis rufescens Swainson) in Southern Chile. Aquaculture Research 36, 721–
724.
Vermeij GJ (1996) An agenda for invasion biology. Biological Conservation 78, 3–9.
Verween A, Vincx M, Degraer S (2007) The effect of temperature and salinity on the
survival of Mytilopsis leucophaeata (Mollusca: Bivalvia): The search for
environmental limits. Journal of Experimental Marine Biology and Ecology 348,
111-120.
Von der Heyden S, Prochazka K, Bowie RCK (2008) Significant population structure
and asymmetric gene flow patterns amidst expanding populations of Clinus
cottoides (Perciformes, Clinidae): application of molecular data to marine
conservation planning in South Africa. Molecular Ecology 17, 4812–4826.
139	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Walker LM (2009) Polydora and Dipolydora (Polychaeta: Spionidae) of estuaries and
bays of subtropical eastern Australia: A review and morphometric investigation of
their taxonomy and distribution. M.Sc. Thesis, Southern Cross University, New
South Wales, Australia. 221 pp.
Walker LM (2011) A review of the current status of the Polydora-complex (Polychaeta:
Spionidae) in Australia and a checklist of recorded species. Zootaxa 2751, 40–
62.
Walker LM (2013). A revision of the Polydora-complex (Annelida: Spionidae) fauna from
Australia. Ph.D. Thesis, University of Queensland, Australia. 300 pp.
Wallentinus I, Nyberg CD (2007) Introduced marine organisms as habitat modifiers.
Marine Pollution Bulletin 55, 323–332.
White JW, Morgan SG, Fisher JL (2014) Planktonic larval mortality rates are lower than
widely accepted. Ecology DOI: http://dx.doi.org/10.1890/13-2248.1.
Whitlock MC, McCauley DE (1999) Indirect measures of gene flow and migration: Fst ≠
1(4Nm + 1). Heredity 82, 117–125.
Wilson DP (1928) The larvae of Polydora ciliata Johnston and Polydora hoplura
Claparede. Journal of the Marine Biological Association of the UK 15, 567–589.
Wolff WJ, Reise K (2002) Oyster imports as a vector for the introduction of alien species
into northern and western European coastal waters. In Invasive aquatic species
of Europe. Distribution, impacts and management. Springer Netherlands, pp
193–205.
Woodin SA, Wethey DS, Dubois SF (2014) Population structure and spread of the
polychaete Diopatra biscayensis along the French Atlantic Coast: Humanassisted transport by-passes larval dispersal. Marine Environmental Research
DOI: 10.1016/j.marenvres.2014.05.006.

140	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

Woodwick K (1963) Comparison of Boccardia columbiana Berkeley and Boccardia
proboscidea Hartman (Annelida: Polychaeta). Bulletin of the Southern California
Academy of Sciences 62, 132-139.
Wray GA, Raff RA (1991) The evolution of developmental strategy in marine
invertebrates. Trends in Ecology Evolution 6, 45–50.
Wright S (1969) Evolution and the genetics of populations. Variability within and
between populations (Vol. 4), University of Chicago Press.
Zachail M, Heideloff D (1999) Shipping statistics yearbook. Bremen. ISL.
Zapalski MK (2011) Is absence of proof a proof of absence? Comments on
commensalism. Paleogeography Paleoclimatology Paleoecology 302, 484–488.
Zardi GI, McQuaid CD, Teske PR, Barker NP (2007) Unexpected genetic structure of
mussel populations in South Africa: indigenous Perna perna and invasive Mytilus
galloprovincialis. Marine Ecology Progress Series 337, 135–144.

141	
  
	
  

Stellenbosch University http://scholar.sun.ac.za

	
  

142	
  
	
  

